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Summary– (English) 

 

The dissertation at hand deals with the element Sulfur as important part for alternative battery 
systems. Title is “Chemical and electrochemical behavior of sulfur and sulfides in electrochemical 

cells”. Hence, the broader content is sulfur-based battery-technology as one of the most promising 
post-lithium-ion-technologies in view of resource costs and energy. Focus are sulfur properties 
which are often not discussed in detail or even overlooked in literature but might have unexpected 
impact on the processes in electrochemical metal-sulfur-cells. This includes mobility and 
modification of sulfur in contact with carbon as well as the stability and solubility of (poly)-sulfides 
in different environments. 

These scientific contents rely on findings from practical and theoretical works, which were 
conducted between February 2016 and August 2019 mainly in institutions of the Friedrich-Schiller-
University located in Jena (Germany). Further results have their origin in collaborations with 
external institutions: the Institute of Chemistry − University of Technology Chemnitz (Germany), 
the Fraunhofer Institute for Ceramic Technologies and Systems Hermsdorf (Germany), the BASF 

SE Ludwigshafen (Germany) and the Institute of Physical Chemistry and Center for Materials 

Research – Justus-Liebig University Giessen (Germany). A detailed estimation of third-party 
contributions is listed on page V-VI. 

The dissertation is a cumulative one and bears on four separate research articles, making the 
emphasis. 

The first holds the following title: "Cell Concepts for Metal-Sulfur Batteries (Metal = Li, Na, K, 

Mg): Strategies for Using Sulfur in Electrochemical Energy Storage Application" - [L. Medenbach, 
P. Adelhelm, Top Curr Chem (Cham) 2017]. It is a review article with the aim to provide an 
overview about different possibilities of electrochemical sulfur cell realization. Five different cell 
concepts are presented and critically discussed regarding their advantages, disadvantages and 
development challenges for conceivable application fields. Beyond a classical, lithium-ion like, cell 
design, cell concepts with ion-selective membranes, dissolved sulfur species, molten active 
materials at high temperatures (300°C) and with only solid components are explained. Additionally, 
the progress in the more recent research topics potassium/sulfur-batteries and magnesium/sulfur-
batteries are discussed. The review article including a short summary is printed in chapter 4 (pages 
58-83). A review, which focusses on different options in sulfur-cell design, was not available 
before. Thus, the article closes a literature gap and contains convenient basic material for 
experimental-oriented metal/sulfur battery research. 

"Sulfur Spillover in Carbon Materials and possible Impacts on Metal-Sulfur-Batteries" - [L. 
Medenbach, I. Escher, N. Kowitsch, M. Armbruster, L. Zedler, B. Dietzek, P. Adelhelm, Angew 

Chem Int Ed Engl 2018] is the second publication. It reports on a yet overlooked phenomenon, 
which takes place during physical contact between elemental sulfur and porous carbon. Basis of the 
experimental works was a simple mixture of α-sulfur and microporous carbon with a specific 
surface area of more than 2000 m2 g─1. Changes in sulfur properties were determined without 
ambiguity by using several analytical methods like X-ray diffractometry, Raman-spectroscopy and 
differential scanning calorimetry. Just physical contact of the elements causes a loss in Raman-
signals, a loss in crystallinity and the absence of a measurable melting point of sulfur. Systematic 
increase of the sulfur percentage results in only partial but defined decay of sulfur signals. A 
"Spillover Capacity" can be defined, which depends on the specific surface area of the carbon 
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material. This capacity conforms with the idea of a sulfur-monolayer formation. The relevance for 
electrochemical metal/sulfur-batteries is verified with a sodium/sulfur-cell. For this, sulfur was 
implemented inside a cell without electronic contact. A few hours are enough time for the porous 
carbon electrode to accumulate a sufficient amount of sulfur in order to guarantee cell discharge 
and charge with high sulfur utilization. Overall, the work emphasizes the apparently high mobility 
of sulfur on a comprehensible way and describes a, at that time, unknown sulfur-transport process. 
The homogeneous sulfur distribution in a porous carbon matrix is thermodynamically favored. 
While intensive composite preparation methods are reported in literature, this work reveals that 
composites with homogeneously distributed sulfur can be obtained without special treatments. The 
communication article and the respective summary can be read in chapter 5 (pages 84-89). 
Supporting information are part of the dissertation’s appendix. 

The third publication addresses the use of solid sulfides as electrolytes for all-solid-state batteries 
and their stability towards indium-lithium electrodes of varying stoichiometry. Therefore, title of 
the work is "The Lithium-Indium-Electrode: Phase Formation, Redox-Potentials and Interface 

Stability" - [A. L. Santhosha, L. Medenbach, J. R. Buchheim, P. Adelhelm, Batteries & Supercaps 
2019.]. Within an all-solid-state cell, the alloy fulfills the purpose of a stable counter electrode. 
Here, the term stable has several meanings: The electrode provides a constant potential (0.62 V vs. 
Li+/Li) and prevents the growth of lithium dendrites during cell charging. In contrast to lithium 
metal the alloy is steadily compatible with sulfur containing thiophosphate-electrolytes, 
presupposed a correct phase composition between the two metals and the correct electrode potential 
is adjusted. The article’s key message is that these three aspects depend on each other and this 
message is underlined with a coulometric titration experiment. Stepwise electrochemical lithiation 
of indium allows reproduction of binary phase diagram data and additionally complements it with 
respective potentials. The alloy electrode potential is 0.62 V vs. Li+/Li, only for stoichiometries of 
InLix (x ≤ 1). For x > 1 lithium rich phases with lower potentials are formed. As lower the potential 
as higher is the driving force for the alloy to undergo side reactions with the solid electrolyte. This 
issue is demonstrated with symmetric solid-state-cells using Li3PS4 as solid electrolyte. A time 
dependent increase in cell resistance is monitored in case of a lithium content x > 1, while the 
resistance stays constant in case of higher indium content and an electrode potential of 0.62 V vs. 
Li+/Li. The full paper including summary is printed in chapter 6 (pages 90-96). Supporting 
information can be accessed in the appendix.  

The fourth article "A sodium polysulfide battery with liquid/solid electrolyte: Improving Sulfur 

utilization by using P2S5 as additive and tetramethylurea (TMU) as catholyte solvent" - [L. 
Medenbach, P. Hartmann, J. Janek, T. Stettner, A. Balducci, C. Dirksen, M. Schulz, M. Stelter, P. 
Adelhelm, Energy Technology 2020.]. The article combines the application of two strategies with 
the aim to realize a rechargeable sodium/polysulfide cell. The concept is supposed to work with 
sodium-(poly)-sulfides in dissolved state only, but unfortunately, Na2S2 and Na2S are scarcely 
soluble, precipitate during deep discharge, and become partially inactive. This circumstance is 
identified as main failure mechanism of the concept and is counteracted with the additive P2S5, 
which forms soluble compounds with polysulfides. Then, the cell reveals clearly enhanced 
performance and no hints for any solid precipitates. The additional substitution of the standard 
solvent by tetramethylurea improves the cycling stability further. Tetramethylurea based 
electrolytes are barely investigated; thus, a systematic characterization is part of the article. The 
fact, that polysulfide solutions are colorful, allows Vis-spectroscopy as method towards state of 
charge determination. Overall, a well working polysulfide cell concept with good capacity yield 
and stability over 30 cycles is presented. It should be understood as successful proof of concept 
study, which demonstrates a possible way of sodium/polysulfide-cell realization and confirms the 
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beneficial effect of P2S5 additive and tetramethylurea solvent. However, different challenges remain 
and will be critically discussed. The publication and its summary are printed in chapter 7 (pages 
97-107). Respective supporting information can be found in the dissertation appendix.  

The story does not appear as straight line and the results of the research projects don’t rely directly 
on each other. Instead, they are rather three different branches having their origin in the review 
article about different cell-concepts. One project dealt with a membrane concept, another one 
worked with an all-solid-state concept and in the last one a polysulfide-concept was handled.  

Besides the published works, the thesis consists of further chapters:  

The introduction (chapter 1) starts with the term energy and provides an overview about different 
types, relationships as well as its generation, consumption and storage. Further, the introduction 
differentiates between renewable energy and fossil energy including their critical discussion with 
respect on the "Energiewende". Statistical data is presented on different geographical levels: 
Worldwide, European Union and Germany. The chapter continues with the motivation of working 
on sulfur-based battery systems. Advantages and remaining challenges are discussed – theoretically 
and practically. Finally, the goals of this thesis as well as the research approaches are explained.  

Towards better understanding of further content, the chapter 2 “theoretical background” briefly 
introduces definitions of relevant dimensions and parameter. Furthermore, the chapter explains the 
general structure and working principle of electrochemical cells in detail. 

A large part is chapter 3 “Aspects of Na/S- and Li/S-batteries”. This part is again divided in four 
subchapters. Due to the fact, that sodium/sulfur-cells were mainly investigated within the PhD time, 
the thesis provides a complete review on respective cell research progress. All third-party research 
articles about low temperature sodium/sulfur-cells up to July 2019 were summarized and 
categorized in text and with a table. On the other hand, the literature survey on lithium/sulfur-cells 
concentrates on ten selected papers of particular relevance for the thesis. Because high temperature 
sodium/sulfur-batteries are well developed and even commercialized, one subchapter is about their 
working principle and the state-of-the-art product. A few pages explain the properties of sulfur 
containing solid electrolytes with special focus on their thermodynamic stability against reduction 
or oxidation. 

Chapter 8 briefly describes the functionality of all electrochemical and analytical methods which 
have been conducted during the PhD time. Additionally, graphical schemes of the used cell systems 
are displayed and described. 

The dissertation closes with a short conclusion (chapter 9), which highlights the new findings 
presented in this thesis. These findings will be compared with recent literature including an 
evaluation of their relevance for further research efforts on electrochemical metal/sulfur-cells. With 
respect on the own results of the last four years, a short outlook on apparent future works will be 
given.  
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Inhaltszusammenfassung – (German) 

 

Die vorliegende Dissertationsschrift handelt vom Element Schwefel als wichtiger Bestandteil 
alternativer Batteriesysteme. Titel der Schrift ist „Chemisches und elektrochemisches Verhalten von 

Schwefel und Sulfiden in elektrochemischen Zellen“. Übergeordnetes Thema sind schwefelbasierte 
Batteriekonzepte, die aufgrund hoher Energiedichten und guter Ressourcenverfügbarkeit als 
vielversprechende Batterietechnologie der Zukunft gelten. Wissenschaftlicher Schwerpunkt sind 
Eigenschaften des Schwefels, die in der Literatur wenig Beachtung finden oder sogar übersehen 
werden, die aber einen großen Einfluss auf die Prozesse von Metall/Schwefel-Batterien haben 
können. Dazu gehört die Mobilität und Modifikation des Schwefels in Kontakt mit Kohlenstoff 
sowie die Stabilität und Löslichkeit von (Poly-)sulfiden.  

Die Dissertationsschrift bezieht sich auf wissenschaftliche Erkenntnisse von praktischen und 
theoretischen Arbeiten, die im Zeitraum zwischen Februar 2016 und August 2019 größtenteils in 
Einrichtungen der Friedrich-Schiller-Universität Jena (Deutschland) durchgeführt wurden. Ein 
anderer Teil der Ergebnisse hat seinen Ursprung in Kooperationen mit externen Institutionen: Dem 
Institut für Chemie der technischen Universität Chemnitz (Deutschland), dem Fraunhofer Institut 

für Keramische Technologien und Systeme in Hermsdorf (Deutschland), der BASF SE 

Ludwigshafen (Deutschland) und dem Institut für physikalische Chemie der Justus-Liebig-

Universität Gießen (Deutschland). Eine detaillierte Einschätzung der Anteile Dritter an der 
Dissertationsschrift ist auf den Seiten V-VI zu finden. 

Es handelt sich um eine publikationsbasierte (kumulative) Dissertation, welche auf vier 
Publikationen basiert, die unterschiedliche Aspekte der Nutzung von Schwefel und seinen 
Verbindungen für elektrochemischen Zellen beleuchten. 

Die erste Publikation trägt den folgenden Titel: "Cell Concepts for Metal-Sulfur Batteries (Metal = 

Li, Na, K, Mg): Strategies for Using Sulfur in Electrochemical Energy Storage Application" – [L. 
Medenbach, P. Adelhelm, Top Curr Chem (Cham) 2017]. Hierbei handelt es sich um einen 
Übersichtsartikel mit dem Ziel, die verschiedenen Möglichkeiten der Metall-Schwefel-
Zellkonstruktion mit Hilfe ausgewählter Fachliteratur zu beschreiben. Der Artikel stellt fünf 
verschiedene Zellkonzepte vor und erörtert ihre Vor- und Nachteile sowie ihre Herausforderungen 
im Hinblick auf ihre Weiterentwicklung und mögliche Anwendung. Ausgehend von einem 
konventionellen Zellaufbau gemäß einer Lithiumionenzelle werden der Einsatz einer 
ionenselektiven Membran, das Betreiben der Zelle mit gelösten Schwefel-Aktivmaterialien, das 
Betreiben der Zelle mit geschmolzenen Aktivmaterialien (300°C) und die Idee einer 
Feststoffbatterie ohne Flüssigkomponente vorgestellt. Zusätzlich wird das aktuellere 
Forschungsfeld der Kalium-Schwefel-Zellen und Magnesium-Schwefel-Zellen diskutiert. Der 
Artikel und eine zugehörige Zusammenfassung befinden sich in Kapitel 4 auf den Seiten 58-83. 
Einen Übersichtsartikel, der sich auf verschiedene Möglichkeiten der Schwefel-Zellkonstruktion 
konzentriert, gab es bislang noch nicht, weshalb die Publikation eine Literaturlücke füllt und sich 
als praxisorientierter Einstieg für das übergeordnete Thema "Metall-Schwefel-Batterien" eignet. 

"Sulfur Spillover in Carbon Materials and possible Impacts on Metal-Sulfur-Batteries" [L. 
Medenbach, I. Escher, N. Kowitsch, M. Armbruster, L. Zedler, B. Dietzek, P. Adelhelm, Angew 

Chem Int Ed Engl 2018] ist die zweite Publikation. Der Kurzartikel stellt ein bislang übersehenes 
Phänomen, das bei Kontakt zwischen Schwefel und porösem Kohlenstoff auftritt, vor. Basis der 
experimentellen Arbeiten waren einfache Gemische von α-Schwefel und einem mikroporösen 
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Kohlenstoff mit mehr als 2000 m2 g─1 spezifischer Oberfläche. Mit diversen analytischen Methoden 
(Röntgendiffraktometrie, Raman-Spektroskopie, differenzierte Kalorimetrie und andere) werden 
unmissverständlich Änderungen der Schwefeleigenschaften festgestellt. Alleine durch den 
physischen Kontakt mit dem Kohlenstoff wird der Schwefel Raman-inaktiv und Röntgen-amorph, 
wobei kein Schmelzpunkt mehr gemessen werden kann. Die Erhöhung des Schwefelanteils im 
Komposit führt dazu, dass die Signale der analytischen Methoden nicht vollständig verschwinden. 
Es kann eine "Spillover-Kapazität" definiert werden, die von der spezifischen Oberfläche des 
Kohlenstoffmaterials abhängt. Diese Kapazität kann gut mit der Idee einer Monolagenbildung von 
Schwefel auf Kohlenstoff abgeschätzt werden. Die Relevanz für elektrochemische Schwefelzellen 
wird mit einer Natrium-Schwefelzelle verifiziert. Hierfür wurde Schwefel ohne elektrischen 
Kontakt in eine Zelle eingebaut. Innerhalb weniger Stunden sammelt sich genug Schwefel in einer 
porösen Kohlenstoffelektrode, um die Zelle betreiben zu können. Insgesamt betont die Arbeit die 
offenbar hohe Mobilität von Schwefel auf nachvollziehbare Art und Weise. Sie beschreibt einen in 
der bisherigen Literatur nicht beachteten Transportprozess des Schwefels. Während die eigentlich 
automatische Verteilung des Schwefels in einer Kohlenstoffmatrix in der Literatur oft mit 
aufwendigen Methoden erzwungen wird, weist die Publikation darauf hin, dass das gleiche 
Ergebnis auch ohne großes Zutun erreicht werden kann. Der volle Artikel einschließlich 
Zusammenfassung befindet sich in Kapitel 5 auf den Seiten 84-89. Zusätzliches Material befindet 
sich im Anhang der Dissertationsschrift. 

Die dritte Veröffentlichung bezieht auf schwefelhaltige Elektrolyte für Feststoffbatterien. Fokus 
der Veröffentlichung ist die Lithium-Indium Elektrode - eine Legierung die in der Forschung oft 
mit schwefelhaltigen Festelektrolyten eingesetzt wird. Titel der Publikation ist daher "The Lithium-

Indium-Electrode: Phase Formation, Redox-Potentials and Interface Stability" [A. L. Santhosha, 
L. Medenbach, J. R. Buchheim, P. Adelhelm, Batteries & Supercaps 2019.]. Die Elektrode erfüllt 
in einer Feststoffzelle den Zweck einer stabilen Gegenelektrode, wobei das Wort „stabil“ hier 
mehrere Bedeutungen hat: Die Legierung hat ein gleichbleibendes Potential (0,62 V vs. Li+/Li) und 
unterbindet das Wachsen von Lithiumdendriten beim Laden der Zelle. Außerdem ist die Legierung 
kompatibel mit den schwefelhaltigen Thiophosphatelektrolyten, vorausgesetzt die Legierung hat 
die richtige Phasenzusammensetzung und das richtige Potential. Dass diese drei Aspekte 
zusammengehören, ist Kernaussage des Artikels. Veranschaulicht wird dies mit einem Experiment 
− der coulometrischen Titration. Durch die schrittweise elektrochemische Lithiierung von Indium 
werden Daten aus dem binären Phasendiagramm nachvollzogen und mit entsprechenden 
Elektrodenpotentialen erweitert. Es zeigt sich, dass das Elektrodenpotential nur dann 0,62 V vs. 
Li+/Li beträgt, wenn ausgehend von der Zusammensetzung InLix x ≤ 1 ist. Eine Erhöhung des 
Lithiumanteils (x > 1) führt zur Formierung lithiumreicher Phasen mit niedrigerem Potential. Je 
niedriger das Potential, desto größer ist die Triebkraft der Legierung Nebenreaktionen (Reduktion) 
mit dem Festelektrolyten durchzuführen. Veranschaulicht wird dies anhand von symmetrischen 
Feststoffzellen mit Li3PS4 als Elektrolyt. Ist x > 1, so kann ein mit der Zeit steigender 
Zellwiderstand festgestellt werden, während der Zellwiderstand bei Elektroden mit einem Potential 
von 0,62 V vs. Li+/Li (x ≤ 1) konstant niedrig bleibt. Der vollständige Artikel einschließlich 
Zusammenfassung befindet sich in Kapitel 6 auf den Seiten 90-96. Weitere Daten können dem 
Anhang entnommen werden. 

Die vierte und letzte Veröffentlichung " A sodium polysulfide battery with liquid/solid electrolyte: 

Improving Sulfur utilization by using P2S5 as additive and tetramethylurea (TMU) as catholyte 

solvent " [L. Medenbach, P. Hartmann, J. Janek, T. Stettner, A. Balducci, C. Dirksen, M. Schulz, 
M. Stelter, P. Adelhelm, Energy Technology 2020.] handelt von zwei verschiedenen Strategien mit 
dem Ziel, eine wieder aufladbare Natrium/Polysulfidzelle zu realisieren. Das Konzept setzt voraus, 
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dass (Poly)-sulfide gelöst vorliegen. Na2S2 und Na2S sind jedoch schlecht löslich, fallen bei einer 
Tiefenentladung der Zelle aus und werden teilweise inaktiv. Dieser Umstand wird als Hauptursache 
für das zunächst schnelle Versagen des Konzeptes identifiziert. Dagegen wirkt das Additiv P2S5, 
das gut lösliche Bindungen mit den (Poly)-sulfiden eingeht. Die Zelle zeigt deutlich verbessertes 
Entlade- sowie Ladeverhalten und keine Anzeichen für feste Reaktionsprodukte. Durch den 
zusätzlichen Einsatz von Tetramethylharnstoff kann die Zyklenstabilität merklich verbessert 
werden. Der Tetramethylharnstoff-elektrolyt ist bislang kaum erforscht und wird daher eingängig 
charakterisiert. Die farbigen Polysulfidlösungen erlauben zudem die Anwendung von Vis-
Spektroskopie als Methode, um den Ladezustand einer Zelle festzustellen. Insgesamt wird ein 
funktionierendes Polysulfid-Zellkonzept mit guter Kapazitätsausbeute und Zyklenfestigkeit über 
die ersten 30 Entlade- und Ladeprozesse präsentiert. Es handelt sich um eine erfolgreiche 
Einstiegsstudie, um die Tauglichkeit von P2S5 und Tetramethylharnstoff in einer 
Natrium/Polysulfidzelle zu demonstrieren. Diverse Herausforderungen verbleiben jedoch und 
werden ausführlich erörtert. Die Veröffentlichung und die zugehörige Zusammenfassung sind in 
Kapitel 7 auf den Seiten 97-107 abgedruckt. Ergänzendes Material ist ebenfalls im Anhang zu 
finden.  

Die Ergebnisse der wissenschaftlichen Projekte bauen nicht direkt aufeinander auf. Es handelt sich 
vielmehr um einzelne Zweige, die aus dem Übersichtsartikel über verschiedene Zellkonzepte 
hervorgehen: Eine Veröffentlichung arbeitet mit einem Membrankonzept, eine befasst sich mit 
Feststoffzellen und die letzte diskutiert ein Polysulfidkonzept.  

Neben den veröffentlichten Artikeln besteht die Dissertationsschrift aus weiteren Kapiteln 
(Klammer), die jenen Kern einbetten: 

Die Einleitung (Kapitel 1) konzentriert sich auf den Begriff Energie und gibt einen Überblick über 
die verschiedenen Arten, ihre Zusammenhänge sowie ihre Erzeugung, Verbrauch und Speicherung. 
Ferner wird zwischen erneuerbaren und fossilen Energieerzeugungsmethoden differenziert, wobei 
diese kritisch im Hinblick auf die Energiewende diskutiert werden. Zudem fasst die Einleitung 
zugehörige statistische Daten auf globaler Ebene, EU-Ebene und Deutscher Ebene zusammen. Das 
Kapitel setzt sich mit den Gründen, warum das Arbeiten an schwefelbasierten Batteriekonzepten 
sinnvoll ist, fort. Vor- und Nachteile werden kritisch diskutiert − sowohl theoretisch als auch 
praktisch. Schließlich werden die Ziele dieser Dissertation sowie Forschungsansätze kurz 
vorgestellt.  

Das Grundlagenkapitel (Kapitel 2) hat das Ziel, ausreichend Wissen zu vermitteln, um den 
weiteren Inhalt der Dissertationsschrift leicht verstehen zu können. Dies beinhaltet vor allem 
Definitionen relevanter Größen und Parameter. Darüber hinaus werden der Aufbau sowie die 
Funktionsweise elektrochemischer Zellen im Detail beschrieben. 

Ein großes Kapitel (Kapitel 3) ist der Literaturüberblick beziehungsweise der Stand der Forschung. 
Das Kapitel ist wiederum in vier Teile gegliedert ist. Da sich während der Promotion größtenteils 
mit Natrium-Schwefel-Zellen befasst wurde, wird eine umfassende Zusammentragung 
entsprechender Literatur gegeben. Alle bis Juli 2019 erschienen wissenschaftliche Artikel über 
niedrig-temperatur Natrium-Schwefel-Zellen sind sowohl im Fließtext als auch tabellarisch 
zusammengefasst. Der Literaturüberblick zu Lithium-Schwefel-Zellen stellt zehn Publikationen 
vor, die im Rahmen der Promotion von besonderer Relevanz waren., Zusätzlich werden 
Funktionsweise und technische Daten von kommerziellen Hochtemperatur-
Natrium/Schwefelbatterien kurz vorgestellt. Auf wenigen Seiten beschrieben sind abschließend die 
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Eigenschaften der schwefelhaltigen Festelektrolyte mit Fokus auf deren thermodynamische 
Stabilität gegenüber Reduktion und Oxidation. 

Das vorletzte Kapitel (Kapitel 8) beschreibt grob die Funktionsweise aller elektrochemischen und 
analytischen Methoden, die für die Dissertation von Relevanz waren. Zudem sind die Aufbauten 
aller verschiedenen Laborzellen, mit denen Ergebnisse erzielt wurden, dargestellt. 

Zuletzt wird eine Zusammenfassung der neuen Erkenntnisse, welche im Rahmen der Promotion 
erlangt wurden, in Kapitel 9 gegeben. Diese Erkenntnisse werden kurz mit bestehender Literatur 
verglichen, wobei betont wird, dass sie einen Fortschritt in der Forschung bedeuten. Die 
Dissertationsschrift schließt mit einem Ausblick möglicher zukünftiger Arbeiten, die auf den 
Resultaten der letzten vier Jahre basieren. 
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1       Introduction and motivation 
 

1.1 Introduction 

Energy – no other physical dimension has more units, more definitions and more relevance nowadays. 
The System International unit (SI unit) is Joule [J], however, other units like Newton meter [Nm], 
electron volts [eV], calories [cal], or tons of oil equivalents [toe] are still in use depending on the 
addressed energy type – potential energy, work, radiation, heat etc.. For most of us it is not apparent 
what 1 Joule actually is and what it can perform. 1 Joule can lift a 1 kg mass approximately 10 cm 
against the gravity field of earth. 1 Joule can change the temperature of 0.24 g water from 14.5°C to 
15.5°C. 1 Joule is needed to move a charge amount of 1 Coulomb [As] 1 m against an electrical field of 
1 V m─1. Indeed, the last example is hard to imagine, but this is actually, how electrical energy is defined 
and, for sure, it is the most important energy type in modern society. More prevalent are packages of 
3,600,000 J incorporating 1 kilo watt hour [kWh] as a dimension for measuring our annual electricity 
consumption. Each type of electricity has its origin – its source. This can be the combustion of fossil 
fuels like coal, oil or gas. This can be heat generated by controlled radioactive decay in terms of nuclear 
power. And this can be biomass combustion, solar-, wind-, hydro- as well as geothermal-energy. The 
latter listing can be summarized into the category of renewable energy sources and are commonly 
designated as “green energy”. While it was out of matter in the 20th century, where our energy actually 
came from, it plays an increasing role in the beginning and likely for the rest of 21st century. Figure 1.1 
tries to differentiate the energy types as well as the possibilities to convert them into each other. Due to 
the complexity of the subject energy, this diagram is not a straight line and far from a closed cycle; 
hence, it is difficult to define a clear starting point. However, it is obvious to distinguish between non-
potential energies (kinetic energy, electricity, heat), making the diagrams center, and potential energy 
sources surrounding this center. Potential energy sources can be distinguished further into options our 
energy can be effectively stored with for later demand and into either quasi-permanent sources (sunlight, 
wind, geothermal energy) or nature-given combustibles. The sectors have interconnections among each 
other which represent nothing else than the conversion of the energy types by specific processes, while 
electricity and kinetic energy appear as central junctions of these processes.  

How is our energy produced nowadays? Though it is a good question, it is physically not correct. Energy 
is always present. It can be neither produced nor extinguished, but it is convertible - at least most of the 
energy types are. However, the question deserves a real answer. 

Fossil energy carriers like coal and oil were the predominant sources from the beginning of electricity 
age. Their combustion results in heat, which evaporates water, which powers again a steam engine which 
finally generates the projected energy type – electricity. Following the respective connection lines of the 
scheme emphasizes the long path of energy conversion. Due to multi-step conversion, this traditional 
method exhibits clear drawbacks regarding efficiency (ηE < 20%) as each single process comes around 
with the production of an unwanted but long-time disregarded side product – excess heat. It is the energy 
type of highest entropy and the indicator for inefficiency. In other words, it is impossible to utilize excess 
heat further. Revisiting the aforementioned starting point issue of the scheme, one may say there is none. 
but there is an ending.  

Because of historic reasons, it is not surprising that tons of oil equivalents or hard coal units are still the 
most frequently used packages for evaluating high potential energy amounts. Nowadays, in the age of 
“Energiewende”, fossil fuels are still the main guarantor of primary energy supply and for backup 
supply. In 2016, they constituted almost 2/3 of the world’s overall electricity production [1]. For Europe 
and Germany the values were 38.8% and 41.2%, respectively [2]. On the first view it seems that the EU, 
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whose nations are almost all industrial or post-industrial ones, have an advance in alternative energy 
implementation compared to the rest of the world. This number represents only the production and not 
the overall consumption; thus, one should keep in mind that more than 50% of the EU energy supply 
was covered by imports from external countries, particularly from Russia [2]. The total amount of EU-
produced primary energy reduced by almost 12% between 2007 and 2017 [2], promoting further 
dependency from external suppliers. Considering this, 72.5% of the EU’s energy demand in 2015 was 
still provided by fossil fuels [3]. Head of the imports table is Germany. The country imported annually 
more than 200 Mtoe in the recent years with slightly increasing tendency [2].  

Another important source with as well decreasing popularity is nuclear energy. Therein, the controlled 
decay of radioactive elements generates heat and; henceforth, it is the same principle as the electricity 
generation from fossil fuels. In 2016, nuclear power made 10.5% of the world’s energy production [1]. 
The percentage was even 27.8% for the EU [2], wherein France possessed the highest share (78%) in 
production on national level [2].  

In all media it is presented that future ambitions should focus on getting away from both, fossil 
combustibles as well as nuclear power, and there are well-known reasons for this. Besides the 
inefficiency, consequences of combustion are greenhouse gases e.g. CO2, which contribute to the 
correspondent greenhouse-effect. Not to forget, fossil fuels are finite, although no one can really 
estimate the date of complete depletion. Worries concerning nuclear power are the accumulation of 
hazardous radiating waste and, of course, safety (accidents in Tschernobyl 1986 or Fukushima 2011).  

What are the alternatives to these established technologies and how are they feasible? These are the 
central questions of economic and ecologic changes - the central questions of the “Energiewende”. 

The terms “renewable”- or “green” energy implies sustainable production and an overall greenhouse 
gas emission of 0. There is no one and only renewable energy source, instead, various options are 
conceivable. If the installation of a renewable energy production plant is meaningful or not, depends on 
geographic and meteorological circumstances, as nature plays an important role in the whole challenge.  

With 70%, water power is the predominant renewable electricity source worldwide, while it is of much 
less relevance in the EU (10.8% [4]) and Germany (3.8% [4]). Usually, dams with implemented turbines 
are constructed in order to make use of its potential energy, but also the use of tide streams counts into 
this category. The EU countries concentrate on the energy-directed utilization of biomass. Although, it 
mainly includes the combustion, it is claimed as CO2-neutral route due to the equivalent CO2 uptake of 
again growing plants. This strategy is barely observable for non-EU countries; hence, it was not 
acknowledged as its own category in the review article figure. 1.2 a) + 1.2 b) are referring on. Direct 
conversion of sunlight into electricity without further steps can be performed by solar panels. These 
panels consist of an optimized configuration of semi-conductor material whose band gaps match to the 
energy spectrum of UV- and visible light. Solar energy makes only a small part of the world renewable 
energy production (~5% [1]) and the percentage is slightly better for the EU (6.4% [4]). However, straight 
through Europe, an increasing trend for solar energy utilization is observable from northern areas to 
southern areas, while the solar energy in Germany’s renewable electricity mix is upper average 
(9.8% [4]).  

Wind became a huge energy sector in the last decades. Its percentage is about 15% [4] and about 14% [4] 
for the world and the EU, respectively. In Germany’s renewable electricity mix, it is the second most 
important contributor and it is impossible to travel through the country without recognizing a large 
number of wind parks. 

Ambient heat electricity generation tries to utilize temperature outputs which would be lost as excess 
heat otherwise. On the one hand, this can be the heat from industrial processes like steel production, for 
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example. On the other hand, this can be also the gathering of geothermal Earth activities what can be 
only processed at defined locations. The geographic dependence might be the reason why geothermal 
energy makes just 1.4% of the world’s renewable energy mix [1]. Including heat from non-natural 
origins, the method scores 3% [4] in Germany and even 8% [4] in the EU. Remarkable is the geothermal 
heat energy share in Iceland – almost 30% [4]. Together with Malta, Iceland is the only European country 
with 100% renewable net electricity production.  

Not all of these renewable energy generation strategies are really 100% green and without any 
drawbacks. That the subject energy is a politically controversial issue will can’t be overlooked in 
media [5-11], but this discussion is not part of the thesis. A pure empiric disadvantage of particularly wind 
and solar energy generation is the fact that they are not controllable. Sun is not shining 24 hours the day 
and wind is not permanent. Direct energy supply of solely these types would fail due to an unbalance of 
supply and demand. Compensating this unbalance requires a bridging element − energy storage 
technologies, which can retain electric capacity in case of overproduction and which can provide this 
energy, when it is needed.  

The first obvious option is the sector rechargeable (secondary) batteries. Within their electrochemical 
charge- and discharge processes they are able to convert potential chemical energy directly into 
electricity and the other way around without further steps, what promises enhanced efficiency 
characteristics. Well-known are two representatives: lead-acid-batteries and lithium-ion-batteries. A 
single lead-acid-cell bases upon reactions between Pb, PbO2 and PbSO4 in sulfuric acid and delivers a 
voltage of 2 V. Its application is usually restricted on acting as support battery in conventional cars with 
combustion engine and as offline emergency power backup. Li-ion-batteries emerged more recently 
(1991) and are common for powering mobile consumer electronics. Due to the high single-cell voltage 
(~4 V), it provides superior power-characteristics; hence, it is also the battery type of choice in the 
growing electro-mobility sector.  

It is a good question, whether these batteries are the best options for large-scale stationary energy storage 
for grid applications. The ideal system would combine high capacity, long operation time, and especially 
low material cost. Lead-acid-batteries exhibit very low gravimetric energy densities and capacities. Li-
ion-batteries incorporate expensive materials like cobalt; thus, it is reasonable to consider alternative 
concepts. Among other different possibilities, sulfur-batteries attracted high attention as potential post-
Li-ion technology. Combined with lithium or sodium, sulfur provides outperforming capacities of 
1167 mAh g−1 or 687 mAh g−1, which is clearly greater than the value for common Li-ion battery 
materials. Besides, sulfur costs almost nothing (<0.2 $ kg−1 [12]) and is very abundant (260 mg kg−1 [13]). 
Combined with another abundant element like sodium, the sulfur battery would be an ideal candidate 
for cost-effective and large-scale energy storage as it fulfills the requirements outlined above. It is 
noteworthy that first commercially available Na/S-batteries with an operation temperature of 300°C are 
already in application and their ability to store excess energy from wind parks is proven (read more in 

section 3.3). Taking abundant materials towards storing excess energy is not impossible, in contrast, it 
is likely an essential part in future energy management systems. However, this specific topic offers still 
space for new insights and this is actually the scientific part this thesis will focus on. 
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figure 1. 1: Scheme for different energy types and their conversion possibilities. Kinetic energy and electricity make the central 

junctions of the scheme, which are surrounded by potential or (quasi)-permanent energies. Excess heat is actually generated 

by each conversion process and can’t be utilized further. 
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figure 1. 2: a), c), e) Energy production shares in the world, the EU and Germany, respectively. b), d), f) Renewable energy 

production shares in the world, the EU, and Germany, respectively. Data retrieved from [1-2, 4]  

Different battery technologies attracted a lot of attention in the last decade, not really for stationary 
storage application yet, but for the mobility sector. As most of the vehicles are powered by combustion 
engines, the mobility sector strongly contributes to the emission values of CO2 and other gases. The 
electromobility based on Li-ion technology is often claimed as “green solution” for this problem. 
Electric engines provide a superior energy conversion efficiency rate (>80%) compared to classic 
combustion engines (<20%) and operate with zero emissions. But, whether electric vehicles have a zero-
emission balance or not depends on the energy type which is taken for battery recharging. 
Electromobility opened a huge economic branch. which is ecologically motivated. However, the rapidly 
increasing battery market creates more and more challenging raw material supply chains [14]. Lithium, 
measured in LCU (lithium-carbonate-units), became an essential resource towards maintaining and 
developing our life standard. Even the time we are living in is sometimes called the “Lithium Age”. 
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Lithium mining takes place mainly in South American countries, particularly Chile, Argentina, and 
Bolivia. As a reaction on the quickly growing battery market, more and more lithium extraction plants 
are exploited in respective areas, often without evaluating the consequences. Lithium mining is 
processed at pithead with artificial lakes. The procedure requires large amounts of freshwater and 
produces large amounts of contamination [15]. 

Beyond lithium, other not inexpensive materials like cobalt, copper, and nickel are needed for Li-ion 
battery construction. Early Li-ion battery models required large amounts of cobalt. Most of this material 
is mined in Africa, especially in the Democratic Republic Congo. Similar to lithium, the growing market 
promotes also the extension of cobalt mining, which happens partially under inhuman conditions and is 
partially done by children work [16]. Although the cobalt content will be decreased in next generation Li-
ion batteries, the metal is still an indispensable part of the high-power Li-ion batteries. Furthermore, the 
most frequently used cobalt substitute is nickel – a material of just slightly higher abundance 
(figure 1.3) [13].  

 

figure 1. 3: a) Share of battery relevant elements in earth crust [13]. b) Materials composition of a common LCO-NMC Li-ion-

cell. (LCO: lithium-cobalt-oxide; NMC: nickel-manganese-cobalt) [17]. All values rely on mass percentages.  

Efficient recycling methods of these materials need to be urgently investigated in order to have a 
sufficient supply of these materials in the future. Due to their high single cell voltage and high-power 
density, Li-ion-batteries seem to be on the forefront of mobile consumer electronics and electromobility 
applications. They are even conceivable for large-scale stationary energy storage. However, by having 
a look at the raw materials abundance and mining circumstances, it is questionable, if Li-ion-batteries 
are also the optimal solution towards covering this additional application field. Power and energy density 
are fundamental requirements for many mobile applications, but they are of less relevance for batteries 
which are supposed to be used for stationary purposes. Thus, Li-ion alternatives – post Li-ion 
technologies – will likely play an important role in saving the excess energy obtained from solar and 
wind-power. Promising candidates are sodium-sulfur-batteries, which combine raw material availability 
and excellent energy storage ability − see figure 1.3 a) and table 1.1 of next section. 

1.2 Why sulfur? – promises and advantages  

Already 50 years ago, sulfur attracted attention as a potential material for energy storage via reversible 
electrochemical reaction. These ambitions were somewhat successful, as a Na/S-battery with long cycle 
life has been developed. The product operates at high temperatures of about 300°C, while it utilizes only 
30% of sulfur’s theoretical storage capability due to incomplete reduction and oxidation; see section 3.3 
for more information. 
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Regarding low temperature batteries, current research is focusing on, full sulfur conversion is usually 
projected according to the following reaction equation which appears very simple on paper 
(equation 1.1): 

2M + 18 S      →      M S                                                        ( . 1.1) 

Neglecting the mass of the cation, sulfur provides a theoretical capacity of 1672 mAh g−1 because of its 
low atomic mass (32.065 g mol−1) and the ability to store two electrons. The capacity is superior 
compared to common materials for Li-ion batteries, even if the cation mass is included as the official 
definition demands. The same statements can be made for the energy, although the extend is not as high 
as for the capacity due to only moderate cell voltage; see table 1.1. However, without taking gas-
electrode-batteries into account, metal/sulfur-batteries have the best theoretical energy density values in 
the entire periodic table. 

table 1. 1: Theoretical capacity, voltage, and energy values for the reaction of sulfur with different alkali metals (Li, Na, K) 

and for two positive electrode materials which are frequently used in Li-ion batteries (grey shimmed). All numbers rely on 

half-cell reactions at standard conditions [18]. 

reaction z qth / mAh g−1  / V Wth / Wh kg−1 

+ →  2 1167 2.24 2615 

+ →  2 687 1.85 1273 

+ →  2 486 1.88 914 

+ →  1 169 3.4 575 

. + . →  0.5 137 3.9 534 

 

Elemental sulfur is not toxic, has no serious impact on the environment, is not moisture sensitive and 
can be easily handled in air. Sulfur batteries usually abstain from heavy metals like cobalt or nickel, 
which are an essential part of Li-ion batteries, and do not struggle with resource recycling issues. One 
of the main arguments is that sulfur is extremely abundant (0.03% (w) in Earth’s crust) and is actually 
a waste product of many industrial processes like oil refining. Kiloton-wise sulfur has been collected 
without large scale purpose yet. Hence, the element has good global availability and it is no surprise that 
its price per ton is below 0.2$ kg−1.  

Sulfur can be combined with different metals in order to perform the full electrochemical reaction. 
Among the alkali metals, lithium seems to be the best choice for acting as negative counterpart, if high 
performance is desired. However, the consequences of lithium mining are criticized just as in the case 
of inhuman conditions of cobalt mining. Sodium, on the other hand, is approximately 1000 times more 
abundant, distributed over the whole world and can be extracted from seawater, for example. Thus, it is 
the metal of choice if the final battery is promoted by low price and resource sustainability. Particularly, 
low temperature Na/S-batteries would have the advantage that they have no critical overlap in required 
raw materials as already discussed in section 1.1, wind and solar energy production is not temporally 
consistent; hence, buffer systems for efficient energy storage and release are required. Energy 
conversion by electrochemical processes promises very high efficiency characteristics close to 100% − 
see also chapter 2. Therefore, battery systems are the optimal solution towards serving as energy 
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buffers. Lithium-ion batteries might be a conceivable candidate, but they are already dominating the 
global battery market for mobile consumer electronics and electric vehicles. Investigating this battery 
type for stationary energy storage as well is not meaningful due to expected problems in resource supply 
chains. However, high cell voltages and power densities are not of highest relevance for stationary 
devices, as their upscaling is basically unproblematic. That is why sulfur-based battery systems might 
be the more appropriate choice for storing excess energy from renewable sources or for replacing 
lead/acid-batteries as offline emergency power devices.  

In conclusion, sulfur combined with a light metal is able to store large energy amounts at potentially 
low cost due to the use of abundant materials. It is worth mentioning that Li/S batteries are on the way 
to commercial availability after a long period of research efforts [19]. Low temperature Na/S-batteries, 
on the other hand, were much less investigated and still far away from being a reliable product for energy 
storage. Nonetheless, the introduction of low temperature Na/S-batteries with good cycle life into the 
battery market would be a breakthrough in energy storage technologies, not only in terms of energy 
density and cost but mainly due to sustainability. 

1.3 Sulfur containing batteries: problems and challenges 

According to the last section, an electrochemical metal/sulfur-battery would consist of an alkali-metal 
as negative electrode, sulfur as positive electrode active material, a liquid electrolyte in between, and 
further passive materials like casing, separator and current collectors (figure 1.4). 

 

2M     →      2M + 2e  

18 + 2      →      S  

figure 1. 4: Simplified scheme of the metal/sulfur-cell working principle during the discharge process. 

The electrochemical reaction between sulfur and an alkali-metal appears simple at the first glance, but 
a number of individual difficulties occur and most of the published research works demonstrate specific 
methods that can be employed in order to counteract these problems. In general, the challenges low 
temperature metal/sulfur-batteries offer to the researchers can be classified into five categories: 
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i. Sulfur and sulfides are electronic insulators, but within an electrochemical cell, an electrode is 
supposed to provide both – electronic and ionic conductivity. Therefore, the active material 
requires permanent proximity to certain amounts of electronically conductive support 
material [20-21]. Conductive carbon is an essential part of the positive electrode, although it makes 
only a small share in weight in case of Li-ion-batteries. In case of sulfur electrodes, the carbon 
demand seems to be much higher and, according to research articles, it is sometimes even 
greater than the sulfur content itself – see table 3.1; section 3.1. Actually, a carbon/sulfur-
composite is what is meant, when the performance of sulfur electrodes is discussed in literature. 
Although, carbon is light and cheap, high percentages should be generally avoided in order to 
achieve high overall energy density of the cell, but, insufficient amount of conductive support 
might lead to incomplete active material utilization. Finding the optimal composition between 
carbon and sulfur is not a trivial task, as many types of carbon exist − all of them with different 
morphologies and properties e.g. porosity. Carbon host material tailoring is probably the most 
investigated research strategy, as this versatile material is not only promoting electron transport 
within the electrode. The right choice of carbon might also mitigate other individual problems. 

ii. An important difference between lithium-ion- and metal/sulfur-cells is the ion-storage 
mechanism. The reactions within a lithium-ion-cell follow Li+-intercalation processes. This 
means that Li+-ions are inserted in and deserted from layered host materials. These reactions do 
not change the general crystal structure and the molar density of a host material doesn’t change 
much during reaction; hence, the mechanical strain caused by volume expansion and contraction 
is low. The sulfur electrode, on the other hand, undergoes a conversion reaction, so the crystal 
structures between sulfur and its discharge products are different. Sulfur itself is orthorhombic, 
while Na2S crystallizes in a cubic lattice, for example. The conversion of sulfur into alkali-
metal-sulfides comes around with a volume expansion of 80%, 171% and 309% for Li2S, Na2S 
and K2S, respectively (figure 1.5). High mechanical strain might lead to structural damage and 
irreversible active material contact loss. Basically, the higher the sulfur content, the stronger is 
the strain. Obvious options against this problem are the use of more binder material or the use 
of porous carbons as a buffer, but this means again higher electrolyte demand and a penalty in 
overall energy density. 

 

 

figure 1. 5: Schematic volume expansion of sulfur after reaction with different alkali metals. 

iii) Elemental sulfur is usually present as cyclo-octa-sulfur-molecules. During the reaction with 
alkali metals, the molecules are not directly converted into the final discharge product M2X. 
Instead, the sulfur reduction is performed stepwise and open-chain polysulfide 
intermediates with different lengths occur. The properties of polysulfides differ from those 
of sulfur; thus, their presence makes the electrochemistry of sulfur-cells much more 
complicated. Polysulfides are soluble in many liquids including electrolyte solutions. 
Before complete reduction, the reaction intermediates exhibit a tendency for being leached 
from the electrode. Dissolved in the electrolyte phase, three processes may occur. They can 
diffuse back to the sulfur electrode, where they will be reduced further, down to the 
projected discharge product. They can also perform side reactions within the electrolyte 
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phase owing to their strong nucleophilic character. Another side reaction type is their 
disproportionation partially into insoluble sulfur species. The third option is that 
polysulfides diffuse to the negative electrode –in the present scenario a very reactive alkali 
metal. At the interface, polysulfides can be chemically reduced to lower chain ones or even 
to solid sulfides. In fact, this is nothing else than a self-discharge via ion-transport instead 
of electron transport. The problem of active material dissolution and active material 
mobility strongly contributes to fast capacity fading and, finally, to possible cell failure. As 
this is specific for metal/sulfur-cells, also specific methods are required to overcome the 
problem. The consequences of polysulfide solubility become even worse during cell 
recharging. Frequently discussed and often a main topic in research articles is the 
polysulfide-shuttle-effect – a parasitic phenomenon which describes a kind of chemical 
short circuit [22]. The polysulfide-shuttle-effect concerns all sulfur cells with solid electrodes 
and a liquid electrolyte in between. It acts as follows: dissolved long-chain polysulfides 
diffuse to the negative electrode and are chemically reduced to polysulfides of lower chain-
length, which diffuse back to the sulfur electrode, where they are again re-oxidized to long-
chain polysulfides. Chemical reduction, diffusion, electrochemical oxidation, and back-
diffusion − all these processes can happen in a closed cycle and can perform several 
repetitions resulting in an unwanted charge transport through the liquid electrolyte phase 
(shuttle-current). Shuttle-current and charging current are opposing processes, which lead 
to drawbacks in cell efficiency characteristics (figure 1.6). 
Although the dissolution of polysulfides is mainly associated with negative aspects, positive 
effects should not remain disregarded. The utilization of large sulfur particles is enabled by 
the reaction intermediate dissolution. This way, the final reaction product can precipitate 
somewhere else in the electrode instead of passivating the rest of the sulfur particle [23]. 
Furthermore, polysulfide solubility allows the consideration of cell concepts wherein the 
presence of dissolved active materials is desired– see chapter 4 and 7. 

 

figure 1. 6: Scheme of the polysulfide-shuttle mechanism during cell charging. The mechanism includes chemical reactions as 

well as electrochemical ones. Given equations are generalized. In reality, the process is more complex. 

iv) Sulfur and sulfides are very corrosive. Particularly metals which are commonly used for 
battery casings or as current collectors might chemically not sustain the presence of sulfur 
in terms of unwanted metal-sulfide formation. For example, copper forms CuS and steel 
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forms iron-sulfides. This problem might appear as a minor one on lab-scale and during 
short-term experiments, but it is essential at the application level due to long-term durability 
and especially safety. For commercialized high-temperature devices, the corrosion issue has 
been solved with a protective Fe-Cr-alloy layer [24]. Although corrosion takes place with a 
much lower rate at room-temperature, the problem should not be neglected and the choice 
of passive materials has to be made carefully. 

v) Sulfur batteries are usually investigated with an alkali-metal as the negative counter-part. 
These metals are extremely reactive due to their low standard potential (~ −3 V vs. SHE) 
and fast reaction kinetics. Despite their promises in performance, their application is 
critically discussed because the stabilization of a metal/electrolyte-interface is very 
challenging [25-26]. Permanent side reactions with the electrolyte might be the consequence 
of a solid-electrolyte-interphase (SEI) with insufficient properties; thus, the electrolyte 
volume needs to be adjusted to higher values. A further issue is the possible nonuniform 
metal deposition during cell-charging. Dendritic structures providing more area for side 
reactions might be the consequence. More severe is the scenario of cell short-circuiting by 
dendrites which penetrated the electrolyte/separator-phase completely [27-28]. This 
circumstance directly leads to cell failure or even cell ignition accident in the worst case. 
However, the alkali-metal electrode is promoted as a conceivable choice for sulfur-batteries, 
as it promises the maximum voltage output from sulfur electrochemistry [29]. Metal/sulfur-
cells have only a moderate voltage. The use of other, maybe safer, materials for the negative 
electrode would further decrease the value and, therefore, the power density.  

 

figure 1. 7: Illustration of electrolyte side reactions and dendrite formation as major challenge of metal electrodes. 

 

1.4 Aim of this thesis and experimental approaches 

Main topic of the dissertation is the element Sulfur, or more precisely, the behavior of sulfur and sulfides 
in different environments linked to the subject “electrochemical energy storage”. Most of the published 
research articles about metal/sulfur-batteries deal with the preparation of C/S-composites, having 
beneficial properties towards cell performance and life time. The high number of preparation methods 
and explanations why carbon nano-structuring and the exact technique for sulfur infiltration are 
important, are auspicious. On the other hand, comparable results without intensive electrode preparation 
methods can be found in literature. This appears contradictory; thus, the question, whether intensive 
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methods are necessary in order to aim in a homogeneous sulfur distribution inside a carbon matrix or 
not, became one project of the dissertation. A clear answer on this question would be of high relevance 
for research society and is the aim of this project. From a former study carried out in Giessen [30], it was 
known that different analytical methods affect the properties of C/S-composites like pore filling and 
elemental distribution. Interestingly, the apparently method-induced effect doesn’t occur, when porous 
carbon is replaced by porous silica. Many ambiguities remain regarding the specific interactions between 
carbon and sulfur. These ambiguities motivated further the project about C/S-composites. Initial X-ray 
diffractometry and electron-microscopy investigations revealed unexpected high mobility of sulfur 
within porous carbon matrices. As no distinct literature information was available, a yet overlooked, 
transport process has been discovered – “Sulfur Spillover”. Further understanding of this phenomenon 
became the general aim of the project and different analytical methods like Raman-spectroscopy, DSC, 
TGA, N2-physisorbtion, and elemental analysis were consulted. By projecting the “Sulfur Spillover” 
successfully on electrochemical cell level, a clear statement on the relevance of C/S-composite 
preparation methods was possible.  

Another project was the investigation of sulfidic solid electrolytes like Li3PS4 with focus on their 
(electro)-chemical stability towards the negative electrode. This electrolyte type became more and more 
popular in all-solid-state battery research [31-32]. But, it is known from literature that these solid 
electrolytes have a limited electrochemical stability window [33]. Using an alkali-metal as negative 
electrode promotes the risk of reductive electrolyte decomposition and dendrite growth, therefore, an 
indium-layer is commonly implemented. As this In-Li-electrode is used as counter electrode, it is often 
not discussed in literature and a potential of 0.6 V vs. Li+/Li is generally accepted. Data about the In-Li 
electrode properties and information about how it interacts with the electrolyte as well as a guideline 
how to use this electrode type correctly was also not available. Hence, the aim was to understand the In-
Li-electrode from thermodynamic point of view and monitor its’ potential as function of the Li-content. 
This data should help to define balanced or unbalanced conditions at the electrode/solid-electrolyte 
interface and should help to evaluate, whether a stable counter electrode with a potential of 0.6 V vs. 
Li+/Li is used in experiments or not.  

The third project was the realization of a low-temperature Na/polysulfide-cell. This cell-concept would 
directly overcome the main drawbacks of metal/sulfur batteries like the polysulfide-shuttle effect and 
might be a candidate for stationary energy storage application by abundant materials. Simple solubility 
calculations reveal that Na/polysulfide-cells can theoretically operate with energy-densities, which are 
comparable with redox-flow systems. Hence, investigations are meaningful. Only a few research articles 
are available and the presented results were usually obtained at elevated temperatures. How to utilize 
sulfur in such a cell-system reversibly and at room-temperature was not clear, what motivated further 
investigations and individual approaches. The precipitation and deactivation of active materials during 
discharge has been identified as failure reason; hence, the aim of this project was to overcome these 
drawbacks by different strategies. These strategies concern the optimization of the catholyte by additives 
like P2S5 and the individual choice of the solvents at anode side and cathode side. That P2S5 is able to 
reactivate solid sulfides has been reported in the past [34-37], but it has never been tested in a 
Na/polysulfide system, yet. Thus, the approach might promote further efforts on the polysulfide-cell-
concept. 
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2       Theoretical background 
 

This chapter gives a brief introduction into the concept of electrochemical cells, the underlying 
principles and frequently used descriptors. 

Electrochemistry is a category of physical chemistry and differs from classic chemical reactions as 
follows: considering a redox-reaction on a chemical pathway, the reaction participants – oxidants and 
reductants – require proximity; thus, oxidation and reduction are formally taking place at the same spot. 
On an electrochemical pathway, both can be separated into two half-cell reactions which might happen 
at different locations e.g. the electrodes. In this regard, the electrode where the oxidation is performed 
is defined as anode, while the reduction electrode holds the name cathode. Of course, a kind of contact 
is necessary in order to perform this reaction pathway, as charges need to be moved. Ionic charge 
transport is guaranteed by an electrolyte, usually consisting of a solvent and a therein dissociated salt. 
The electrodes are simply linked via a conductive wire which passes either through a consumer load or 
is connected to an external power source. 

Figure 2.1 represents the simplest configuration of an electrochemical cell with solid electrodes and a 
liquid electrolyte in between. Considering the dissolved ions being not redox-active, no additional 
membrane or salt bridge is necessary. Oxidized and reduced are basically the electrodes themselves or, 
more precisely, the active electrode compartments, while ionic charge compensation is provided by 
insertion and desertion of ions from the electrolyte – commonly cations. If these processes are reversible 
ones, the complete system is rechargeable and designated as a secondary cell; if not, it is called primary 
cell. The term “battery” can be used only in case of the interconnection of at least two electrochemical 
cells. 

 

figure 2. 1: Scheme of an electrochemical cell consisting of two solid electrodes and a liquid electrolyte. Left: charge carrier 

flow and electrode definitions in case of cell discharging; Right: charge carrier flow and electrode definitions in case of cell 

charging.  

Although this was a fundamental example and cells can be designed in a more complicated manner as 
well, this is actually how a Li-ion cell operates – two electrodes with Li+-ion storage ability and a liquid 

electrolyte in between. In general, the electrodes consist of three components: an active material which 
is supposed to perform the half-cell reaction, a conductive agent usually made of carbon, and a binder 
for mechanical stability. These electrodes are casted on a current collector foil made of copper or 
aluminum. Each electrode reaction can be attributed to a potential φ measured in Volt against a 
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reference. The difference between both half-cell potentials equals the cell voltage E. Under currentless 
conditions E is the open circuit voltage (OCV). Thus, aiming at high cell voltages requires an electrode 
with a low potential (negative electrode) and an electrode with a high potential (positive electrode) on 
the other side (equation 2.1). 

=  −                                                  ( . 2.1) 

Moreover, the OCV can be directly associated with a thermodynamic driving force (equation 2.2). Note 
that the term OCV presupposes no current flow through the cell. Independent from that, voltages are 
generally abbreviated with the letter E. 

∆ = − ∙ F ∙                                                          ( . 2.2) 

Taking the example of a lithium-ion cell with lithiated graphite as negative electrode’s active material 
and LiFePO4 as positive counterpart, the discharge half-cell reactions and the overall reaction are the 
following: 

(−) negative electrode:     LiC                    ⎯⎯⎯      6 C + Li +                   ( . 2.3) 

(+) positive electrode:     FePO +  Li +                   ⎯⎯⎯      LiFePO             ( . 2.4) 

overall reaction:     LiC + FePO                    ⎯⎯⎯      6 C +  LiFePO                 ( . 2.5) 

This reaction couple provides a voltage of about 3.3 V and is a reversible one; thus, cell recharge implies 
the inversion of the half-cell reaction equations. Besides the voltage, a typical characteristic of a Li-ion 
cell is the capacity measured in Coulomb [As] or amp hours [Ah]. For each active material with a known 
reaction stoichiometry a theoretical capacity can be calculated according to Faraday’s law 
(equation 2.6), whereupon Q is the amount of charge, n is the amount of reactant, z is the number of 
transferred charges per reaction equivalent, and F is the Faraday constant (96485 As mol−1).  

= ∙ ∙ F                                                               ( . 2.6) 

Taking the molar mass of the active material into account, the specific capacity is accessible by 
equation 2.7. Hence, for graphite, a specific capacity of 372 mAh g−1 and for LiFePO4 a value of 
169 mAh g−1 is obtainable. Note that for the calculation, the mass of the ion, which is supposed to be 
stored, is just included in materials considered as positive electrode active part – with a few exceptions. 

= ∙ F                                                              ( . 2.7) 

The ratio between practical and theoretical capacities equals the capacity yield and is an essential part 
of almost all research articles dealing with materials for potential electrical energy storage application. 
As 1 Joule [J] can be also written as 1 VAs or 1 Ws, the theoretical energy density a cell can deliver is 
defined as its theoretical capacity multiplied with the average OCV during a discharge process 
(equation 2.8).  

= ∙                                                         ( . 2.8) 

Depending on the storage mechanisms of the materials (intercalation vs. phase conversion), the cell 
voltage might be a function of the state of charge (SOC) and, therefore, will not stay constant.  

The theoretical consideration of the energy neglects unavoidable voltage losses as consequence of 
current flow through an electrochemical cell. In electrochemistry, these voltage losses are commonly 

associated with the term “overpotentials η” and rely on different processes within a cell, particularly 
kinetical charge transfer barriers, simple Ohmic resistance and diffusion phenomena e.g. ion 
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concentration depletion located at the electrode/electrolyte interface (equation 2.9). Thus, the measured 
voltage E during cell operation is not equal to the OCV (equation 2.10); it is lower or higher instead in 
case of discharging or charging, respectively. Usually, the extent of all overpotential contributions 
increases by raising the current; hence, the maximum current load of a cell is technically limited.  

=  = + + …                                ( . 2.9)  
= ±                                                             ( . 2.10) 

The practical energy output of a cell discharge or the energy demand for cell charging is than given by 
equation 2.11, which incorporates nothing else than the area under a cycling curve (see also 
section 8.2). According to the equation, the deviation between practical and theoretical energy depends 
on the capacity yield and on the operative voltage. 

= ( )                                                      ( . 2.11) 

Reasonable characterization of reversible electrochemical processes requires statements about another 
important dimension – the efficiency γ. Towards efficiency evaluation, complete cell cycles, defined by 
full charge processes and full discharge processes, need to be considered. Two types of efficiency can 
be distinguished from each other – the Coulombic efficiency γC and the energy efficiency γW. The value 
of γC reveals the share of charge output compared with the charge input from former cell charging 
(equation 2.12). Considering perfect reaction reversibility and according to Faraday’s law, γC has to 
score 100%. Lower values mean that one has to invest more charge for cell charging than the cell will 
finally release. Reasons for this might be irreversible side reactions, unwanted charge transport through 
the electrolyte phase (shuttle) or simply an electronic leak current through cell casing. Values above can 
be attributed to irreversible side reactions of the electrolyte, e.g. surface film formation, during cell 
discharge. In total, coulombic efficiencies below and above 100% imply parasitic effects within a cell; 
hence, it is the aim to get as close to 100% as possible. Note that the cycle index “n−1” is required for 
the charge capacity in equation 2.12, if the cell test starts with a discharge process like it is the case for 
most of the metal/sulfur-cell investigations presented in this dissertation. In case of starting with a charge 
process, the cycle index has to be n. 

= discharge cycle n  charge cycle n − 1                                          ( . 2.12)  
The theoretical energy efficiency γW th can be calculated from thermodynamic point of view. While a 
simple Carnot-like thermal machine has a maximum-efficiency which relies on temperature differences 
(equation 2.13), the electrochemical analogue is defined by the ratio between Gibbs-free-energy of a 
reaction ΔrG and the reaction enthalpy ΔrH (equation 2.14). 

 Carnot = 1 −                                             ( . 2.13)  
 el. = ∆∆ = 1 − ∙ ∆∆                                           ( . 2.14)  

As it can be seen from the equations, very high temperature differences are necessary in order to expect 
reasonable energy efficiencies from theory in case of the Carnot-process, as it takes place within a 
combustion engine, for example. The theoretical value of electrochemical energy efficiency, on the other 
hand, is directed by the ratio of thermodynamic dimensions. As long as no gaseous reaction participants 
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are included, the entropy change is supposed to be almost 0. Likely, the enthalpy value is much higher 
than the product of entropy change and temperature. Therefore, the theoretical energy efficiency of an 
electrochemical reaction is superior to the Carnot-type one, since it achieves values close to 100% 
(equation 2.15). In other words, electrochemical reactions or, in general, electrochemical energy 
conversion is very efficient and involves almost no losses in terms of excess heat, see figure 1.1.  

∆ ≫ ∙ ∆      →       el. ≈ 100%                               ( . 2.15)  
Assuming that the signs of the thermodynamic dimensions simply switch in case of reaction inversion 
(discharging ↔ charging), the theoretical energy efficiency of a complete cycle ends up again in 100%. 
Finally, γW exp of a cell cycle is calculated by comparing the voltage curves of discharging and charging, 
both integrated over the respective experimental capacity (equation 2.11 and 2.16). Hence, this very 
important dimension for electrochemical data evaluation depends on overpotential effects on the one 
hand and includes already the contribution of coulombic efficiency on the other hand.  

 = discharge cycle  charge cycle − 1                                  ( . 2.16)  
Often associated with efficiency but actually on its own is the empirical indicator for electrochemical 
cell performance called capacity retention. By monitoring the obtained discharge capacity as a function 
of the cycle number, one determines the loss in capacity over many cycles. A typical approach is the 
comparison of cycle #2 and the last cycle. Because cycle #1 behaves usually clearly different, it is often 
reasonable to choose the second one as the starting point. The capacity retention factor crf can be 
calculated by equation 2.17 and is an indicator for the cell’s lifetime. A low crf might have its origin in 
an instable electrode e.g. the progressing contact loss of active material during cycling. 

=  cycle #ncycle #2                                          ( . 2.17)  
The current I a cell has to deliver during discharging or is applied from an external device during 
charging is usually controlled as constant (galvanostatic cycling), but has a major influence on the cell’s 
performance. Higher current means shorter time for cycling but does not necessarily mean higher power 
output during cell discharge, as operative cell voltage decreases due to overpotential effects. Usually, 
the absolute current has no validity as long it is not normalized to active material mass or electrode 
surface area. Thus, current densities j [A g−1; A cm−2] are commonly discussed in research. Towards 
correlating the applied current directly with the theoretical capacity of a material, the so-called current 
rate (C-rate) has been asserted in recent years. In this regard, a C-rate of 1 considers 1 h as required 
time for a discharge-step or a charge-step with full capacity utilization, a C-rate of 2 considers only 
30 min and so on (equation 2.18). 

− =                                                                      ( . 2.18) 

Up to now, only quantitative dimensions have been presented and all of them rely on electrode activities. 
As mentioned in the beginning, the proposed electrochemical reactions take place at the 
electrode/electrolyte interface. How this interface is structured is an essential part of the functionally of 
particularly high voltage cells. Actually, it is more appropriate to talk about an interphase rather than an 
interface. Most of the liquid electrolytes exhibit a thermodynamic electrochemical stability window, 
which is smaller than the cell voltage. In other words, the present electrode potentials during cell 
operation are able to oxidize or reduce the electrolyte. These reactions happen, − especially electrolyte 
reduction at the negative electrode − but they happen in a limited manner. The key point is the formation 
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of a solid-electrolyte-interphase (SEI) – a phase which is mainly composed of decomposition products 
from the electrolyte. Ideally, the SEI is conducting for metal-ions and is fully covering the electrode’s 
surface. At once, it should not be soluble and should not conduct electrons in order to prevent ongoing 
decomposition reactions. Without an SEI fulfilling the above-mentioned requirements, the operation of 
Li-ion cells, for example, would be impossible. SEI tailoring is a research on its own, as the possible 
electrolyte component combinations including additives are numerous. Carbonate mixtures with LiPF6 
as the conducting salt are the state-of-the-art electrolyte for Li-ion cells, however, alternative cell 
concepts require an individually optimized electrolyte composition. A second electrolyte class, which is 
interesting for present Na-ion-battery research and sulfur-battery research, are ethers based on ethylene-
glycol units, for example. Anyway, the discussion about an appropriate SEI will be again completely 
different if solid electrolytes (glasses, ceramics, polymers) are considered.  

Within this chapter the focus was on understanding the basic processes within an electrochemical cell 
as well as the relevant dimensions for their characterization and evaluation towards electrochemical 
energy storage application. But, the subject “electrochemistry” is actually much more − galvanic, 
electrocatalysis, electrosynthesis etc. – and can be more complicated. Detailed explanation of different 
fields in electrochemistry and respective models can be found in textbooks, without being relevant for 
understanding most of this thesis’ content. However, obtaining data like experimental capacity or 
electrochemical stability of the electrolyte requires the utilization of specific methods. These methods 
will be explained separately in section 8.2. 
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3       Aspects of Na/S- and Li/S-batteries 
 

3.1 Room- and intermediate temperature Na/S-batteries – a review 

This chapter has the purpose to provide a detailed overview about all research articles focussing on 
reversible Na/S electrochemistry for energy storage application at low temperature. The term “low 

temperature”, as it is commonly used in literature, means room temperature in most cases but it includes 
devices operating at intermediate temperature up to 150°C as well. In this regard, the main criterium is 
that the sulfur-containing electrode is not in molten state like it is the case for the high temperature Na/S-
battery.  

The research on low temperature Na/S-batteries started slowly in the mid-2000s, a few years after the 
first efforts on Li/S analogues. While research on Li/S-batteries became very popular, only a few reports 
appeared on Na/S-batteries. An increase in progress was notable since 2011 and, up to July 2019, 64 
publications were available (figure 3.1).  

The strategies and cell concepts chosen by different research groups are very versatile; hence, obtained 
results differ from each other in many aspects. Therefore, the following literature survey is not given in 
chronological order. Instead, it is divided dependent on the different strategies for tackling the typical 
challenges of sulfur electrodes in order to realize a reversible Na/S-cell operating at low temperature. 
However, a chronological summary of the research articles including relevant data can be found in 
table 3.1 (end of this section). 

 

figure 3. 1: Number of publications focusing on low temperature Na/S-batteries until July 2019. (SciFinder® search: sodium 

sulfur battery, sodium-sulphur battery and Na S battery) 

Basic studies – cycling and failure characteristics of simple Na/S cells 

Although basic principle studies are not the earliest efforts in low temperature Na/S battery research, 
they are a good starting point for our journey through primary literature. In 2011, Ryu et al. [1] 
investigated the discharge properties of sulfur with a tetraglyme-based electrolyte and a simple sulfur 
electrode without special infiltration methods or additives. The paper displays the typical discharge 
curve for sulfur in ether-based electrolytes. At the first look, the curve exhibits two sloping regions 

(2.23-1.66 V vs. Na+/Na and 1.66-1.2 V vs. Na+/Na) and a plateau region (1.66 V vs. Na+/Na) 
originating from the stepwise reduction mechanism of sulfur, similar to Li/S-battery analogues 
(figure 3.2 a)).  
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By using differential scanning calorimetry (DSC) the authors evidenced the evolution of Na2S5- and 
Na2S4 polysulfide intermediates at the end of the sloping region. In fully discharged state, no thermal 
signals from sulfur or polysulfides were detected up to 350°C, so Na2S2 (ϑm = 470°C) is assumed as the 
discharge product. X-ray-diffraction (XRD) studies confirmed this assumption, however, in contrast to 
DSC, Na2S3 has been detected as an additional product. The formation of the full reduction product Na2S 
seems to be kinetically inhibited and has not been found in this study. In contrast, a further plateau 
region was observed in other basic principal studies either utilizing ether-based electrolytes as well or 
polymer-based electrolytes (figure 3.2 b)) [2-3]. This plateau is usually located at approximately 2.2 V 
vs. Na+/Na and represents the conversion of solid sulfur into long-chain polysulfides like S8

2−.  

The absence of Na2S is not necessarily the case. Two years after the mechanistic study from Ryu et 
al. [1], Wenzel et al. [3] investigated discharged sulfur electrodes by X-ray-photo-electron-spectroscopy 
(XPS) and confirmed Na2S as possible reaction product, although it makes only a small percentage. In 
this regard, a fourth region was defined for the discharge mechanism by Yu and Manthiram [4] 
representing the sluggish formation of Na2S. This 4-region discharge mechanism is commonly accepted 
in literature, at least for ether-based and polymer electrolytes (figure 3.2 c)). Supporting this, a 
computational study about the discharge products of Na/S-batteries has recently been published by 
Wang et al. [5]. 

 

figure 3. 2: a) Discharge and charge behavior of a Na/S-cell comprising a tetraglyme (ether) electrolyte. Reproduced from [1] 

with permission of Elsevier, license No. 4724631171925 b) Discharge behavior of a Na/S-cell comprising a polymer electrolyte. 

A further plateau is observable. Reproduced from [2] with permission of Elsevier, license No. 4724631367793 c) Na/S battery 

discharge mechanism with corresponding intermediate reaction products. Generally observed for ether- and polymer-based 

electrolytes. Reproduced from [4] with permission of John Wiley and sons, license No. 4724640040100 d) Discharge curve for 

a Na/S-cell comprising a carbonate-based electrolyte. The mechanism is not following the one shown in c). Reproduced from 
[6] with the permission of Elsevier, license No. 4724640244268 
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It is worth mentioning that the shape of the discharge curve is completely different, if carbonate-based 
electrolytes are used. For example, Kumar et al. [6] implemented an ethylene carbonate/propylene 
carbonate (EC/PC) mixture together with a polyvinylidene difluoride-hexafluoro propylene (PVDF-
Hfp) polymer and observed one-plateau-like discharge behavior (figure 3.2  d)). 

In total, the cell performance was quite poor in all basic studies and the specific capacity decreased 
rapidly in a matter of a few discharge- and charge cycles. For example, Ryu et al. [1] reported a capacity 
decay from 532 mAh gS

−1 down to 240 mAh gS
−1 during only 10 cycles. Failure reasons were discussed, 

which incorporated the ageless main challenges of Na/S-battery research. The authors demonstrated by 
energy dispersive X-ray spectroscopy (EDS) that sulfur species are accumulating at the sodium electrode 
explaining a partially irreversible loss of active material. Apparently, sulfur is leached out from the 
positive electrode due to the high solubility of polysulfide intermediates in the electrolyte. This results 
in the so-called polysulfide-shuttle-effect. (See section 1.3 for detailed information on the shuttle 
mechanism and other challenges.) 

 

Sulfur trapping by carbon tailoring 

Very early, the dissolution of polysulfides into the electrolyte and the consecutive polysulfide-shuttle-
effect has been identified as a severe problem. One popular strategy – and in fact it is the most 
investigated approach presented in literature – is to use carbon not only for electronic conductivity 
purpose, but also for trapping sulfur and the corresponding reaction intermediates inside the electrode. 
This is achieved by defined carbon tailoring resulting in an organized host structure for the sulfur active 
material. Carbon can exist in different dimensions: 0D-fullerenes, 1D-carbon-nanotubes and nanofibers, 
2D-graphene and 3D-graphite, hard- as well as soft carbon. Besides the dimensional property, carbon 
can exhibit pores in different magnitudes: macro-pores, mesopores and micropores. Moreover, the 
carbon properties can be tuned by introducing heteroatom doping (N, O, S). All three − dimensional 
structure, pore structure of carbon and doping − make the basic toolbox for designing effective sulfur 
host materials. Towards fabricating the composite electrodes, both materials are not simply mixed. 
Instead melt infiltration, vapor infiltration, CS2 solution impregnation or ball milling are common 
methods resulting in S/C-composites often indicated with S@C. The reported S-content of these 
composites varies from 25% [7] up to 80% [8] with respect on weight (w). 

First ambitions were conducted 2013 by Lee et al. [9,] who synthesized carbon hollow spheres by a 
hydrothermal-, SiO2 templated method. These mesopore-size spheres were melt infiltrated with sulfur 
and electrochemically tested in a Na/S-cell. The carbon is supposed to act as a 27%(w)-sulfur containing 
cage, into which Na+-ions can easily pass for performing the reaction, while soluble polysulfides are 
immobilized inside. This approach worked up to a certain point as a performance improvement was 
observable in comparison with the basic studies. However, the capacity decreased from initially 
930 mAh gS

−1 down to 460 mAh gS
−1 within 13 cycles. Despite the structured carbon and a high 

concentrated soggy-sand-like electrolyte (19M NaOTf in tetraglyme), sulfur lost contact to the electrode 
and became inactive. In 2016 Wang et al. [10] revisited this idea, achieved a higher sulfur content 
(47% (w)) and used a carbonate-based electrolyte instead. The authors reported an initial capacity of 
1215 mAh gS

−1 and a final capacity of 292 mAh gS
−1 after 200 cycles. Furthermore, the evolution and 

re-oxidation of Na-polysulfides has been followed by in-situ XRD for the first time. 2018 Du et al. [11] 
synthesized carbon hollow spheres by carbonizing a metal-organic-framework precursor (figure 3.3 a)). 
With simple melt infiltration they achieved a sulfur content of 67% (w) and the final electrode was able 
to sustain a high rate of 1.17 A gS

−1 (0.7C) over 60 cycles. However, again a capacity decay from 
620 mAh gS

−1 to 311 mAh gS
−1 was observable. Xia et al. [8] processed another synthesis method based 

on LiN3.The azide was imbedded into an electro-spun polyviny-alcohol fiber material. Carbonization 
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led to the release of N2 creating pores and hollow spheres denoted as nano-bubbles (figure 3.3 b)). With 
80% (w) the highest sulfur loading for this material class has been achieved. Initial capacity was only 
moderate (315 mAh gS

−1) but it still reached 256 mAh gS
−1 after 400 cycles. At the same time Zhang et 

al. [12] published a work about double-shell structured carbon. This double-shell structure was actually a 
micro hollow sphere (SiO2 template), which was covered by nanospheres (CaCO3 template). In contrast 
to former works the carbon coating of the template was done inside a furnace with continuous acetylene 
flow. Taking the same electrolyte, the obtained cycling results are improved compared to Wang et al. [10] 
as the capacity retained 390 mAh gS

−1 after 350 cycles, but, the sulfur composite loading was less (34% 
(w)). Hollow carbon spheres were also utilized in further works from Zhang et al. [13] which actually 
highlight another sulfur trapping strategy.  

Hollow spheres belong to the class of meso-porous carbons but many more types of porosity are existing. 
Microporous carbons – often named as activated carbons − were highly investigated in the past. Xin et 
al. [14] were the first ones, who mentioned microporous carbon as good host structure for sulfur in Na/S-
batteries. According to authors interpretation, sulfur did not retain its S8-structure due to the small pore 
size. Instead, smaller sulfur molecules were present, which exhibited better reaction kinetics and higher 
tendency for complete utilization. The cell showed an initial capacity of 1610 mAh gS

−1 and a final 
capacity of 600 mAh gS

−1 after 200 cycles. It is worth mentioning that this result has been obtained 
already in 2015. Yu and Manthiram [15] made use of activated carbon which was simply wetted with a 
Na2S6 solution in contrast to conventional infiltration methods. Supported by a membrane, the cell 
delivered 570 mAh gS

−1 after 100 cycles. Activated carbon was also the choice of Kim et al. [16], who 
achieved 50% (w) sulfur load and 521 mA gS

−1 after 104 cycles within a membrane cell-concept. In 
2016, Wei et al. [17] as well as Chen et al. [18] used a MOF-derived micro-porous carbon in their studies. 
In both cases, the sulfur load was about 50% (w) and also the obtained capacities were similar – 
600 mAh gS

−1 after 100 cycles and 500 mAh gS
−1 after 250 cycles, respectively, although different 

cycling parameters were applied. The main difference was that Wei et al. [17] used an additive-tuned 
carbonate-based electrolyte, whereas Chen et al. [18] implemented a simple ether-based electrolyte. 2017 
Carter et al. [19] reported on a cost-effective microporous carbon simply made by the carbonization of 
sugar with sulfuric acid and subsequent pyrolysis. Sulfur-infiltrated (35%S (w)) and integrated in an 
electrode, the material was able to withstand a current rate of 1672 mA gS

−1 (1C) for 1500 cycles and it 
still delivered 306 mA gS

−1. Almost full sulfur utilization was claimed by Zhao et al. [20] in 2018, who 
melt-infiltrated a high surface area activated carbon (1625 m2 g−1). Supported by the electrolyte additive 
4-fluor-ethylenecarbonate (FEC), the first discharge capacity was more than 3000 mAh gS

−1 followed 
by a consecutive capacity of 1651 mAh gS

−1. The cycling results are a good example for high irreversible 
capacity losses, which are typical for this material class but also for a strong carbon contribution to 
overall capacity, as the cells were cycled down to 0.1 V vs. Na+/Na.  

Non-hollow-like mesoporous carbon was primarily used by Zheng et al. [21] in 2014. CS2-solution 
impregnation resulted in a sulfur-load of 50% (w). Assisted by a Cu-additive, the cell showed an initial 
capacity of 1000 mAh gS

−1 and a final capacity of 610 mAh gS
−1 after 110 cycles. Within the scope of 

Na/S-batteries, the term “hierarchical porous carbon” was used for the first time by Qiang et al. [22] in 
2016 and means nothing else than a well-organized pore structure like it is the case for template 
originated mesopores. The authors presented a SiO2-templated synthesis route, which included 
melamine and benzyl disulfide resulting in heteroatom doped mesoporous carbon structure with a 
maximum sulfur uptake of 67% (w). Gope et al. [23] tried to combine a mesoporous pillar-like backbone 
structure with micropores, which are located therein. The composite’s loading was high (70% S (w)), 
however, the material displayed poor electrochemical performance, as only 80 mAh gS

−1 were left after 
100 cycles due to leaching out of polysulfides. 2019, Zhao et al. [24] melt-infiltrated commercially 
available mesoporous carbon with 35.8% (w) sulfur and used the composite within a study towards 
electrolyte safety instead of electrochemical performance.  
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Only two efforts were made focussing on 2-dimensional graphene as a potential sulfur host matrix. The 
first one was conducted 2018 by Hao et al. [7] who tested N-doped graphene with a 25% (w) sulfur 
content. Unfortunately, the performance was poor and the capacity went below 100 mA gS

−1 after a few 
cycles. Better but also not auspicious results were gained by Ghosh et al. [25]. Instead of graphene, the 
authors used reduced graphene oxide. Besides, the tested electrode contained MnOx as well as aniline 
as additive and the capacity maintained 270 mAh gS

−1 from initially 525 mAh gS
−1 after 200 cycles. 

Graphene-based materials seem to be an unsuitable solution for Na/S-batteries, however, two studies 
are not enough to indisputably state this in the present literature survey.  

A further material class which is frequently investigated in Na/S-batteries are carbon nanotubes (CNTs). 
Xin et al. [14] were also the first ones who used CNTs as conductive agents while small sulfur molecules 
were infiltrated in microporous carbon, see upper paragraph. For similar purposes CNT’s were used by 
Bauer et al. [26] within a membrane concept in 2014. At the same time, Yu and Manthiram [27-28] used 
binder free CNTs as a conductive agent for Na/S-batteries comprising either Na2S6 or Na2S in as-
prepared state and demonstrated initial capacities of 930 mAh gS

−1 and 734 mAh gS
−1, respectively. 

After 30 cycles, the capacity decreased to 400 mAh gS
−1 for the Na2S6 cell and after 50 cycles, the Na2S 

cell showed 560 mAh gS
−1 indicating moderate cycle life. Actually, this was the first report on successful 

utilization of Na2S. A sulfur/CNT composite was also the electrode of choice for Di Lecce et al. [29], who 
evaluated triglyme as suitable electrolyte solvent for Na/S-batteries. To summarize, CNTs are used as 
1-dimensional conducting agents towards electronic connection of primary sulfur host materials rather 
than being used as sulfur host material on their own. In this regard, Yang et al. [30] proposed a railway-
like structure in which the CNTs are connecting sulfur-containing porous carbon polyhedrons 
(figure 3.3 c)). The electrodes retained 410 mAh gS

−1 of the initial 600 mAh gS
−1 after 500 cycles. 

Against expectations, there was no publication on Na/S-batteries reporting on sulfur infiltrated CNTs 
up to 2019. Then at beginning of 2019, Saroja et al. [31] modified multi-walled CNT’s by chemical 
oxidation and subsequent reduction in order to exfoliate the outer CNT layers to graphene nanoribbon 
like structures. These structures were infiltrated with sulfur (63% (w)) and electrochemically tested in a 
cell containing an additional teflonized carbon interlayer. Capacities of 700 mAh gS

−1 and 650 mAh gS
−1 

were obtained in the first and 100th cycle, respectively.  

Carbon nanofibers (CNFs) have a 1-dimensional character as well and are usually used for the same 
purpose – optimization of electronic conductivity. 2015, Yu and Manthiram [15] implemented CNFs as 
support in an electrode made of sulfur infiltrated activated carbon. One year later, they introduced 
porosity within the CNFs, which enabled the fibers to serve additionally as host for the active material; 
Na2S (66% (w)). 2019, the authors published an additional work with a CNF-electrode but without 
special focus on this material. In all three works an additional membrane was used and the cells delivered 
about 550 mAh gS

−1 after 100 cycles. Xu et al. [32] synthesized a porous CNF with almost 2500 m2 g−1 
as a high-surface-area host material for 60% (w) sulfur and obtained still 648 mAh gS

−1 after 500 cycles 
within a cell containing different electrolyte additives. Porous CNFs were also used as conductive 
support in the nano-bubble study by Xia et al. [8], see upper paragraph. In contrast, a simple free-standing 
carbon fiber cloth as sole electrode material loaded with 24% sulfur (w) exhibited only 120 mAh gS

−1 
after 300 cycles as shown by Lu et al. [33], so untreated fibers seem to be an inappropriate material for 
hosting sulfur. 

The last option of the carbon tailoring toolbox is heteroatom doping. Nitrogen doping seems to be the 
most promising strategy, as it has been applied in numerous research works. Chen et al. [18] achieved a 
nitrogen content of 18% (w) by carbonizing a MOF material. The high N-content is supposed to enhance 
the attractive interactions between the carbon matrix and sulfur species and the authors attributed their 
cycling results (500 mAh gS

−1 after 250 cycles) not only to the mesoporous carbon structure but also to 
the N-content. Nitrogen doping was also implemented in the study of Hao et al. [7], who investigated 
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graphene as potential sulfur host material – without success, as the remaining capacity after 100 cycles 
was only 80 mAh gS

−.1 Yang et al. [30] equipped their porous carbon polyhedrons with 7.5% (w) nitrogen 
atoms by using polyvinylpyrrolidone (PVP) and 2-methylimidazol as precursors. In that work, the 
strategy was motivated by a direct absorption effect of polysulfides by heteroatoms. Together with 
nitrogen doping, inactive sulfur heteroatoms were introduced in the work from Qiang et al. [22] utilizing 
a mesoporous carbon host material. Regarding the SiO2-templated synthesis, melamine was used for N-
doping, while benzyl disulfide served as sulfur source. The final material had a summed-up heteroatom 
content of 40% (w). Initial capacity was moderate (420 mAh gS

−1), but afterwards the value stayed 
constant at about 370 mAh gS

−1 for 350 cycles. The beneficial effects of the heteroatoms were explained 
with changes of the electronical carbon properties creating centres with high affinity for ions with 
negative charges e.g. polysulfides. Furthermore, the free electron pair of nitrogen undergoes interactions 
with Na+-ions. These local positive charges should support again the host materials ability to keep 
(poly)-sulfides inside the electrode. The exact mechanisms regarding heteroatom doping, thus far, 
remain unclear and discussions are ongoing, however, the beneficial effects of nitrogen-hetero atoms 
have been verified by several works. One has to be aware, that other materials also may contain decent 
heteroatom concentrations, while this is not a focus of the author’s discussion. Particularly, polymer-
based synthesis routes end up in carbon materials which are far not 100% carbon, see also the following 
section.  

 

figure 3. 3: Carbon hollow spheres according to Du et al. [11]. Reproduced from [11] with the permission of Elsevier, license No. 

4724660492016; b) Carbon nanobubbles@CNF according to Xia et al. [8]. Reproduced from [8] with the permission of Elsevier, 

license No. 4724660145803; c) CNT-interconnected carbon polyhedrons according to Yang et al. [30]. Reproduced from [30] 

with the permission of Royal Society of Chemistry, license IDs 1008476-1 and 1008466-1 

Covalently bond sulfur 

An alternative strategy is to covalently bond sulfur to a polymeric backbone rather than confining it in 
the pores of carbon. One may dispute, whether this is still a sulfur battery, because the sulfur does not 
occur in its elemental- or classical sulfidic nature. However, this strategy is included in this literature 
survey.  

In this regard, the most famous material is sulfurized polyacrylonitrile (S-PAN), see figure 3.4 a). 
Before the fundamental studies with elemental sulfur were carried out, S-PAN has been investigated for 
Na/S-batteries already in 2006 by Wang et al. [34]. The authors simply heated a mixture of sulfur and 
PAN to 300°C in a protected atmosphere in order to gain the S-PAN composite directly with 45% S 
content (w). The material provided a very high initial capacity of 1455 mAh gS

−1 and after 18 cycles a 
capacity of 1111 mAh gS

−1 was still observed. In 2013, Hwang et al. [35] synthesized a fiber-like PAN 
precursor by electrospinning. Combined with sulfur, the material was heat-treated at 450°C, resulting in 
S-PAN with a sulfur percentage of 31.4% (w). Compared to the former study, not only the sulfur content 
was less, but also the capacity was lower – 1158 mAh gS

−1 in the first cycle and 487 mAh gS
−1 in the last 

one. However, the authors demonstrated long-term cyclability over 500 cycles at a high rate of 1C. Also 
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Kim et al. [36] investigated this material class and presented a free standing electrode without additional 
binder and without conductive additives in 2016. Apparently, the PAN backbone provides sufficient 
electronic conductivity on its own. The composite was synthesized according to the work of Hwang et 
al. [35] and contained 41% sulfur (w). After the first cycle, the capacity decreased from 834 mAh gS

−1 to 
646 mAh gS

−1 and stayed constant over 200 further cycles with a current rate of 0.1C indicating again, 
that this material class can provide long-term stability. Li et al. [37] introduced tellurium doping within 
the S-PAN and reported an accelerating effect on the electrode kinetics. With 45.9% (w), the composite 
had the highest sulfur content among the S-PAN studies for Na/S-batteries, but unfortunately, no 
detailed synthesis procedure was given. Using a carbonate-based electrolyte and applying a current rate 
of 0.3C the capacity was 1440 mAh gS

−1 in first cycle and maintained 860 mAh gS
−1 after 600 cycles. 

The authors demonstrated similar performance for cells comprising ether-based electrolytes as well. 
2019, Zhu et al. [38] tried to utilize S-PAN (35.4% S (w)) synthesized at 600°C within an all-solid-state 
cell-concept. With a polyethylene-oxide/NaFSI electrolyte, the obtained capacity retained 710 mAh gS

−1 
for 100 cycles at a current rate of 0.17C without clear fading. But, for these results, a working 
temperature of 60°C was necessary. 

Taking together, S-PAN seems to be a very attractive material class, especially for obtaining high 
capacity values and keeping sulfur inside the electrode. In this regard, no polysulfide shuttle has been 
observed in all the works. However, it should be remembered, that sulfur is not in its elemental state 
anymore and the discharge- and charge profile clearly differs from the one of sulfur due to another 
metal-ion storage mechanism [39-42]. Particularly the cell voltage is much lower and the overpotentials 
are higher, implying drawbacks in practical power densities and energy efficiencies (figure 3.4 b). 

 

figure 3. 4: a) Simplified chemical structure of sulfurized polyacrylonitrile (S-PAN). b) Comparison between the cycling profile 

of an S-PAN electrode and a conventional S-electrode. Both cells were cycled at room temperature with a current rate of 

0.1C. The electrolyte was 0.5M NaOTf dissolved in diglyme.  

Besides S-PAN, three more polymer-based electrodes with covalent connection to sulfur were 
investigated. Fan et al. [43] used a benzo[1,2-b:4,5-b']dithiophene-4,8-dione (BDTD) precursor and 
heated it at 500°C in combination with different amounts of sulfur. Although a higher percentage of 
sulfur is possible, their discussion mainly focused on the material having 18% (w), as it exhibited the 
best performance within the study. First discharge capacity was 2267 mAh gS

−1, which is clearly above 
the theoretical maximum if only sulfur is considered as electrochemically active. One has to keep in 
mind that also the polymer backbone and even the conductive agent also might contribute to the 
capacity, particularly at potentials less than 1.0 V vs. Na+/Na. The authors chose 0.6 V vs. Na+/Na as 
discharge cut-off voltage explaining the auspicious capacity value. The following 500 cycles revealed 
capacities around 1250 mAh gS

−1 obtained at 0.3C current rate. Zhou et al. [44] presented a sulfurized 
polymer with extraordinary high sulfur content of 97.1% (w) in 2018. They described an inverse-
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vulcanization synthesis method, wherein the cross-linking agent pentaerythritol tetraacrylate (PETEA) 
has been added to liquid sulfur at 185°C – the viscosity minimum. Within a quasi-solid-state cell 
comprising a gel-polymer electrolyte, the material revealed slight capacity fading and delivered 
736 mAh gS

−1 at cycle 100. Finally, Chen et al. [45] published a work about polythiophene crosslinked 
with dimethoxymethane using a Friedel-Crafts-like reaction. The co-polymer was then carbonized at 
600°C in order to obtain a sulfur-doped material (21.5% sulfur (w)). Cycling experiments revealed initial 
capacities being fairly above the theoretical maximum of sulfur (1800 mAh gS

−1) within a voltage range 
from 0.01 to 3.0 V vs. Na+/Na, what again takes n high Na+-storage capability from other cathode 
compartments into account. After 800 cycles, the capacity was still 1535 mAh gS

−1. The authors claimed 
that the material’s sulfur can be activated by a decomposition reaction which takes place at potentials 
close to 0 V vs. Na+/Na. After this activation, denoted as voltage-scissor, sulfur was homogeneously 
dispersed in the electrode matrix and could be cycled at higher discharge cut-off potentials as it was 
demonstrated for 0.5 V vs. Na+/Na.  

Like it was the case for S-PAN, the three additional polymer-based electrode approaches provide 
effective polysulfide-shuttle mechanism prevention, high capacity yields, and lower average voltages 
compared with elemental sulfur. However, elemental sulfur was, at least partially, formed during cycling 
in the studies from Zhou et al. [44] and Chen et al. [45]. It is also interesting to note that all publications 
with this material class were using carbonate-based electrolytes due to the absence of dissolved 
polysulfides, which might react with the solvent molecules. All in all, polymer-based electrodes with 
covalently bond sulfur are a good option if high capacities at potentially low cost are projected without 
focusing on high power capability.  

Polysulfide trapping by electrode additives 

Carbon is not the only element which is supposed to keep polysulfides from leaving the electrode matrix. 
Different materials with high sulfur affinity among the periodic table were tested. Particularly transition 
metals gained attention in the past due to their high sulfophilic nature. In 2014, Zheng et al. [21] equipped 
a commercial mesoporous carbon with 10% (w) nanosized copper particles by chemical reduction of 
Cu(NO3)2. The metal was supposed to fulfill two requirements: Immobilization of polysulfides by 
forming Cu-polysulfide clusters and enhancement of electron transport within the electrode. Cycling 
was performed for 110 cycles and at a low rate of 0.03C. The capacity decreased from 1000 mAh gS

−1 
down to 610 mAh gS

−1 verifying good sulfur immobilization. Copper was also used by Li et al [46], not 
really as an additive, but as current collector with a foam-like structure. In contact with a polysulfide-
containing solution, a Cu2S-nanoflake array was formed at the current collector surface area. First 
cycle’s capacity was quite low (350 mAh gS

−1), but interestingly, instead of capacity fading, it slightly 
increased to 400 mAh gS

−1 in 400 cycles. Zhang et al. [13] investigated the effect of Cu-nanoclusters in 
combination with a sulfur-infiltrated carbon hollow sphere electrode. The authors claimed a chemical 
coupling between the transition metal cluster and polysulfides was responsible for the good sulfur 
immobilization properties. This was also supported by ab initio molecular dynamics (AIMD) 
calculations (figure 3.5). Besides copper, electrochemical tests and AIMD were also performed for iron- 
and nickel-nanoclusters. Initial capacities of 945 mAh gS

−1, 1023 mAh gS
−1 and 783 mAh gS

−1 were 
obtained for the elements Cu, Fe and Ni, respectively. After 1000 cycles, the capacities were 
263 mAh gS

−1, 394 mAh gS
−1 and 201 mAh gS

−1. Surprisingly, the cheapest element iron seems to have 
the best effect on Na/S-battery cyclability. The authors mentioned a possible electrocatalytic effect, 
which enhances the reduction of long-chain polysulfides. Data addressing cobalt-clusters as an electrode 
additive is available in a separate work of Zhang et al. [47] from 2018. The beneficial impact on the 
capacity values was better than the one observed by using iron – 1081 mAh gS

−1 in first cycle and 
508 mAh gS

− in cycle 600, while the Co-content was just 7% (w). All transition metal clusters were 
integrated by dispersion of the metal chlorides and subsequent chemical H2-reduction. Like it is the case 



A s p e c t s  o f  N a / S  a n d  L i / S  b a t t e r i e s              p a g e | 27 

 

for the covalently bound sulfur materials, the designation as sulfur-battery can be discussed as the 
voltage profiles are not following the reduction and oxidation of elemental sulfur. Transition metals are 
known to show high chemical tendency for sulfide formation. These transition metal sulfides might 
contribute to the reported measurements according to the following equations: 

+ 18    →      ( ℎ  )                                     ( . 3.1) 

+ 2 + 2    →   +      ( ℎ  )               ( . 3.2) 

 

figure 3. 5: Simulated interaction between Cu-nanocluster with Na2S4. Reproduced from [13] with the permission of John 

Wiley and sons, license No. 4724660695942 

Several other electrode additives beyond bare metals were part of Na/S-battery research too. MnO2, for 
example, has been tested by Kumar et al. [48] and Ghosh et al. [25] in 2018 and 2019, respectively. Kumar 
et al. [48] chose a hydrothermal synthesis route with a KMnO4-precursor, which resulted in a dispersed 
MnO2 array. Polysulfides are supposed to interact with MnO2 in terms of attractive dipole induced 
effects, however, additional XPS studies confirmed the chemical redox-activity of MnO2 in presence of 
polysulfides, so polysulfides are trapped by electrostatic- and chemical effects. Capacities of 
950 mAh gS

−1 were initially obtained. At cycle 500 the value maintained 609 mAh gS
−1, which is a quite 

good for a cell without membrane and without nanostructured carbon materials. Ghosh et al. [25] denoted 
their manganese oxide “MnxOy”, pointing at the changing oxidation states of manganese during cycling. 
Additionally, they promoted polymerized aniline combined with Na-alginate as promising binder which 
can be used in order to improve the electronic conductivity of the electrode. The authors gave a deeper 
insight into the adsorbing mechanism of polysulfides on MnxOy and identified the formation of sulfonate 
groups also by the XPS-method. The performance was only moderate because graphene-based 
electrodes, like they were used in the study, seem to be not the optimal sulfur hosting materials as it is 
stated above. 

BaTiO3 as an electrode additive (3% (w)) was examined by Ma et al. [49]. The authors claimed that the 
perovskite-structured material exhibits high internal polarisation and creates an electric field which helps 
to trap dissolved polysulfides. After a high capacity loss in the first cycle (approximately 50%), the 
capacity of more than 500 mAh gS

−1 maintained stable for 1400 cycles, but the low discharge cut-off of 
0.5 V vs. Na+/Na allowed capacity contribution from virtually passive materials. In 2019, Huo et al. [50] 
presented an electrode approach, which totally abstained from classical carbon materials. They melt-
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infiltrated a layered titaniumcarbide structure (Ti3C2Tx) with sulfur and conducted electrochemical 
characterization. Low capacities of less than 200 mAh gS

−1 were obtained after the second cycle 
indicating poor sulfur utilization. Furthermore, the authors chose the same discharge cut-off potential of 
0.5 V vs Na+/Na and reactions beyond sulfur reduction can be discussed. Electrode additives were also 
used in an all-solid-state cell configuration: Tanibata et al. [51] used SiS2 as an agent which should avoid 
the nanocrystallization of sulfides in the composite electrode. This type of cell concepts will be discussed 
in the subsection “all-solid-state-batteries and quasi-solid-state-batteries”.  

 

Electrolyte additives 

Additives are easy to implement in the electrolyte solution in order to fulfill specific tasks beyond simple 
ion transport, and therefore, various substances were tested within Na/S batteries. Inspired by Li/S-
battery research confirming LiNO3 as a very effective polysulfide shuttle inhibitor, NaNO3 is the most 
frequently used salt with the purpose to protect the counter-electrode from the reaction with dissolved 
polysulfides in Na/S-batteries. Yu and Manthiram [52] were the first ones who used NaNO3 and continued 
to work with it in almost all their further publications [4, 15, 27-28, 53]. Besides, only Lu et al. [33] and Kumar 
et al. [48] reported on electrolytes containing NaNO3. Interestingly, NaNO3 seems to be effective in 
comparatively high concentrations (0.2M-0.3M) and is always used in combination with ether-based 
electrolytes containing NaClO4 as the conducting salt. In carbonate-based electrolytes, on the other hand, 
the same effect is projected by 4-fluoroethylene carbonate (FEC). FEC is projected to be (electro)-
chemically reactive at the Na/electrolyte interface, forming a highly fluorinated SEI, which inhibits the 
reaction with dissolved polysulfides and is mechanically more robust against Na-dendrites, for example. 
The first time in Na/S-battery research the additive was used by Wang et al. [10] in 2016 without 
commenting on this. In this work, the effect of the substance was verified as no additional membrane 
was necessary to perform reasonable cycling with a remaining capacity of about 300 mAh gS

−1. From 
the beginning of 2018, FEC was frequently revisited by different groups [8, 12-13, 20, 32, 37, 44-45, 47, 54], while 
the additives volumetric percentage in the electrolyte was usually 5-10%. An interesting exception was 
given by Xu et al. [32], who increased the FEC content up to 50% (v). Besides the abovementioned 
effects, the authors claimed, that an electrolyte with high salt concentration and high FEC concentration 
drastically reduces the solubility of polysulfide intermediates.  

Another class of electrolyte additive are redox-mediators. The goal of a redox-mediator is to chemically 
re-oxidize otherwise inactive (dead) sulfide species, while the mediator itself can be reactivated by an 
electrochemical reaction. In this regard, only one redox-couple has been applied in Na/S-batteries: 
I2/(I3

−/I−). Xu et al. [32], who used also the high FEC amount, introduced InI3 in 0.01M concentration and 
reported a performance increase which was attributed to the explained redox mediator mechanism. 
Indium, on the other hand, was electrochemically plated onto the counter electrode and formed in-situ a 
protective In-layer. It is worth to note, that other groups used NaI as simple conductive salt without 
mentioning the additional mechanism of iodide [55-56]. As an explanation, the I2/(I3

−/I−) redox-reaction is 
estimated to take place close to 3 V vs. Na+/Na, while this cell voltage was not applied in their works. 
However, doubts about the effectiveness of this redox-mediator within sulfur-batteries can be mentioned 
for all cycling efforts with a charge cut-off potential below 3.0 V vs. Na+/Na. 

An alternative option towards the reactivation of dead sulfide is the use of complexing agents. P2S5, or 
more precisely P4S10, is known to form soluble polysulfidophosphates together with precipitated metal-
sulfides. Kohl et al. [57] used P2S5 in 0.2M concentration, were the first ones who used this substance, 
and mentioned positive effects regarding to sulfur utilization, especially during the discharge process. 
As the additive shows poor solubility on its own, it is usually mixed with equimolar amounts of Na2S. 
Furthermore, the P2S5-Na2S complex is believed to support the SEI formation. With a full cell device, 
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the authors reported initial capacities around 1000 mAh gS
−1 and a final capacity of 200 mAh gS

−1 at 
cycle 1000. The P2S5-induced activation and good utilization of Na2S was demonstrated by Wang et 
al. [58], who prepared electrodes containing Na2S in initial state. Taking an additive concentration of 
0.08 mol L−1, capacities of almost 1000 mAh gS

−1 were measured in the initial cycles and a capacity of 
still 600 mAh gS

−1 was left after 100 cycles performed at a high current rate of 0.84C. Pampel et al. [59] 
chose a concentration of 0.1 mol L−1and reported long-term cyclability of Na/S-batteries on pouch-cell 
level, as the capacity maintained 387 mAh gS

−1 after 937 cycles. 

Three classes of soluble electrolyte additives have been presented until now. All three types were used 
at once by Ren et al. [60] in 2018. In their work, they produced a tetraglyme-based electrolyte mixture 
consisting of the conducting salt NaTFSI (1M) and the additives NaNO3, NaI as well as P2S5, all in 0.2M 
concentration. Over 50 cycles, the authors reported a slight capacity decay from 860 mAh gS

−1 to 
800 mAh gS

−1, however, for obtaining these values the use of a membrane (polybenzimidazole) was 
essential.  

SiO2 was used in two publications: Kumar et al. [6] 2011 and Wei et al. [17] 2016. In the first work from 
2006, SiO2 is simply implemented as filler material within a polymer/gel-electrolyte. A proposed effect 
of the SiO2-nanoparticles is to partially immobilize anions like OTf− what increases the Na+-ion 
transference number to values >0.5, however, the Na/S-cell showed almost no cyclability. Wei et al. [17] 
combined SiO2 particles as an anchor point for the ionic liquid 1-methyl-3-propylimidazolium-chlorate. 
This combination led to an increase of electrochemical stability window from 4.0 V vs. Na+/Na up to 
4.5 V vs. Na+/Na, which is an interesting finding towards overcharge protection, but has no influence 
on the cell performance. According to safety improvement, Zhao et al. [24] successfully tested the flame 
retarder trimethylephosphate within a Na/S battery. 15% (v) of the additive has been reported as 
optimum for good cell performance (423 mAh gS

−1 after 200 cycles) and non-flammability. In 2019, 
Zhu et al. [38] implemented 1% (w) of a nanosized TiO2-filler into a PEO-based polymer electrolyte in 
order to reduce the aggregation of PEO. Simultaneously, the authors observed clear performance 
decreasing effects if the additive amount exceeds values of 1% (w). At 60°C, the all-solid-state-cell 
showed a stable capacity of more than 700 mAh gS

−1 after the second cycle for 100 cycles.  

 

Membranes and interlayers in Na/S-batteries 

The most obvious approach towards preventing dissolved polysulfides from diffusion through the 
electrolyte volume is the implementation of a membrane or an interlayer Na+-ion can easily pass 
through, while polysulfides are blocked by a mechanical barrier or electrostatic forces. Mechanical 
blocking can be achieved with a Na+-ion selective ceramic like Na-β’’-aluminate – the most famous 
representative. Already at room temperature, Na-β’’-aluminate exhibits an ionic conductivity 
>1 mS cm−1 which is compatible with conventional liquid electrolytes, so Na+-ion transport through the 
ceramic is not the limiting factor in low temperature Na/S-batteries. Wenzel et al. [3] demonstrated the 
beneficial effect of such a membrane within a Na/S-cell comprising a simple liquid support electrolyte 
and without any electrode modification. The capacity retained 200 mAh gS

−1 after 40 cycles, while the 
value was only 80 mAh gS

−1 without a membrane. However, in both cases the data revealed a continuous 
decay and other ageing mechanisms beyond the polysulfide shuttle-effect were discussed. For example, 
side reactions of the PVDF binder were suspected as instability factor. In 2015, Kim et al. [16] conducted 
similar electrochemical testing with the same cell approach, achieving 521 mAh gS

−1 after 104 cycles. 
As the main difference, the authors used a sulfur-infiltrated activated carbon instead of a simply mixed 
C/S composite. Four more publications with Na-β’’-aluminate are available: Abraham et al. [61] 1978, 
Lu et al. [55] 2012, Yang et al. [56] 2018 and Nikiforidis et al. [62] 2019. All these works focus on an 
intermediate temperature polysulfide-cell-concept with a molten Na-electrode (ϑ ≈ 130°C – 150°C). 
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Abraham et al. [61] tried to run a tubular Na/S-battery in which the active materials were supposed to stay 
in dissolved state instead of molten state like it is the case for high-temperature devices. As the catholyte 
they chose a combination of NaBF4 and DMAc, an electrolyte which has not yet been used in any other 
future publication. The proof of concept succeeded and capacities of up to 834 mAh gS

−1 were obtained. 
Unfortunately, only 4 cycles were displayed in the article and strong capacity fading was mentioned. A 
similar tubular cell approach was revisited by Yang et al. [56], who extended the system with an additional 
catholyte-flow-concept. Towards improving the electron transport within the catholyte suspension, 
mobile carbon nanoparticles were added instead of using a fixed current collector. An exemplary 
discharge revealed 862 mAh gS

−1, but  this work was also a pure concept study and no long-term cycling 
data was shown, indicating that the authors faced the same problems as Abraham et al. [61]. Using a 
tubular cell setup as well, 36 full cycles were demonstrated by Nikiforidis et al. [62]. The initial capacity 
was 190 mAh gS

−1 and it remained almost constant over the mentioned cycle number. The value was 
low due to the discharge voltage restriction (1.75 V vs. Na+/Na) as a method to avoid the precipitation 
of low chain (poly)-sulfides, which have been identified as ageing reason in former works by Yu and 
Manthiram [27, 52]. It is interesting to note that no catholyte support salt was used. Ion transport at the 
sulfur electrode side was performed by dissolved polysulfides only. Lu et al. [55] used Na-β’’-aluminate 
within a lab-scale circular cell and demonstrated the longer-term cyclability of a polysulfide concept 
already in 2012. Within 60 cycles, the capacity decreased from 428 mAh gS

−1 to 300 mAh gS
−1. 

Furthermore, the authors provided a systematic solubility study of sulfur, Na2S4 and Na2S in tetraglyme, 
triglyme and butyl-diglyme. Also, their cell assembly enabled in-situ Raman-spectroscopy, which was 
the first time it has been tested for Na/S-batteries. Besides Na-β’’-aluminate, there is only one ceramic 
type membrane utilized within a low temperature Na/S-battery: NASICON (Na3Zr2Si2PO12). In 2019, 
Yu and Manthiram [63] presented a cell setup with a NASICON membrane which exhibited an ionic 
conductivity of 1 mS cm−1 as well. Otherwise unfavourable interface kinetics with the liquid electrolyte 
were remedied by a polymer coating of the membrane. The cell delivered 660 mAh gS

−1 in the first 
cycles and 580 mAh gS

−1 after 100 cycles performed at 0.5C. In contrast to Na-β’’-aluminate, NASICON 
is not sensitive to water. This would allow the use of an aqueous catholyte as it has been already shown 
for Li/S-batteries with a water durable LATP-membrane [64]. 

Ceramic membranes are chemically stable and have an ion-transference-number of 1, but they are also 
cost intensive, fragile and require a lot of space within a cell. All these drawbacks can be tackled by 
flexible polymer-based membranes. Nafion© consists of a polytetrafluorethylene (PTFE) backbone and 
a channel structure equipped with functional sulfonate groups (figure 3.6). In 2014, Bauer et al. [26] were 
the first ones who made use of this material within a Na/S battery. A simply mixed sulfur electrode 
provided initial capacities > 400 mAh gS

−1 and a final capacity of 350 mAh gS
−1 after 20 cycles, while 

the polysulfide-shuttle-effect has been successfully suppressed. Nafion© was also an essential part of the 
works from Yu and Manthiram [15, 53] regarding CNF electrodes in 2015 and 2016. Both approaches 
revealed similar performance, as the capacity was around 550 mAh gS

−1 after 100 cycles, while no 
polysulfide-shuttle was observed. With the same purpose, an alternative polymer membrane based on 
polybenzimidazole was used by Ren et al. [60] in 2018. Besides the ability to block polysulfides, the 
authors reported additional high mechanical resistance against Na-dendrites. Supported by three 
different electrolyte additives, the cell retained a capacity of 800 mAh gS

−1 after 50 cycles. In 2014, Yu 
and Manthiram [4, 52] investigated also a couple of different interlayers: carbon cloth fibers (CCF), carbon 
nanofoam (CNFo), CNTs and CNFs. Considering the interlayer type as only difference in their cell 
setup, the initial capacities were 920 mAh gS

−1, 1040 mAh gS
−1, 795 mAh gS

−1 and 710 mAh gS
−1, 

respectively, while the final capacity at cycle 20 was between 300 mAh gS
−1 and 400 mAh gS

−1 in all 
cases, indicating a similar effectiveness of the interlayers regarding long-term stability. In case of the 
CNFo interlayer study, the authors improved the long-term capacity retention drastically by setting a 
high discharge cut-off voltage of 1.8 V vs. Na+/Na in order to avoid the formation of solid Na2S2 and 
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Na2S, the precipitation of which was identified as an ageing factor. Although no significant capacity 
decay was reported over 50 cycles, an obvious drawback was the low utilization of sulfur’s capacity − 
only 255 mAh gS

−1. However, it is notable that the interlayers act more as an extend of the current 
collector material rather than as a real membrane. Conductive teflonized carbon fibers were proposed 
as a further interlayer type by Saroja et al. [31], who used sulfur infiltrated graphene structures originating 
from multi-walled CNTs. By using XPS as well as optical methods, the authors confirmed strong 
interactions between polysulfides and the interlayer resulting in effective sulfur fixation within the 
electrode. In 100 cycles the capacity decreased only slightly from 700 mAh gS

−1 down to 650 mAh gS
−1. 

Ma et al. [49] introduced a TiO2 interlayer through an atomic layer deposition method. The titanate is 
believed to adsorb polysulfide species creating a negative space charge layer, which prevents additional 
polysulfides from entering the bulk electrolyte.  

 

figure 3. 6: Scheme of the Nafion©-membrane functionality. Sulfonate groups cause repulsive forces for negative ions e.g. 

polysulfides. Reprinted with the permission of [53] copyright American Chemical Society 2016 

 

All solid-state- and quasi solid-state Na/S batteries 

Instead of utilizing a membrane which prevents polysulfides from moving through the liquid electrolyte, 
it might be more convenient to use directly solid electrolytes within the scope of an all-solid-state- or a 
quasi-solid-state-battery. The difference between both terms is that the quasi-solid-state-setup still 
contains some liquid electrolyte for wetting the solids while the all-solid-state setup does not.  

In principle, the research efforts in solid-state Na/S-batteries can be divided further into polymer-
electrolyte approaches and all-inorganic-electrolyte approaches. Starting with the polymers, Park et 
al. [2] used the term all-solid-state battery in their basic study about Na/S-batteries in 2007. The 
electrolyte consisted of 10% (w) NaOTf dissolved in PEO. The cell displayed a first cycle capacity of 
505 mAh gS

−1 followed by rapid fading in the following cycles. The operating temperature was 90°C; 
hence, the electrolyte was rather a high-viscosity liquid than a solid. Early quasi-solid-state attempts 
were carried out by Kim et al. [65] and Kumar et al. [6] in 2008 and 2011. As part of their electrolyte, both 
used a PVDF-hexafluoropropylene-copolymer in mass ratios of 30% or 20%, respectively. Denoted as 
plasticizers, Kim et al. [65] added 70% (w) of a glyme/NaOTf solution, while Kumar et al. [6] decided to 
use 80% of a carbonate/NaOTf solution and SiO2 as an additional filler. The cells were tested at room 
temperature, which might be the reason for very fast capacity collapse within the first cycles. 
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Afterwards, research on Na/S-batteries with polymer electrolytes has not been published for 7 years. In 
2018, Zhou et al. presented a Na/S-battery comprising a copolymer made of pentaerythritol-tetraacrylate 
and ris[2-(acryloyloxy)ethyl] isocyanurate. This admittedly long name was abbreviated with PETEA-
THEICTA, whereas PETEA is also used as polymer backbone for covalently bound sulfur at the 
electrode. Again, it was a quasi-solid-state concept due to the addition of a liquid carbonate-based 
electrolyte as plasticizer to the copolymer, which made only 2% of the gel-like electrolytes total mass. 
The suppression of sulfur mobility by the gel-electrolyte was evidenced by energy dispersive 
spectroscopy EDS-analysis of different cell compartments. At room temperature, an initial capacity of 
1000 mAh gS

−1 was achieved. In contrast to the early works, the capacity retained 736 mAh gS
−1 after 

100 cycles. In 2019, a classical PEO-based electrolyte without plasticizer was revisited by Zhu et al. [38]. 
Together with NaFSI salt the material was responsible for the Na+-ion transport in the bulk electrolyte 
and in the sulfur electrode. Similar capacities and capacity retention behavior like in the work of Zhou 
et al. [44] have been reported at a higher current rate of 0.17C but also at higher operating temperature of 
60°C. Zhu et al. [38] as well didn’t choose elemental sulfur as electrode material. Instead, covalently 
bound sulfur was utilized as S-PAN. It seems that elemental sulfur electrodes are not really compatible 
with polymer-based solid- or quasi-solid-state electrolytes as reasonable Na/S-battery results were 
obtained only for covalently bound sulfur electrodes. 
Since 2017, four publications are available focusing on an all-inorganic, all-solid-state Na/S-battery. 
Each of the works used Na3PS4 as solid electrolyte, which has been prepared by simple ball-milling of 
Na2S and P2S5. Besides, it is notable that in all four works a Na-Sn based alloy was used as counter 
electrode in order to avoid mechanical and chemical instabilities at the respective electrode/electrolyte 
interface. Yue et al. [66] and Fan et al. [67] embedded nanosized Na2S within the working electrode matrix, 
while Tanibata et al. [51, 68] constructed cells with elemental sulfur in initial state. Another conspicuity is 
that the sulfur content never exceed 50% of the total electrode mass owing to the required high amounts 
of solid electrolyte and carbon in the electrode. At a temperature of 60°C, Yue et al. [66] reported 
capacities >2000 mAh gS

−1 in the first two cycles, which is beyond the theoretical maximum of 
1672 mAh gS

−1. After 50 cycles, the capacity decreased by 50% and was still 1064 mAh gS
−1. The 

authors justified their values with the assumption that the solid electrolyte is partially redox-active and 
contributes to the obtained capacities. Tanibata et al. [68] investigated the same electrode composition 
with the difference of using 25% (w) sulfur instead of 25% Na2S (w). Furthermore, their results represent 
room-temperature behavior. As part of a rate capability test, 26 cycles were shown. Initial and final 
cycle displayed a capacity of more than 1100 mAh gS

−1 indicating a good cycle life. The same group 
published a work with 50% (w) sulfur content in the same year. Interestingly, the functionality of the 
Na/S-cell was demonstrated without the common solid electrolyte being part of the sulfur electrode. The 
authors described the in-situ formation of Na3PS4 originating from the electrochemical dissociation of 
P2S5, which results in a homogeneous distribution of solid electrolyte in the electrode. Surprisingly, this 
cell showed better performance compared with control cells using directly Na3PS4 in the electrode. After 
24 cycles − again a rate capability experiment –, the capacity decreased from 780 mAh gS

−1 to 
530 mAh gS

−1. The decay and lower general sulfur utilization can be attributed to the high sulfur content 
of the electrode. Finally, Fan et al. [67] proposed an electrode composite synthesis method based on a 
casting-annealing procedure. Mesoporous carbon was melt-infiltrated with selected amounts of Na2S 
and P2S5, which directly formed ionically conductive Na3PS4 in the mesopores. An excess of Na2S was 
used aiming at approximately 30% (w) Na2S being part of the final composite. At 60°C the cell revealed 
capacities of more than 800 mAh gS

−1 in the first cycles and 650 mAh gS
−1 remained at cycle 50. 

To sum up, the solid-state approach easily overcomes many drawbacks originated from the solubility of 
polysulfides in liquid electrolyte cells. However, other problems may appear to be more critical. 
Considering the high volume strain at the electrodes, a good particle-particle contact needs to be 
guaranteed. High kinetic barriers explain why all-solid-state-devices can’t sustain high current rates and 
may require higher operating temperature. The research field of solid-state-batteries is quite young and 
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still a lot of insights need to be evaluated to denote this approach as a really promising one for Na/S-
batteries. 
 

Overall comparison of literature reports 

As mentioned in the beginning of this chapter, the strategies and results are varying a lot from each 
other. This paragraph collects interesting impressions, distinctive features and contradictions one may 
find, while reading through the primary literature. 

First of all, various electrolyte compositions were used. In 64 publications there were more than 30 
different electrolytes implemented, not infrequently denoted as the optimum. Neglecting solid 
electrolytes, two major classes are conspicuous: ether-based electrolytes and carbonate-based ones 
(figure 3.7 and 3.8). Ether electrolytes were the favorite in Na/S-battery research and solvents from the 
linear glyme-family were usually chosen. An exception was cyclic 1-4-dioxolan (DOL). Due to the 
chain-length, physical properties like viscosity and boiling point can be tuned, while the Na/S-reaction 
mechanism remains the same, at least for the investigated glymes monoglyme a.k.a dimethoxyethane 
(1G), diglyme (2G), triglyme (3G), and tetraglyme (4G), while the latter one seems to be the most 
favored choice. However, it is also known that polysulfides show high solubility in ether-based 
electrolyte, which enhances the leach out of sulfur and the consecutive polysulfide-shuttle effect. 
Carbonates, on the other hand, are established in Li-ion-batteries, have a much less tendency for 
dissolving polysulfides and were almost as often used for Na/S-batteries as ethers. But, they possess a 
very electrophilic center at the carbon undergoing the double bond. Dissolved polysulfides may commit 
a nucleophilic attack, resulting in the irreversible decomposition of the solvent molecules. However, 
their application is often justified with the immobilization of polysulfides within the electrode like it is 
particularly the case for covalently bound sulfur electrodes. Considering conducting salts, NaClO4 in 
high concentrations >1M is frequently used. Often it is combined with the additive NaNO3, which is 
barely soluble in combination with other salts. This choice is rather cost-motivated than really 
application motivated, as perchlorate and nitrate are strong oxidizing agents, which might cause 
drawbacks in terms of safety. The expensive alternative NaOTf does not have this disadvantage 
(figure 3.8). In total, there is no state-of-the-art electrolyte for Na/S-batteries and several problems like 
continuous decomposition and anode protection remain unsolved, despite the investigations of various 
combinations including electrolyte additives.  

 

figure 3. 7: a) Ethylene-carbonate (EC); b) Dimethyl-carbonate (DMC); c) Tetraglyme (4G). Red: oxygen; grey: carbon; white: 

hydrogen 
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figure 3. 8: a) Quantitative overview of electrolyte types used in literature; b) Quantitative overview of conducting salts used 

in literature 

Another aspect concerns the cut-off voltages. Thermodynamically, the full reduction of sulfur by sodium 
has an average voltage of 1.85 V. As shown in the fundamental studies, the main discharge capacity of 
sulfur is provided between 2.3 V and 1.6 V vs. Na+/Na, while recharge is taking place at slightly higher 
voltages. Sluggish Na2S formation, which makes 50% of the theoretical capacity, happens at voltages 
below 1.6 V vs. Na+/Na. But, the actual reaction voltage strictly depends on different factors like kinetic 
barriers e.g. overpotentials, the identity of sulfur, and ohmic losses caused by the ion transport abilities 
of the electrolyte. As various strategies were investigated, it is not surprising that many different cut-off 
requirements were set -, sometimes appropriate, sometimes arbitrary. Figure 3.9 sums up all voltage 
ranges applied in reported long-term Na/S-battery cycling experiments and provides an impression of 
the apparent discordance within the research community.  

 

figure 3. 9: Voltage ranges which are covered by the long-term cycling experiments reported in literature. Publications not 

utilizing Na-metal as negative electrode are excluded. Only 1.8 V- 2.1 V vs. Na+/Na were applied in all published works. 
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Especially the discharge cut-off voltages are of relevance to the question whether Na+-ions are really 
stored by sulfur. The electrodes contain carbon as a host material or simply as conductive agent in 
percentages >>20% and in many cases the passive material content even exceeds the active material 
content. Often neglected in literature discussions is the fact of reversible Na+-ion storage by carbon, 
which takes place at voltages lower than 1.0 V vs. Na+/Na. From figure 3.9, it can be seen that 28 reports 
set a cut-off lower than 1.0 V vs. Na+/Na. In 11 works it is even less than 0.6 V vs. Na+/Na. Hence, 
reported Na/S-battery capacities which have been obtained with low discharge cut-offs very likely 
exhibit an additional charge storage for the carbon and given capacity values might be incorrect if they 
are related on sulfur.  

The identity of sulfur or, more precisely, the question, whether really elemental sulfur is performing the 
reaction or not, is an interesting point. This question concerns directly materials with covalently bound 
sulfur and the electrodes containing metallic additives like copper. First, the measured potentials are 
clearly below the ones expected for elemental sulfur what affects energy- and power features in a 
negative way. Second, the voltage profiles differ also in their shape. Both facts indicate that at least one 
other reaction mechanism is taking place unless the reaction itself is even changed. Metals, just denoted 
as sulfur trapping agents, can easily form sulfides on a chemical pathway. Hence, these additives directly 
contribute to measured capacities within a transition metal conversion reaction. Sulfur electrodes with 
polymer backbones are cycled to low potentials which enables more Na+-ion storage mechanisms as it 
is discussed in the latter paragraph. Despite the mentioned arguments, the approaches are still denoted 
as sulfur battery, but as long sulfur itself is not performing the electrochemical reaction anymore, this 
designation is actually wrong.  

Porosity and high surface areas are usually characterized as a positive feature of carbon materials. One 
feature is the supply of many active sides for a sulfur conversion reaction. Another feature is the presence 
of dead volume which is supposed to buffer the volume changes of the active materials during cycling. 
Of course, these properties have also some downsides which are in fact of low relevance in half-cell 
tests, but they play an important role if balanced full-cells are considered. Besides the preparation cost 
of such materials, empty pore volume needs to be exposed to electrolyte and its’ amount has to be 
adapted. Certainly, the most critical point is that high surface area allows also a higher extend of 
irreversible side reactions which contribute to initial capacities. An impression can be gained by 
comparing the first two discharge capacities of long-term cycling (table 3.1). Therefore, cycle 1 is 
sometimes denoted as activation cycle. In case of full-cells, the respective capacity loss must be 
compensated by an increase of the negative electrode load, which affects again the total energy density 
of the Na/S-battery.  

Often neglected is the role of the negative counter electrode compartment. The creation of a stable SEI 
is a crucial aspect in terms of preventing dendrite formation and side reactions with the electrolyte as 
well as dissolved polysulfides. The solid Na-metal electrode, however, is extremely reactive and exhibits 
a high tendency for dendritic Na-plating. Anyway, most of the research groups are using Na within the 
scope of a half-cell-device, focussing on the processes which take place at the sulfur electrode. Towards 
the feasibility of experiments, membranes and additives are used in order to protect the Na against 
soluble polysulfides, but this does not mean that a long-term-stability of the electrode has been achieved. 
As it is implemented as a counter electrode, possible limitations can be easily turned off by oversizing, 
however, this is not a solution for full cell devices. Sulfur is already a low voltage electrode material, 
therefore, it is especially important to keep the negative electrode’s potential as low as possible owing 
to full voltage utilization. Of course, metallic Na would be the performance optimum, but up to now, 
there is no evidence of a safe utilization of this material in a room temperature Na/S-full cell. A few 
alternatives were presented in literature and tin seems to be a promising candidate for non-dendritic Na-
storage. However, the Na-Sn-phase diagram is complex and allows a couple of different phases, while 
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a general issue of alloy-electrodes is the volume change which affects again the cycle life. Hard carbons 
are characterized as the most promising materials for the negative electrode in Na-ion-batteries, so it is 
worth to consider them for Na/S-batteries as well. Hard carbon can store high amounts of Na+-ions in a 
wide potential range from approximately 1 V vs. Na+/Na to almost 1 V vs. Na+/Na. Using this material, 
one has to be aware of in which potential scale the material is sodiated, as high potentials decrease the 
cell performance, while very low potentials increase the risk of metallic Na-plating. In this regard, the 
material has been successfully used in two attempts with ambitions of developing a Na/S-full-cell device 
on coin cell level [57] and also on upscaled pouch-cell level [59]. 

It is important to realize that sophisticated synthesis routes likely lead to too high costs. Of course, 
sodium, sulfur, and carbon belong to the most abundant elements in the world and, in this regard, are 
out of competition with many materials used in Li-ion-technology. However, it is absurd to argue that 
carbon and sulfur can be purchased for < 0.2 $ kg−1, when making a hierarchical-, mesoporous-, 
microporous-, hollow-, or some other specifically tailored- electrode consumes several 100 $ kg−1even 
if good performance is obtained. This issue may relativize cost as a major motivation of Na/S-battery 
research.  

A summary of published works up to July 2019 including relevant data is given on the next pages. If 
further interest in the topic is present, review articles focussing on Na/S-batteries or specific aspects of 
Na/S-batteries were published in the past and should not remain disregarded in this literature survey [69-

76].  

  



 

 

 

 

 

1 2 3 4 5 6 7 8 9 10 
1978,  

September 

PS - concept Na2S4 in DMAc; 0.6M, carbon 

felt 

NaBF4 in DMAc; 

0.4M + Na-β´´-aluminate 

Na 

(liquid) 

422*, 834*, 541* 

(#4) 

0.866 1.0 ─ 2.7 V 

1.6 ─ 3.2 mA cm─2 

130°C Abraham et al. [61] 

concept study 

2006, 

August 

Conventional S-PAN, 45%S/CB/PTFE 

70%/20%/10% (w) 

NaClO4 in EC/DMC, 2/1 (v); 

1M 

Na 1455, 1156, 1111 

(#18) 

0.998 0.7 ─ 2.5 V 

0.1 mA cm─2 

r.t. Wang et al. [34] 

performance study 

2007, 

January 

ASSB - 

concept 

S/CB/PEO 

70%/20%/10% (w) 

NaOTf / PEO 

10%/ 90% (w) 

Na 505, 295*, 166 

(#10) 

0.944 1.0 – 3.0 V 

0.144 mA cm─2 

90°C Park et al. [2] 

mechanistic study 

2008, 

January 

Quasi-ASSB 

concept 

S/CB/PEO 

70%/20%/10% (w) 

PVDF-Hfp/4G/NaOTf, 

30%/60%/10% (w) 

Na 392, 240*, 36 

(#20)  

0.905 1.0 ─ 3.0 V 

0.288 mA cm─2 

r.t. Kim et al. [65] 

mechanistic study 

2011, 

February 

Conventional S/CB/PEO 

60%/20%/20% (w) 

NaOTf in 4G; 1M Na 532, 316, 240 

(#10) 

0.973 1.2 ─ 2.3 V 

0.144 mA cm─2 

r.t. Ryu et al. [1] 

mechanistic study 

2011, 

October 

Quasi-ASSB 

concept 

S/CB/PVDF-Hfp 

70%/20%/10% (w) 

80% NaOTf in EC/PC 1/1 

(v); 1M + 20% PVDF-Hfp + 

nano-SiO2 filler 

Na-Hg 165, 39*, 21  

(#8) 

0.926 1.1 V ─ ?? 

?? 

r.t. Kumar et al. [6] 

mechanistic study 

2012, 

November 

PS - concept Na2S4/S, 1/4 (w) in 4G; 

carbon felt 

NaI in 4G; 

1M + Na-β´´-aluminate 

Na 

(liquid) 

428, 428*, 300*  

(#60) 

0.994 1.2 ─ 2.3 V 

2.33 mA cm─2; 0.125C 

150°C Lu et al. [55] 

performance study 

2013, 

February 

Conventional 

(Full Cell) 

S@hollow C, 27% S (w)) 

/CB/PEO 

60%/20%/20% (w) 

NaOTf in 4G; 19M Sn@C 930*,560*,460* 

(#13) 

0.985 0.1 ─ 1.8 V 

170 mA g−1; 0.1C 

r.t. Lee et al. [9] 

performance study 

2013, 

June 

Membrane - 

concept 

S/CB/PVDF 

70%/20%/10% (w) 

NaOTf in DOL/DME, 1/1 

(v); 1M + Na-β´´-aluminate 

Na 475, 420*, 200  

(#40) 

0.982 1.0 ─ 2.3 V 

0.148 mA cm─2; 0.1C 

r.t. Wenzel et al. [3] 

mechanistic study 

2013, 

August 

Conventional S-PAN, 31.4%S/CB/PVDF 

70%/15%/15% (w) 

NaClO4 in EC/DEC, 1/1 (v); 

0.8M  

Na 1158, 799, 487*  

(#500) 

0.999 1.0 ─ 3.0 V 

700 mA g─1; 0.42C 

r.t. Hwang et al. [35] 

performance study 

2013, 

December 

Conventional (S@[CNT+microporous C], 

40%S (w))/CB/PVDF  

80%/10%/10% (w) 

NaClO4 in EC/PC, 1/1 (v); 

1M 

Na 1610, 1180, 600  

(#200) 

0.997 0.8 ─ 2.7 V 

167 mA g─1; 0.1C 

r.t. Xin et al. [14] 

performance study 

2014, 

February 

Membrane - 

concept 

S/CB/CNT/PTFE 

42.5%/42.5%/12%/3% (w) 

NaClO4 in 4G; 1M + 

Nafion© 

Na 405*, 430*, 350  

(#20) 

0.990 1.2 ─ 2.5 V 

0.4 mA cm─2; 0.1C 

r.t. Bauer et al. [26] 

concept study 
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table 3. 1: Summary of 64 research articles about Na/S batteries. The columns are defined as follows: 1. publication year and month (if available) relating on online availability.; 2. 

Chosen cell concept, see also chapter 4.; 3. Sulfur electrode composition. If possible, the composition is given in percentage and divided into sulfur or sulfur containing composite 

abbreviated with S@... including S-content, conductive carbon and binder.; 4. Electrolyte composition including conductive salt concentration, additive concentration and membrane 

material., 5. Counter electrode type; 6. Presented Na/S cells discharge capacities of first cycle, second cycle and last cycle in mAh gS
−1. If more than one long-term cycling experiment 

is shown in the article, the capacities rely on the best performing cell e.g. the highest cycle number. Maximum cycle number is given in brackets.; 7. Calculated capacity retention 

factor, see equation 2.17.; 8. Upper line: discharge- and charge cut-off voltages, Lower line: applied specific current normed on 1 g sulfur (including C-rate) or 1 cm2 geometrical 

electrode surface; 9. Operating temperature; 10. First author name and reference number.  



 

2014, 

April 

Conventional (S@[Cu+mesoporous 

C],50%S (w)/CB/CMC 

80%/10%/10% (w) 

NaClO4 in EC/DMC, 1/1 (v); 

1M 

Na 1000, 700*,610  

(#110) 

0.999 0.8 ─ 2.5 V 

50 mA g─1; 0.03C  

r.t. Zheng et al. [21] 

performance study 

2014, 

May 

Membrane - 

concept 

S/CB/PVDF 

60%/30%/10% (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M + CNFo interlayer 

Na 920*,780*, 400*  

(#20) 

0.967 1.2 ─ 2.7 V 

?? 

r.t. Yu et al. [52] 

concept study 

2014, 

May 

PS - concept 2 S/CB/PVDF 

60%/30%/10% (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M + CNFo interlayer 

Na 255*, 225*, 255*  

(#50) 

1.003 1.8 ─ 2.7 V 

?? 

 

r.t.  Yu et al. [52] 

concept study 

2014, 

July 

Membrane - 

concept 

S/CB/PVDF 

60%/30%/10% (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M + CNT interlayer 

Na 795*,550*,400*  

(#20) 

0.984 1.2 ─ 2.8 V 

?? 

r.t. Yu et al. [4] 

mechanistic study 

2014, 

July 

Membrane - 

concept 

S/CB/PVDF 

60%/30%/10% (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M + CNF interlayer 

Na 710*,620*,300*  

(#20) 

0.964 1.2 ─ 2.8 V 

?? 

r.t. Yu et al. [4] 

mechanistic study 

2014, 

July 

Membrane - 

concept 

S/CB/PVDF 

60%/30%/10% (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M + CCF interlayer 

Na 1040*,720*,370*  

(#20) 

0.967 1.2 ─ 2.8 V 

?? 

r.t. Yu et al. [4] 

mechanistic study 

2014, 

September 

Conventional Na2S6 in 4G; 0.25M, CNT NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M 

Na 930*,700*,400  

(#30) 

0.982 1.2 ─ 2.8 V 

?? 

r.t. Yu et al. [27] 

concept study 

2014, 

September 

PS - concept 2 Na2S6 in 4G; 0.25M, CNT NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M 

Na 260*,220*,255* 

(#100) 

1.002 1.8 ─ 2.8 V 

?? 

r.t. Yu et al. [27] 

concept study 

2014 Conventional [C-coated S, 45% S 

(w)]/CB/PVDF 

75%/15%/10% (w) 

NaClO4 in EC/DMC 1/1 (v); 

1M 

Na 1630, 1630, 

1510*  

(#820) 

0.999 0.8 ─ 2.5 V 

1672 mA g─1; 1C 

r.t. Rosenberg et 

al. [77] 

performance study 

 

2015, 

January 

Conventional Na2S/CNT 

80%/20% (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.3M 

Na 850*,750*,560  

(#50) 

0.994 1.0 ─ 3.0 V 

167 mA g─1; 0.1C 

r.t. Yu et al. [28] 

performance study 

2015, 

June 

Membrane- 

concept 

Na2S6 in 4G; 0.25M, CNF/AC 

1/1 (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.2M + Nafion© 

Na 750, 500*,570*  

(#100) 

1.001 1.2 ─ 2.8 V 

334 mA g─1; 0.2C 

r.t. Yu et al. [15] 

performance study 

2015, 

September 

Membrane-

concept 

[S@AC, 55%S (w)]/CB/PVDF 

60%/20%/20% (w) 

NaOTf in 4G; 1M + Na-β´´-

aluminate 

Na 855,790,521  

(#104) 

0.995 1.0 ─ 3.0 V 

26.1 mA g─1; 0.0156C 

r.t. Kim et al. [16] 

mechanistic study 

2016, 

January 

Membrane-

concept 

Na2S@activ.CNF,  

66%Na2S (w) 

NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.2M + Nafion© 

Na 580,620*,550*  

(#100) 

0.999 1.2 ─ 3.0 V 

334 mA g─1; 0.2C 

r.t. Yu et al. [53] 

mechanistic & 

performance study 
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2016, 

January 

Conventional 

(Full cell) 

S/C/PTFE 

47.5%/47.5%/3% (w) 

NaClO4 in 4G; 1M + P2S5 

additive; 0.2M 

HC/CNF/SBR 

90%/5%/5% 

(w) 

1000,940*,200  

(#1000) 

0.998 0.0 ─ 2.4 V vs. CE 

167 mA g─1; 0.1C 

r.t. Kohl et al. [57] 

performance study 

2016, 

January 

Conventional S-PAN, 41%S (w) NaPF6 in EC/DEC 1/1 (v); 

1M 

Na 834,646*,649 

(#200) 

1.000 0.7 ─ 2.8 V 

167 mA g─1; 0.1C 

r.t. Kim et al. [36] 

performance study 

2016, 

June 

Conventional [S@micro-porous C, 47%S 

(w)]/CB/PVDF 

80%/10%/10% 

[NaClO4 in EC/PC 1/1 (v); 

1M + Ionic liquid@SiO2 

additive] 95% +5% (v) 

Na 1614,860*,600* 

(#100) 

0.996 0.6 ─ 2.6 V 

836 mA g─1; 0.5C 

r.t. Wei et al. [17] 

performance study 

2016, 

July 

Conventional [S@cMOF, 50%S 

(w)]/CB/PVDF 

70%/20%/10% 

NaClO4 in 4G; 1M Na 1420*,920*,500 

(#250) 

0.998 1.2 ─ 2.7 V 

334 mA g─1; 0.2C 

r.t. Chen et al. [18] 

performance study 

2016, 

August 

Conventional [S-BDTD, 18%S (w)]/CB/CMC 

70%/20%/10% 

NaClO4 in EC/DMC 6/4 (v); 

1M 

Na 2267,1300*,1250

* (#500) 

1.000 0.6 ─ 2.8 V 

500 mA g─1; 0.3C 

r.t. Fan et al. [43] 

performance study 

2016, 

November 

Conventional [S@mesoporous C hollow-

spheres, 47%S (w)] 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 1215,550*,292 

(#200) 

0.997 0.8 ─ 2.8 V 

100 mA g─1; 0.06C 

r.t. Wang et al. [10] 

performance study 

2016, 

December 

Membrane - 

Concept 

[S@ hierarchical porous C, 

67%S (w)]/CB/[SBR/CMC 1/1 

(w)] 

70%/20%/10% (w) 

NaClO4 in EC/PC; 1M Na 450,380,370* 

(#350) 

1.000 0.8 ─ 2.7 V 

230 mA g─1; 0.138C 

r.t. Qiang et al. [22] 

performance study 

2017, 

February 

Conventional [S@microporous C, 35%S 

(w)]/CB/CMC 

80%/10%/10% (w) 

NaPF6 in 4G;1M + 

NaNO3-additive 0.25M 

Na 420*,395*,306 

(#1500) 

1.000 0.8 ─ 2.6 V 

1675 mA g─1; 1C 

r.t. Carter et al. [19] 

performance study 

2017, 

May 

ASSB - 

concept 

nano-Na2S/Na3PS4/CB 

25%/50%/25% (w) 

Na3PS4 Sn/C 

 

2110,2060*,1064 

(#50) 

0.987 0.5 ─ 3.0 V 

50 mA g─1; 0.03C 

60°C Yue et al. [66] 

mechanistic study 

2017, 

May 

Conventional S@C-fiber-cloth, 24.4%S (w) NaClO4 in 4G; 1.5M + 

NaNO3 additive in 4G; 

0.2M 

Na 395*,240*,120* 

(#300) 

0.998 1.2 ─ 2.8 V 

167 mA g─1; 0.1C 

r.t. Lu et al. [33] 

performance study 

2017, 

May 

ASSB - 

concept 

S/Na3PS4/CB 

25%/50%/25% (w) 

Na3PS4 Na15Sn4 1112,1110*,1110

* (#26) rate test 

1.000 0.7 ─ 3.0 V vs. CE 

0.013 ─ 0.38 mA cm─2 

r.t. Tanibata et al. [68] 

mechanistic study 

2017, 

September 

ASSB - 

concept 

S/CB/P2S5/SiS2 

50%/10%/20%/20% (w) 

Na3PS4 Na15Sn4/CB 780*,720*,530* 

(#24) rate test 

0.987 0.5 ─ 3.0 V vs. CE 

0.13 ─ 0.38 mA cm─2 

r.t. Tanibata et al. [51] 

mechanistic study 

2017, 

September 

Conventional [S@ hierarchical porous C, 

70%S (w)]/CB/PVDF 

80%/10%/10% (w) 

NaPF6 in DOL/DME 1/1 (v); 

1M 

Na 400,163,80 

(#100) 

0.993 1.4 ─ 3.0 V 

84 mA g─1; 0.05C 

r.t. Gope et al. [23] 

mechanistic study 

2017, 

Oktober 

Conventional [S@N-doped graphene, 

25%S (w)]/CB/PVDF 

70%/15%/15% (w) 

NaClO4 in EC/DMC 1/1 (v); 

0.8M 

Na 212,110*,47* 

(#300) 

0.997 1.0 ─ 3.0 V 

167 mA g─1; 0.1C 

r.t. Hao et al. [7] 

mechanistic study 
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2018, 

January 

Conventional [S/C/BaTiO3]@TiO2  

[60%/35%/3% (w)]@2% (w) 

NaClO4 in EC/DMC 1/1 (v); 

1M 

Na 952,498,525 

(#1400) 

1.000 0.5 ─ 2.8 V 

1000 mA g─1; 0.6C 

r.t. Ma et al. [49] 

performance study 

2018, 

January 

PS-concept S in 4G; 1M, C nano particles NaI in 4G; 1M + Na-β´´-

aluminate 

Na 

(liquid) 

864, -, - - 0.8 ─ 2.6 V 

334 mA g─1; 0.2C 

150°C Yang et al. [56] 

mechanistic study 

2018, 

March 

Conventional [S@hollow porous C micro-

spheres, 67%S (w)]/CB/PVDF 

80%/10%/10% (w) 

NaOTf in 2G Na 620*,570*,311 

(#60) 

0.990 0.5 ─ 2.8 V 

1170 mA g─1; 0.7C 

r.t. Du et al. [11] 

performance study 

2018, 

March 

ASSB -

concept 

Na2S/Na3PS4/mesoporous C 

30%/40%/30% (w) 

Na3PS4 Na/Sn 810*,805*,650 

(#50) 

0.996 0.5 ─ 3.0 V vs. CE 

50 mA g─1; 0.03C 

60°C Fan et al. [67] 

performance study 

2018, 

May 

Conventional Na2S6 in diethylenglycol-

diethylether; 0.084M, Cu-

foam 

NaOTf in diethylenglycol-

diethylether; 1M 

Na 350*,330*,400 

(#400) 

1.001 0.8 ─ 2.6 V 

100 mA g─1; 0.06C 

r.t. Li et al. [46] 

performance study 

2018, 

May 

Conventional [S@ {hollow C nano-

bubbles@ porous C nano-

fibers} 80%S (w)]/CB/CMC 

80%/10%/10% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 315*,310*,256 

(#400) 

1.000 1.2 ─ 2.8 V 

3344 mA g─1; 2C 

r.t Xia et al. [8] 

performance study 

2018, 

May 

Conventional [S@ double-shell C-micro 

spheres, 34%S (w)]/CB/CMC 

70%/20%/10% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 1100*,810*,390 

(#350) 

0.998 0.8 ─ 2.8 V 

100 mA g─1; 0.06C 

r.t. Zhang et al. [12] 

performance study 

2018, 

June 

Quasi-ASSB -

concept 

[S-PETEA@cMOF, 58.6%S 

(w)]/CB/CMC 

80%/10%/10% (w) 

[NaTFSI in PC/FEC 1/1 (v); 

1M]@PETEA-THEICTA-

copolymer 

Na 1000*,880*,736 

(#100) 

0.998 0.5 ─ 2.6 V 

167 mA g─1; 0.1C 

r.t. Zhou et al. [44] 

performance study 

2018, 

June 

Membrane -

concept 

S@carbon fiber 

1.15 mg cm─2 

NaTFSI in 4G; 1M + PBI-

membrane + NaNO3-

additive; 0.2M + P2S5-

additive; 0.2M + NaI-

additive; 0.2M 

Na 860*,850*,800* 

(#50) 

0.999 1.2 ─ 3.4 V 

334 mA g─1; 0.2C 

 

r.t. Ren et al. [60] 

performance study 

2018, 

August 

Conventional [S@C, 50%S (w)]/PAA 

90%/10% (w) 

NaClO4 in PC/FEC 92/8 (v); 

1.5M 

Na 640*,640*,440* 

(#200) 

0.998 0.6 ─ 2.6 V 

3344 mA g─1; 2C 

r.t. Lee et al. [54] 

performance study 

2018, 

September 

Conventional [S@porous carbon-fiber, 

60%S (w)]/CB/CMC 

80%/10%/10% (w) 

NaTFSI in PC/FEC 1/1 (v); 

2M + InI3-additive; 0.01M 

Na 1550*,1050*,648 

(#500) 

0.999 0.8 ─ 3.0 V 

836 mA g─1; 0.5C 

 

r.t. Xu et al. [32] 

performance study 

2018, 

October 

Conventional [S@{Co@C-nano hollow 

spheres}, 71%S (w)]/CB/CMC 

70%/10%/20% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 1081,1010*,508 

(#600) 

0.999 0.8 ─ 2.8 V 

836 mA g─1; 0.5C 

r.t. Zhang et al. [47] 

performance study 

2018, 

November 

Conventional Na2S6 in 4G; 0.25M, MnO2@ 

carbon felt 

NaClO4 in 4G; 1.5M + 

NaNO3-additive; 0.2M 

Na 950*,950*,609 

(#500) 

0.999 1.2 ─ 2.45 V 

200 mA g─1; 0.12C 

r.t. Kumar et al. [48] 

performance study 
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2018, 

November 

Conventional [S@AC, 35.8%S 

(w)]/CB/PVDF 

70%/20%/10% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 3000,1651,1356 

(#100) 

0.998 0.1 ─ 3.0 V 

167 mA g─1; 0.1C 

r.t. Zhao et al. [20] 

performance study 

2018, 

November 

Conventional [S@N-doped porous C 

polyhedrons/CNT 92/8], 

35%S (w)]/CB/PVDF 

70%/20%/10% (w) 

NaClO4 in EC/DEC 1/1 (v); 

1M 

Na 600*,590*,410 

(#500) 

0.999 0.5 ─ 2.8 V 

836 mA g─1; 0.5C 

r.t. Yang et al. [30] 

performance study 

2018, 

December 

Conventional 

(Full Cell) 

[Na2S@hierarchical hollow C 

nano spheres, 68%Na2S 

(w)]/CB/PVDF 

60%/35%/5% 

NaPF6 in 2G/DOL 1/1 (v); 

1M + P2S5-Na2S-additive; 

0.08M 

Sn@C/CB/PV

DF 

80%/10%/10

% 

980,980*,600 

(#100) 

0.995 1.0 ─ 2.6 V  

1400 mA g─1; 0.84C 

r.t. Wang et al. [5] 

mechanistic study 

2019, 

January 

Conventional [S@{Fe@hollow C, 

9.8% Fe (w)}, 40%S 

(w)]/CB/CMC 

70%/10%/20% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 1023,705*,394 

(#1000) 

0.999 0.8 ─ 2.8 V 

100 mA g─1; 0.06C 

r.t. Zhang et al. [13] 

performance study 

2019, 

January 

Conventional [S@{Cu@hollow C, 9.6% Cu 

(w)}, 35%S (w)]/CB/CMC 

70%/10%/20% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 945,630*,263 

(#1000) 

0.999 0.8 ─ 2.8 V 

100 mA g─1; 0.06C 

r.t. Zhang et al. [13] 

performance study 

2019, 

January 

Conventional [S@{Ni@hollow C, 9.2%Ni 

(w)}, 30%S (w)]/CB/CMC 

70%/10%/20% (w) 

NaClO4 in EC/PC/FEC 

4.75/4.75/0.5 (v); 1M 

Na 783,680*,201 

(#1000) 

0.999 0.8 ─ 2.8 V 

100 mA g─1; 0.06C 

r.t. Zhang et al. [13] 

performance study 

2019, 

January 

PS - concept Na2S5 in 4G; 2.5M - stainless 

steel 

4G + Na-β´´-aluminate 

(no support salt) 

Na (liquid) 190*,185*,185 

(#36, absolute 

capacities) 

1.000 1.75 ─ 2.45 V 

2.5 mA cm─2; 0.06C 

150°C Nikiforidis et al. [62] 

concept study 

2019, 

February 

Conventional [S@CNT, 60%S (w)]/CB/PVDF 

80%/10%/10% (w) 

NaOTf in 3G; 1M Na 500,240,250 

(#40) 

1.000 

 

1.6 ─ 2.1 V 

84 mA g─1; 0.05C 

r.t. Di Lecce et al. [29] 

mechanistic study 

2019, 

February 

Membrane-

concept 

[S@{CNT@GNR}, 

63%S]/CB/PVDF 

75%/10%/15% 

NaClO4 in EC/PC 1/1 (v); 

1M + teflonized C 

interlayer 

Na 700,700*,650 

(#100) 

0.999 0.7 ─ 2.4 V 

167 mA g─1; 0.1C 

r.t. Saroja et al. [31] 

performance study 

2019, 

February 

Conventional [S@mesoporous C,35.8%S 

(w)]/CB/PVDF 

70%/20%/10% (w) 

NaClO4 in 

EC/PC/(trimethylphosphat

e) 8.5/8.5/3 (v); 1M   

Na 441,440*,423 

(#200) 

1.000 0.1 ─ 3.0 V 

1672 mA g─1;1C 

r.t. Zhao et al. [24] 

performance study 

2019, 

March 

Membrane - 

concept 

S@CNF, 2.0 mg cm─2 NaClO4 in 4G; 1M + 

NASICON-membrane 

Na 660*,660*,580* 

(#100) 

0.999 1.2 ─ 2.6 V 

836 mA g─1; 0.5C 

r.t. Yu et al. [63] 

concept study 

2019, 

March 

Conventional S@{rGO/MnxOy/Na-alginate 

42%/16/42%},56%S (w) 

+50µL aniline additive 

 

NaClO4 in 4G; 1M + 

NaNO3-additive; 0.2M 

Na 525*,424,270 

(#200) 

0.998 1.2 ─ 2.8 V 

500 mA g─1; 0.3C 

r.t. Ghosh et al. [25] 

performance study 
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2019, 

March 

Conventional [Polythiophene, 21.5%S 

(w)]/CB/CMC 

70%/15%/15% (w) 

NaClO4 in PC/FEC 9.5/0.5 

(v); 1M 

Na 1810*,1810*, 

1535 (#800) 

1.000 0.01 ─ 3.0 V 

1000 mA g─1; 0.06C 

r.t. Chen et al. [45] 

performance study 

2019, 

April 

Conventional [Te doped-S-PAN, 45.9%S 

(w)]/CB/SBR/CMC 

70%/20%/5%/5% (w) 

NaClO4 in EC/DMC/FEC 

4.5/4.5/1 (v); 1M 

Na 1440*,1000*, 

860* (#600) 

1.000 0.7 ─ 2.6 V 

500 mA g─1; 0.3C 

r.t. Li et al. [37] 

performance study 

2019, 

April 

Conventional [Te doped-S-PAN, 45.9%S 

(w)]/CB/SBR/CMC 

70%/20%/5%/5% (w) 

NaClO4 in DOL/DME/FEC 

4.5/4.5/1 (v); 1M 

Na 1340*,864*,720 

(#500) 

1.000 0.7 ─ 2.6 V 

1000 mA g─1; 0.6C 

r.t. Li et al. [37] 

performance study 

2019, 

May 

Conventional 

(Full cell) 

[S@porous C, 50%S 

(w)]/CB/[SBR/CMC 1/1 (w)] 

90%/5%/5% (w) 

NaClO4 in 4G; 1M + Na2S-

P2S5-additive; 0.1M 

HC/CNF/SBR 

90%/5%/5% 

(w) 

480*,450*,387 

(#937) 

1.000 1.5 ─ 2.5 V 

334 mA g─1; 0.2C 

r.t. Pampel et al. [59] 

performance study 

2019, 

June 

Conventional [S@Ti3C2Tx, 55%S 

(w)]/CB/PVDF 

75%/15%/10% 

NaClO4 in 4G; 1.5M Na 447,195*,150 

(#300) 

0.999 0.5 ─ 2.8 V 

100 mA g─1; 0.06C 

r.t. Huo et al. [50] 

performance study 

2019, 

June 

ASSB - 

concept 

[S-PAN,35.4%(w)]/[NaFSI in 

PEO; NaFSI/EO-unit 0.05/1 

(m)]/CB 

42%/40%/18% 

NaFSI in PEO; NaFSI/EO-

unit 0.05/1 (m) + TiO2-

additive 1% (w) 

Na 905*,713,710 

(#100) 

1.000 0.8 ─ 2.8 V 

282 mA g─1; 0.17C 

 

60°C Zhu et al. [38] 

performance study 

.

Abbreviations and indices: 2G – diglyme; 3G – triglyme; 4G – tetraglyme; AC – activated carbon; BDTD – benzo[1,2-b:4,5-b']dithiophene-4,8-dione; CB – carbon black (usually 

commercial acetylene black or Super P); CCF – carbon cloth fiber; CMC – carboxymethyl cellulose binder (Na-salt); CNF – carbon nanofibers; CNFo – carbon nanofoam; CNT – carbon 

nanotubes; DEC – diethyl carbonate; DMC – dimethyl carbonate; DMAc – dimethyl acetamide; DME – dimethoxyethane; DOL – 1.3.-dioxolane; EC – ethylene carbonate; FEC – 4-

fluoroethylene carbonate; GNR – graphene nanoribbon; HC – hard carbon; Hfp – hexafluoropropylene; MOF – metal-organic-framework; PAA – polyacrylic acid ; PC – propylene 

carbonate; PETEA – poly-(S-pentaerythritol tetraacrylate PEO – polyethylene oxide binder; PTFE – polytetrafluorethylene binder; PVDF – polyvinylidene fluoride binder; rGO – 

reduced graphene oxide; SBR – styrene-butadiene rubber; S-PAN – sulfurized polyacrylonitrile, THEICTA - PETEA-tris[2-(acryloyloxy)ethyl] isocyanurate; * – value was obtained 

from graph; (m), (v), (w) – given ratio relates on mols, volume, weight, respectively. Grey shimmed lines represent works showing cycling curves, which don’t match with the 

reduction and oxidation of elemental sulfur and dissolved reaction intermediates. The terms “mechanistic study”, “performance study” and “concept study” indicate, if the work 

focuses on investigating reaction mechanisms, achieving high performances or demonstrating a new cell-concept approach, respectively 
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3.2 Ten lessons from Li/S battery research 

In contrast to low temperature Na/S-batteries, the Li/S-analogues are much more investigated [42, 78-89]. 
While 64 research articles and only a few patents are existing regarding Na/S-batteries, the number is 
almost 5400 for the low temperature Li/S-analogue. Hence, it is not surprising, that many important 
insights into sulfur electrochemistry were obtained with efforts on Li/S research. In the same way it is 
also not surprising that most of the critical challenges were generally solved in the last decades and the 
gates to commercially available Li/S-batteries are widely opened. The state-of-the-art Li/S-battery is 
currently promoted by OXIS energy, a company located in the UK. In February 2019, the company 
announced to construct the first mass production plant for Li/S-batteries in Belo Horizonte (Brazil), 
which is expected to achieve an annual production capacity of 2,000,000 cells in 2022 [90]. The cell itself 
currently doubles the energy density of Li-ion-cells and exhibits a value of 450 Wh kg, while a future 
increase to 500 Wh kg is projected until end of 2020 [91]. Also, the Fraunhofer IWS (Germany) claim a 
mature technology level with similar energy densities [92]. Up to now, Li/S-accumulators are not in large 
scale application, but this will likely change in the next decades. However, moderate power density as 
well as limited cycle life are still a problem, so Li/S-batteries are not expected to supersede Li-ion-
technology in many application categories. Although research progress on Li/S-batteries is still very 
high, representatives of OXIS energy and the Imperial College London criticized that the efforts are not 
concentrated on Li/S-battery aspects which offer the most space for improvement and asked: “Are we 
doing the right research [80]?” 

On paper, the mechanisms and challenges of low temperature- Li/S and Na/S batteries appear very 
similar or even almost the same. In practise, this is only partially true and Na/S-batteries are far away 
from application level. Problems like the polysulfide-shuttle effect or the sodium electrode instability in 
general are more extensively an issue. But this should not be a reason to surrender the efforts on low-
temperature Na/S-batteries, on the contrary, it should be understood as motivation for future works on 
this topic.  

The following paragraph introduces interesting insights from Li/S-battery research within the scope of 
ten research articles, which are of particular relevance for the interpretation of own results presented in 
this thesis. This includes a brief description of the articles’ highlights as well as an explanation for the 
articles’ relevance regarding the publications this thesis is built on.  

1. Polysulfide-Shuttle-Study in the Li/S Battery System; by Mikhaylik and Akridge 2004 [93] 

Since the expression “polysulfide-shuttle-effect” has been introduced in 2004 by Mikhaylik and Akridge, 
it is apparently part of any other publication dealing with sulfur batteries in general, either in terms of 
the effect suppression by different methods or its characterization. However, it is worth mentioning that 
the dissolution of polysulfides within the electrolyte and their consecutive reaction with the negative 
electrode has been observed already in former works. Besides the naming, Mikhaylik and Akridge tried 
to model the shuttle effect by first order kinetics and introduced a shuttle constant kS, which mainly 
depends on the chosen electrolyte, but also on the present temperature. The shuttle itself further depends 
on the applied current density and sulfur concentration. The basis of their study was the shuttle equation 
(equation 3.3), whereas [PS] is the concentration of dissolved polysulfides, t is the time, j is the current 
density and qH is the capacity obtained from the upper discharge plateau.  

= − ∙                                                        ( . 3.3) 

In principle, the shuttle effect was enhanced by higher temperatures, higher polysulfide concentration, 
lower current densities, and lower electrolyte viscosities. Their theoretical model unifies three 
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phenomena which were discussed separately elsewhere: charge characteristics in terms of over charge, 
discharge characteristics in terms of self-discharge, and coulombic efficiency. 

Of course, the polysulfide-shuttle effect was of high relevance for the studies in this thesis. It was not 
possible to protect the sodium electrode from reacting with dissolved polysulfides in case of many 
different electrolytes. This also concerns NaOTf dissolved in diglyme and NaOTf dissolved in 
tetramethylurea (TMU) – the chosen electrolytes in publication #2 and #4. The extent of the shuttle 
effect was too strong, which made the use of a Na-β’’-aluminate membrane indispensable in both 
publications. As a general impression, the polysulfide-shuttle effect seems to occur in much higher 
extent for Na/S-cells in comparison with Li/S-analogues, which might be due to the more reactive nature 
of sodium metal.  

2. Revisiting the Role of Polysulfides in Lithium-Sulfur Batteries; by Li et al. 2018 [94] 

Besides the polysulfide-shuttle effect described above, the reactive nature of polysulfides limits the 
variety of electrolytes. Dissolved polysulfides perform irreversible reactions with carbonate-based 
electrolytes and also with common conducting salts like LiPF6. In solution, several polysulfide species 
are present at once within the scope of a chemical equilibrium, while the species can carry either two 
negative charges or one negative charge in means of a radical. Usually, the dissolution of polysulfides 
is associated with only negative consequences for cell performance, but the solubility of the active 
material comes around with several aspects, being partially beneficial for the performance as well. These 
positive features are often overlooked. In this regard, Li et al. revisited the multifunctional role of 
polysulfides in their review article. Dissolved polysulfides possess much better kinetics for projected 
reactions than solid sulfur species. The most important point is that a good utilization of sulfur is only 
possible through the dissolution of reaction intermediates. This supports the distribution of the active 
material within the electrode and allows sulfur to have electronic contact to the conductive matrix. 
Otherwise, insulating sulfur particles would remain inactive as they would be covered by as well 
insulating sulfides. Furthermore, polysulfides are supposed to reactivate unconnected sulfur within a 
con-proportionation reaction (equation 3.4). Another proposed advantage is that a certain reaction of 
polysulfides with the Li-electrode might support the stabilization of the SEI. 

 ( ) + 2 ( )      →    2 ( )                                       ( . 3.4)  
The authors of the review divided present efforts in Li/S-battery research into two strategies of 
polysulfide treatment: the polysulfide bypass strategy and the polysulfide retain strategy. While the 
bypass strategy tries to avoid the dissolution of polysulfides in general, the retain strategy promotes this 
effect in order to make use of the mentioned advantages. 

The polysulfide retain strategy is applied in publication #2 and #4, as sulfur and polysulfide mobility 
are an essential part of the presented results. Without this mobility it would be impossible to run the 
Na/S-cell from project #1, as sulfur had no initial contact to the current collector. On the other hand, the 
cell system in project #3 represents a so-called polysulfide-concept. Therein, it is even projected that all 
sulfur species stay in dissolved state with the aim to perform the electrochemical reactions with low 
kinetic barriers.  

3. Does the sulfur cathode electrode require good mixing for a liquid electrolyte lithium/sulfur 

cell? by S. S. Zhang 2013 [95] 

After reading statements about the high mobility of sulfur and polysulfides within electrodes, it is 
actually a good question, whether extensive mixing of the electrode compartments is really necessary. 
In this regard, S. S. Zhang compared three electrode preparations with each other. One electrode was 
made by spreading carbon- and sulfur-containing CS2 solution on porous carbon, while the second was 
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made by simply dipping a carbon cloth into a sulfur-containing CS2 solution. The third electrode was 
the interesting one: this electrode consisted only of a pure sulfur layer, which was placed onto a porous 
carbon substrate. Surprisingly, all Li/S-cells revealed similar performance, which was attributed to the 
high sulfur mobility. This finding puts some doubt on extensive electrode preparation methods. 
Furthermore, the author claimed that trying to prevent polysulfide dissolution is not the correct way 
towards economic Li/S-batteries.  

Does the sulfur electrode require good mixing? In the introduced article the answer is no. The same 
question was also a key discussion point in project #1. In combination with a porous carbon material, 
sulfur performed a complete redistribution at the carbon material without further treatment. This has 
been clearly evidenced by different analytical methods like X-ray diffractometry (XRD) and Raman 
spectroscopy. Using same analytics, researchers often justify their extensive preparation methods. 
However, the same results can be obtained by simple waiting. In case of porous carbons, the mixing 
takes place automatically. Therefore, project #1 gives the same answer to the question, whether the 
sulfur-electrode requires good mixing: no, it does not. 

4. Li-S batteries: simple approaches for superior performance; by Demir-Cakan et al. 2013 [96] 

In the same year, Demir-Cakan et al. demonstrated two interesting strategies which deviate from typical 
C/S-composite preparation methods. The first one was to use a polysulfide-containing electrolyte, while 
no sulfur was implemented at the positive electrode made up of simple carbon. The cell performance 
was comparable to a melt-infiltrated mesoporous carbon electrode, but only in case of low polysulfide 
concentrations < 100 mmol L−1. Additionally, the capacity retention behavior was slightly better. To 
explain this, the authors assumed that the sulfide precipitation damaged the mesoporous structure in the 
composite, whereas this fading factor didn’t play a role while using the polysulfide electrolyte. A much 
more surprising finding was obtained by placing the active sulfur material directly on top of the Li-
electrode, what is actually a chemical short-circuit. Proper cycling has been observed after some sluggish 
activation cycles. The authors explained this with the chemical formation of polysulfides and their 
diffusion towards the positive electrode where they became electrochemically active. The fact that 
initially only chemically active sulfur species became electrochemically active is somewhat the opposite 
of the polysulfide-shuttle effect, although the same processes take place.  

The second approach of Demir-Cakan et al. has some parallels with the cell assembly used in project 
#1, but also some differences. Instead of dispersing sulfur directly onto the counter electrode surface, a 
sulfur loaded low-surface-area carbon was placed in the middle of the cell setup where it was surrounded 
by separator material. Therefore, the sulfur was neither electrochemically active nor chemically active 
in the as-assembled state. However, cell operation was possible. Apparently, it was not necessary to 
convert sulfur into polysulfides in order to ensure their diffusion to the positive electrode which was 
made of porous carbon. Even in elemental state, sulfur exhibits sufficient mobility to accumulate inside 
the aforementioned empty carbon electrode within a few hours. Besides, the first approach – 
implementing sulfur as a polysulfide solution – was also chosen in project #3, however, only solutions 
<5 mmol L−1 were tested. Nonetheless, it was interesting to see that upscaling to concentrations 
>100 mmol L−1 is possible as shown by Demir-Cakan et al. for Li/S-batteries.  

5. Formation of Multilayer Graphene Domains with Strong Sulfur-Carbon Interaction and 

Enhanced Sulfur Reduction Zones for Lithium-Sulfur Battery Cathodes; by Beltran et al. 
2018 [97]  

In contrast to other articles presented in this chapter, the work from Perez-Beltran and Balbuena is a 
pure computational study on the behavior of sulfur in contact with carbon. The used theoretical model 
is called “reactive force field parameterization”. The highlight of their calculations was that the 
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thermodynamically most stable sulfur modification cyclo-octasulfur (α-S8) does not stay in this 
modification when interacting with carbon. Instead, the presence of carbon induces ring opening 
reactions and even further S-S-bond cleavages, resulting in sulfur molecules of different chain length. 
Moreover, the evolution of mono-atomic sulfur and weak C-S-bond formation are suggested by 
computation. Different carbon structures have also a different influence on the sulfur modification 
changes. This statement might be an explanation for the differences in cycling behavior among versatile 
C/S-composite studies.  

In project #1, a geometrical model of surface covering of porous carbon by elemental sulfur was 
suggested. The results agree with a monolayer-formation assumption, however, only if ring-opening of 
α-S8 takes place, sulfur can cover the carbon’s surface area with the density value which has been 
observed. X-ray diffraction and thermal analysis confirmed the absence of α-S8 and even the absence of 
crystallinity at all. Furthermore, the discharge- and charge curve revealed high differences compared to 
C/S-composites utilizing non-porous carbon.  

6. Pitfalls in the characterization of sulfur/carbon nanocomposite materials for lithium/sulfur 

batteries; by Raiß et al. 2014 [98] 

Raiß et al. wrote a critical article about characterization methods of C/S-composites. Particularly the 
distribution and pore filling properties were assumed to be very sensitive to analytical methods under 
vacuum like SEM and N2-physisorption. Sulfur is very volatile and its vapor pressure can be easily 
underestimated. Likely, the results obtained by different methods do not represent the pretreatment of 
the C/S-composite as several evaporation, sublimation, and redistribution effects are induced by the 
measurement itself. Therefore, it is difficult to interpret this data correctly.  

The publication from Raiß et al. was actually the starting point of project #1. Though the auto-
redistribution behavior of sulfur within carbon has been observed for different parameters like pressure 
and temperature, a quantitative understanding was still missing. Furthermore, this effect comes around 
with a change of sulfur properties like crystallinity and melting point, for example. In project #1, the 
auto-redistribution of sulfur in porous carbon matrices was named as “Sulfur-Spillover”. The “Sulfur-

Spillover” is strictly limited to the carbon’s surface area in terms of a monolayer-formation and its 
velocity is diffusion controlled. By exceeding the maximum sulfur uptake of carbon, it was clearly 
possible to distinguish between sulfur which performed the “Spillover” and sulfur which remained as it 
was, α-S8.  

7. Lithium/Sulfur Cell Discharge Mechanism: An Original Approach for Intermediate Species 

Identification; by Barchasz et al. 2012 [99] 

Besides different other insights into the discharge mechanisms of Li/S-batteries, Barchasz et al. were 
the first ones who applied systematic UV-Vis-spectroscopy at selected depth of discharge in order to 
identify different polysulfide species in the electrolyte. In an ether-based electrolyte, it was possible to 
distinguish between S8, S6

2− S5
2−, S4

2−, S3
2− and S3

−∙ due to their different absorbance behavior. The S3
−∙-

radical shows a characteristic absorption band at wavelengths >600 nm, while double charged 
polysulfides occur in UV-Vis-spectra at wavelengths <450 nm. At the first view, polysulfide solutions 
appear stable, while different species are present in a chemical equilibrium at once. However, 
polysulfides are thermodynamically metastable and a small driving force towards the formation of other 
sulfur species, which may precipitate as inactive sulfide, is always present. In this regard, the authors 
introduced the general disproportionation-reactions (equation. 3.5) of polysulfides, which is a further 
important factor for understanding sulfur-battery aging. 

2    →    +                                ( . 3.5)  
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Especially in polysulfide-cell approaches the stability and identity of dissolved polysulfides play an 
important role. This issue concerns the Na/S-cell discussed in project #3. Therein, the stable S3

−∙-radical 
is the main electrochemical active species, as it is evidenced by UV-Vis-spectroscopy. Furthermore, it 
succeeded to follow the state of charge due to the relation between S3

−∙-radical-concentration and 
absorbance intensity. Disproportionation reactions which prefer the formation of dead sulfide particles 
would be detrimental in such a cell system and need to be either suppressed or counteracted by special 
techniques.  

8. Phosphorous Pentasulfide as a Novel Additive for High-Performance Lithium-Sulfur Batteries; 
by Lin et al. 2013 [100] 

The precipitation of dead sulfide particles was identified as a serious problem in Li/S batteries by Lin et 
al., too. As this precipitation could not be stopped easily, the authors tried to reactivate these species by 
adding decent amounts of P2S5-additive. Without each other, Li2S and P2S5 are insoluble in common 
solvents used for Li/S-batteries. In combination, they form a soluble complex which is electrochemically 
active again. Cycling experiments revealed superior capacity retention behavior compared to cells 
containing no additive. Besides the reactivation process, P2S5 was believed to support the formation of 
a more stable SEI at the Li-electrode.  

P2S5 was the key substance for successful rechargeability of the polysulfide cell publication #4 is about. 
Without the additive, the first discharge resulted in rapid evolution of solid discharge products 
comparable with a snow globe. These solid products were electrochemically inactive and recharge of 
the polysulfide cell failed. The addition of P2S5 fulfilled the above described effect, as the electrolyte 
solution stayed clear after discharge and all reaction participants were still in solution. The consequence 
was that recharge at coulombic efficiencies close to 100% was enabled. Without the P2S5 additive, 
project #3 would not exist.  

9. The Radical Pathway Based on a Lithium-Metal-Compatible High-Dielectric Electrolyte for 

Lithium-Sulfur Batteries; by Zhang et al. 2018 [101] 

Tetramethylurea (TMU) is an exceptional electrolyte solvent, as it belongs neither to the ether-class nor 
to the carbonate-class. Zhang et al. were the first ones who published a systematic study on TMU as 
electrolyte solvent for Li/S-batteries. The solvent is clearly supporting the stabilization of S3

−∙-radicals, 
while double-charged polysulfides are barely present. Furthermore, TMU exhibits a high dielectric 
constant which is mentioned as beneficial feature for good (poly)-sulfide solubility and overall sulfur 
utilization. TMU alone is incompatible with the Li-electrode; hence, the authors used DOL as a 
supporting solvent in order to create a sufficiently stable SEI at the counter electrode in lab scale pouch-
cells. 

TMU was also the solvent of choice in the polysulfide cell discussed in project #3. The high presence 
of S3

−∙-radicals was directly visible by the deep blue coloration of the solvent. Used as catholyte, the 
solvent supported a high capacity yield and a better capacity retention behavior compared to diglyme. 
Its high dielectric constant would further increase the polysulfide concentration limits, what is essential 
for system upscaling in order to obtain reasonable energy densities, particularly within polysulfide cell-
concepts. On the other hand, the solvent has low oxidation stability and is incompatible in combination 
with a Na-metal electrode. Fortunately, the oxidation stability still covers the electrochemical conversion 
of sulfur and by taking a polysulfide cell-concept, the anolyte can be chosen independently. Overall, it 
seems that the space for TMU application in Na-batteries is limited, which might be the reason why it 
has not been used frequently, thus far. However, the Na-polysulfide-cell presented in project #3 is a 
good example for the meaningful use of TMU as an electrolyte solvent. 
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10. Interface Stability in Solid-State Batteries; by Richards et al.2016 [102] 

While the reactivity of sulfur species is projected in sulfur batteries, their reactivity is detrimental when 
sulfides are considered as solid electrolytes within all-solid-state-batteries. Richards et al. provided a 
thermodynamic evaluation on the (in)stability of different solid electrolytes. Particularly, the sulfur-
containing thiophosphate electrolyte-class reveal both, anodic and cathodic instability. In other words, 
the electrochemical stability window is very narrow. In contact with Li metal, the solid thiophosphate 
electrolyte can easily be reduced to Li2S and Li3P, for example. On the other electrode side, oxidation 
reactions may take place, at least according to thermodynamics. Therefore, different interface protection 
strategies can be used towards achieving reliable utilization of high-performance sulfur-containing 
electrolytes.  

Also, project #2 aimed in at thermodynamic evaluation of the interface (in)stability between a Li-
electrode and a sulfur-containing solid electrolyte. The electrolyte was β-Li3PS4 − a popular 
representative of the thiophosphate class, which is expected to show reductive instability at the electrode 
interface according to Richards et al.. Using an indium-lithium alloy is a common method in order to 
drastically reduce the driving force for reductive electrolyte decomposition, as it increases the negative 
electrodes potential by 0.62 V. This number is accepted in the research community, but it strictly 
depends on the stoichiometric ratio between indium and lithium. Project #2 combines the coulometric 
titration technique, binary-phase behavior, and electrode potentials in order to get a deeper 
understanding of the interface stability of sulfur-containing electrolytes. 
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3.3 High-temperature Na/S-batteries 

The idea of using the elements sodium and sulfur for electrical energy storage application is not new. 
Na/S-batteries have been investigated since 4 decades and finally the efforts end up in a commercially 
available product. Na/S-systems work totally different at high temperatures (ϑ ≈ 300°C) and common 
challenges, which were discussed before, are not an issue anymore. This chapter introduces the HT-
Na/S-battery functionality and provides a brief overview of the physical properties as well as the 
application status of the up-to-date commercial product.  

Functionality of high-temperature Na/S-cell 

The electrochemical HT-Na/S-cell operates at temperatures of about 300°C, which is far above the 
melting points of both active materials, sodium (ϑm = 98°C) and sulfur (ϑm = 115°C). Keeping all active 
materials in molten state is a key requirement for proper cell operation. This requirement counts also for 
all reaction products and intermediates. The reaction intermediates are molten Na-polysulfides like 
Na2S5, Na2S4 and Na2S2, having melting temperatures of 258°C, 285°C and 475°C, respectively [103]. 
Precipitation of solids should be avoided in general; hence, the possible reaction stoichiometry is 
practically limited. However, the eutectic mixture of Na2S4 and Na2S2 possesses a melting point of 
235°C; thus, the formal reaction product stoichiometry in HT-Na/S-batteries is Na2S3. Considering this 
limit, the specific maximum capacity is only 557 mAh gS

−1 instead of 1672 mAh gS
−1.  

 

figure 3. 10: Simplified HT-Na/S cell structure. Shown is the discharge process. 

Both electrode compartments need to be separated by an ionically conductive material which is able to 
sustain the high temperature, the corrosive nature of sulfur, and the reductive nature of sodium. All these 
requirements are fulfilled by the Na-β’’-aluminate ceramic, which acts as separator and selective 
electrolyte at once. Within the electrodes, no support electrolyte is necessary. At the sulfur side, Na+-
ion-transport is taking place via the ionic-liquid nature of the polysulfides and convection/diffusion 
processes, while Na+-ion-transport and electronic conductivity within sodium itself is not an issue. 
However, sulfur and polysulfides are insulators; hence, conductive additives are still indispensable. Na+-
ions are always required in the sulfur electrode for maintaining their fast transport; thus, full sulfur 
oxidation is not appropriate and charged state means actually a formal stoichiometry of Na2Sx, while 
x>5. This circumstance reduces again the practical capacity to values around 400 mAh gS

−1. Outer 
casing is made of aluminum. In order to protect this casing from sulfur corrosion, an additional Cr/Fe -
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alloy is coated onto the inner side of the wall. The simplified structure and working principle of a HT-
Na/S- cell is sketched in figure 3.10. Discharging leads to Na-oxidation, Na+-ion transport through the 
Na-β’’-aluminate ceramic towards the sulfur electrode, and a consequential decrease of Na-liquid level. 
Simultaneously, sulfur and long-chain polysulfides are stepwise reduced to shorter-chain polysulfides 
with Na2S3 as the formal discharge product. Towards practicability, a tubular cell design is chosen, see 
also figure 3.11.  

 

 

figure 3. 11: Tubular design of a HT-Na/S-cell 

History and state-of-the-art Na/S-batteries 

The fundamental idea of a Na/S-battery comprising molten electrodes has been expressed already in 
1966/1967 [104] by the Ford Motor company, but it remained an idea, as no convenient separator was 
available in this time. In the 1970’s, Na-β’’-aluminate was developed – a high performance Na+-ion 
conductor with good chemical stability. As the missing part of the puzzle was found, the development 
of HT-Na/S-batteries did not start rapidly, as storage of renewable energies was not a focus at that point 
in time[105].  

Today, the Japanese company NGK Insulators is the only cell manufacturer providing commercially 
available HT-Na/S-batteries for micro- and smart grid electricity storage application. Their first 
investigations were conducted in the 1990’s. Developing the cell system took approximately 7 years, 
followed by 5 more years of testing and performance evaluation. Finally, Na/S-batteries became market-
ready and were announced as commercial devices in 2002. One battery pack unit consists of 40 battery-
modules, whereas each module contains 320 single Na/S-cells. Considering the dimension of a single 
cell, the size of a battery unit is comparable with a small house. Technical data can be obtained from 
table 3.2. In 2019, the HT-Na/S-batteries are in application at more than 200 locations with a summed-
up power capability of 560 MW and a summed-up energy of 4.0 GWh. These are still moderate values, 
but ones with a clearly raising tendency. The technology gains more and more attention due to low raw 
material cost, high cycle-life (>>2500 deep cycles) and comparably simple recycling. Long-term 
stability can be remarkably tuned if not the full practical depth of charge is used per cycle, and HT-
Na/S-cells are expected to sustain 15 years of permanent application. It is one conceivable option for 
storing excess energy from renewable sources and providing this energy on demand in an efficient and 
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an environmental-friendly way. In this regard, BASF and other companies might enter the market for 
Na/S-batteries in the upcoming years.  

 

table 3. 2: Technical data of HT-Na/S-cells from NGK insulators [106] 

Single cell voltage 2.0 V Cycling rate C/8 – C/6 

Capacity 110 Ah kg−1 Temperature 300°C 

Energy density (w) 220 Wh kg−1 Mass 5.5 kg 

Energy density (v) 367 Wh L−1 Diameter 91 mm 

Energy efficiency 80% - 85% Height 516 mm 

 

Of course, the HT-Na/S-system has drawbacks too. Already mentioned is the restricted stoichiometric 
window, which is necessary for avoiding sulfidic precipitates on the discharge edge and for maintaining 
sufficient Na+-ion conductivity on the charge edge. This circumstance alone reduces the theoretical 
capacity by more than 70% compared to the full reduction of sulfur. A steady operation temperature of 
300°C requires a good thermal isolation as well as a detailed thermal management. The most relevant 
discussion point concerns safety and particularly the question of what happens, if the ceramic breaks. 
An unintended answer was given in 2012, when a battery pack committed a thermal runaway originated 
from ceramic damage. According to NGK Insulators this accident has been evaluated and 
countermeasures were implemented in their technology.  

To conclude, HT-Na/S-batteries are an attractive option in next-generation energy storage and supply 
due to the technologies ability to create a cost- and energy-efficient bridge between renewable energy 
sources and their consumption on demand. However, mentioned disadvantages justify efforts on 
reducing the operating temperature within the scope of low temperature Na/S-batteries, which can be 
considered at a smaller scale as well. 
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3.4 Interface behavior of sulfidic solid electrolytes 

Besides acting as electrochemical active compounds, sulfur species, or, more precisely, sulfidic species, 
can be utilized as ionic conductors. This purpose addresses the strong research field of all-solid-state-
batteries (ASSBs). Thiophosphates emerged as an own class of glass-ceramic type solid electrolytes 
already in 1984 and revealed high ionic conductivity even at room temperature, no electronic 
conductivity, and low grain boundary resistance, while they are easily processable by cold pressing 
methods, making them an ideal candidate for serving as electrolytes in ASSBs. However, the hype on 
solid-state battery research started 15 years ago and the different properties of thiophosphates were 
revisited. Usually, these materials are not commercially available and are prepared by mechanical high-
energy ball-milling, often followed by a heat treatment in protected atmosphere. Many derivates of this 
electrolyte class have been produced in recent years in order to obtain improved conductivity or stability. 
Possible modifications include the introduction of 4th group elements like silicon, germanium or tin as 
well as partial sulfide substitution by halogens. Providing a detailed overview of the possibilities would 
extend the scope of this thesis and can be accessed in review articles. More relevant is the question what 
these solid electrolytes do within an electrochemical cell beyond simple Li+- (Na+)-ion transport. While 
liquid electrolytes are supposed to form a more or less stable solid electrolyte interface (SEI) in 
proximity with the electrodes, solid electrolytes are expected to create something similar. From 
thermodynamic point of view, the driving forces for decomposing the electrolyte during cell operation 
are huge. Taking Li3PS4 as an unmodified representative, the electrochemical stability window is only 
2.0 – 2.2 V vs. Li+/Li, far below the present potentials at cell operation (figure 3.12). However, 
thiophosphates are still believed to be very promising candidates in ASSBs, so the somewhat weird 
question might occur, whether thermodynamics do not matter. Of course, they still do in terms of 
dictating the decomposition products at the interfaces. In sulfur batteries, Li2S is denoted as the ideal 
discharge product on the one hand and criticized for its high activation barriers, polarisation effects, and 
electronically insulating nature on the other hand. In solid-state-batteries, sulfide is considered as an 
essential part of the SEI, as it constructs an electronic barrier for further electrolyte decomposition. This 
SEI formation would be useless, if the interface would be affected by mechanical volume changes or 
even dendrites. Dendrite formation is an issue during Li-plating on a Li-metal electrode, as the solid-
solid contact interface promotes inhomogeneous Li+-ion transport, which results in local accumulation 
of lithium. Additionally, dendrites try to grow in direction of higher conductivity e.g. in direction of 
bulk-electrolyte, what might lead to a short-circuit when the dendrite is touching the positive electrode. 
Therefore, it is difficult to work with a bare alkali-metal electrode as negative compartment within 
ASSBs and using binary alloys emerged as a possible solution for this. The most famous binary system 
is Li-In [107-108], whose reversible Li+-insertion and desertion has been already studied in 1996 by Takada 
et al. [109]. 

The indium foil tackles three issues. First, it adjusts the potential of the counter electrode to a stable 
value of 0.62 V vs. Li+/Li. Second, it drastically reduces the driving force for harsh electrolyte 
decomposition reactions, and third, it suppresses the growth of Li-metal dendrites through the 
electrolyte. However, using Li-In alloy in application scale is unlikely due to the indium price 
(>450 € kg−1) [110], so it remains an academic tool for having a reliable counter-electrode towards getting 
further insights into ASSB research.  

Another interesting property of the Li3PS4 solid electrolyte was given by Hakari et al. [111] in 2015. The 
authors demonstrated that the electrolyte can contribute to the overall obtained capacity in means of a 
reversible electrochemical reaction at the positive electrode. A first charge capacity of 220 mAh g−1 was 
obtained by implementing a C/Li3PS4 composite into an ASSB, which formally contained no active 
material. This capacity was attributed to the extraction of Li+-ions resulting in a still conductive 
stoichiometry of Li3-XPS4. As this reaction was reported to take place at 2.6 V vs. Li+/Li, the contribution 
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of solid electrolyte capacity is expected to concern all ASSBs using thiophosphate electrolytes. However 
additional Li2S and sulfur formation within the electrode material can’t be excluded; thus, each ASSB 
containing a thiophosphate solid electrolyte might somewhat operate like a sulfur battery.  

 

figure 3. 12: Electrochemical stability window of different solids with Li+-ion conductivity. Note that the values rely on 

thermodynamic considerations. The practical stability window might be higher. Reprinted with the permission from [102] 

copyright American Chemical Society 2015, no license No. 

While literature is mainly focussing on Li-based solid-state-batteries, investigations on Na-analogues 
were launched in recent years. It is notable that many Li+-ion conducting materials can be considered as 
high-performance Na+-ion conductors by simple substitution of the alkali-metal. Although the Li+-ion 
is smaller (0.60-0.78 Å vs. 0.95-1.01 Å [112]), the Na+-analogous can exhibit ionic conductivities in 
similar magnitude (>0.1 mS cm−1 [113-116]). Therefore, it is not surprising that the most frequently used 
representative is Na3PS4 and it is not surprising that the material reveals similar interface behavior 
regarding the advantages and disadvantages [113, 116-118]. Stabilization of the Na-electrode interface is 
accomplished by placing a tin foil instead of an indium foil in between what, in principle, has the same 
effect [119-120]. Especially for Na/S-batteries, the Na3PS4 electrolyte attracted attention and was already 
tested by Nagata et al. [121] in 2004. Besides other studies, the capacity results of Yue et al. [66] were very 
conspicuous as they clearly exceeded the theoretically expected value by more than 25% over several 
cycles. This observation evidenced the active and reversible participation of thiophosphate solid 
electrolytes within solid-state batteries. Moreover, it seems that this capacity contribution plays a more 
important role in Na-ASSBs than in Li-ASSBs. Tanibata et al. [51] went a step further and demonstrated 
the cyclability of a Na/S-ASSB which contained actually non-conductive P2S5 instead of Na3PS4 at the 
positive electrode. The only explanation for this was the in-situ formation of Na3PS4.  
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Summing up, sulfur is an element with many purposes in electrochemistry. It can be used as an 
electrochemically active material in purpose or it can be part of high-performance ion-conductor inside 
ASSBs, where it is supposed to be electrochemically inactive. But, claiming that sulfur compounds like 
thiophosphate electrolytes are electrochemically inactive is not correct. Inertness is one of the few 
properties most of the sulfur-compounds can’t fulfil. The critical spots in ASSBs are the interfaces. The 
very narrow electrochemical stability window of thiophosphate solid electrolytes allows many reactions 
– oxidative and reductive –, which directly affect the cell performance and might lead to 
misinterpretations of specific capacity values. One has to be aware that sulfur compounds likely won’t 
stay as they are if they have electronic contact to any other material within a running electrochemical 
cell. 
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4 Publication #1: “Cell Concepts of Metal-Sulfur Batteries (Metal = 

Li, Na, K, Mg): Strategies for Using Sulfur in Energy Storage 

Applications” Top Curr Chem (Cham) 2017, 375, 81. 
 

Sulfur batteries can be constructed in different ways, each of it following an individual strategy towards 
sulfur utilization. Several review articles have been published on Li/S and Na/S battery research 
progress, but not a single one focused on the different possibilities of sulfur-cell assembly. The review 
article at hand differentiates between five sulfur-cell concepts: conventional design, membrane concept, 
polysulfide concept, all-solid-state concept and high-temperature concept. Detailed descriptions of the 
concept ideas and functionalities are provided. Furthermore, the article critically evaluates advantages, 
disadvantages, and challenges of all concepts. In contrast to most of the other review articles, the review 
does not aim on summarizing all published literature. Instead, attention is given at comparing the 
different cell concepts that are currently explored. Within the broader context of the cell concepts, the 
review article takes also the very young research field of K/S- and Mg/S-cells into account.  

Conventional concept: The conventional sulfur-cell design is assembled like the Li-ion-cell: two solid 
electrodes with a liquid electrolyte-soaked separator in between. The simple concept theoretically allows 
full sulfur utilization (1672 mAh gS

−1), but it is strongly affected by different ageing mechanisms like 
the polysulfide-shuttle-effect.  

Membrane concept: The use of ion-selective membranes like Nafion is an obvious method to prevent 
dissolved polysulfides from diffusing across the liquid electrolyte. This mitigates, or even, eliminates 
the polysulfide-shuttle. However, the conductivity of the membrane may become a limiting parameter.  

Polysulfide concept: In most of the cases, the polysulfide system utilizes a membrane as well. The 
difference is that sulfur and all discharge products are supposed to stay in dissolved state. This strategy 
avoids detrimental effects of sulfide formation like the volume expansion and contraction issues. 
Downside is that the restricted stoichiometry window (Na2Sx; x ≥ 3) also decreases the maximum 
obtainable capacity.  

All-solid-state concept: The all-solid-state concept eliminates all detrimental issues related to 
polysulfide dissolution. However, this concept also impedes the electrochemical activation of sulfur- 
and sulfide particles, as intimate particle-particle contact between solid electrolyte, carbon, and active 
material is permanently necessary. Further, volume changes during cycling may lead to particle cracking 
and contact losses.  

High-temperature concept: The high-temperature cell concept (HT-Na/S, ~300°C) inverts the 
configuration of the conventional setup, as both electrodes are liquid, whereas the electrolyte is an ion-
conducting ceramic. This concept eludes all challenges which are typical for low temperature sulfur 
batteries and is the only commercialized approach, so far. Similar to the polysulfide-concept, the 
obtainable capacity is restricted by a defined stoichiometric window (Na2Sx; x ≥ 3). Additionally, the 
high temperature restricts the field of application and represents safety concerns in case of plausible 
separator damage. 
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5 Project #1/ Publication #2 “Sulfur-Spillover on Carbon Materials 

and Possible Impact on Metal-Sulfur-Batteries” Angew Chem Int Ed Engl 

2018, 57, 13666-13670. 

 

Porous carbon materials are frequently used as electronically conductive host materials for sulfur within 
metal-sulfur batteries. The porosity promises high sulfur uptake ability, high surface area for 
carbon/sulfur contact, and polysulfide trapping abilities. According to literature, preparation of such 
composite materials includes intensive methods like melt-infiltration, vapor impregnation, CS2-solution 
impregnation, or ball milling. Apparently underestimated was the fact, that sulfur exhibits a high affinity 
to porous carbon materials on its own and performs an auto-infiltration by simply staying in physical 
contact with the carbon host material. Sulfur reveals high mobility in the carbon matrix and spills over 
the whole carbon surface area within a few days; hence, we designated the effect as “Sulfur Spillover”. 
Furthermore, different analytical methods evidence that sulfur is totally changing its physical and 
chemical properties like melting point, Raman-activity, and crystallinity. 

X-ray diffraction experiments provide a time resolved observation of the “Spillover effect” due to the 
absence of vacuum or heat treatments, which might accelerate carbon/sulfur interactions. Directly after 
gentle mixing of 1 g sulfur and 1 g porous carbon (2070 m2 g−1), the XRD patterns reveal all signals 
expected for α-sulfur. Within a few days, however, the reflections vanish, indicating that sulfur becomes 
completely X-ray amorphous as a result of the close proximity to the carbon material. Scanning electron 
microscopy together with energy dispersive spectroscopy confirms the decay of initially large sulfur 
particles, resulting in a homogeneous sulfur distribution within a similar time scale. 

The publication also addresses the limits of the “Spillover effect”. For this, the sufur/carbon ratio has 
been systematically increased. XRD reflections do not vanish completely anymore, while Raman-bands, 
phase-transformation, as well as melting point signals appear again in Raman and DSC measurements. 
The thermogravimetric curve shows a characteristic bend as clear indicator for distinguishing between 
sulfur which underwent the “Spillover” and sulfur which did not. These findings allow to introduce a 
“Spillover capacity”, representing the maximum sulfur uptake of the chosen porous carbon material. 
The “Spillover capacity” linearly corelates with the active surface area of the used carbon material 
within the scope of a monolayer formation, as it is verified by two tests with other porous carbons. The 
behavior is not observed for porous silica; thus, the “Spillover effect” is expected to rely on specific 
carbon/sulfur-interactions.  

The “Sulfur Spillover” effect is successfully demonstrated on electrochemical Na/S cell level. In this 
regard, sulfur is implemented without physical contact to the positive electrode made of porous carbon, 
while the Na-electrode is protected by a Na-β’’-aluminate membrane. Within a few hours, sulfur diffuses 
through the liquid electrolyte and accumulates inside the carbon electrode in a sufficient quantity to start 
electrochemical cell operation.  

Overall, sulfur which performed the “Spillover” loses its crystallinity, loses its melting point, and loses 
its Raman-activity. One may say that sulfur behaves more like a liquid rather than a solid when it 
undergoes the strong interactions with carbon. The results make it obvious that the “Sulfur Spillover 
effect” plays an important role for metal-sulfur-batteries, as high sulfur mobility is essential for good 
active material utilization. Further, it opens the question, whether intensive electrode preparation 
methods are really meaningful or, whether it is more efficient to let the materials undergo an auto-
infiltration in means of the “Sulfur-Spillover”-effect. 
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6 Project #2/ Publication #3 “The Lithium-Indium Electrode: Phase 

Formation, Redox Potentials and Interface Stability” Batteries & 

Supercaps 2019. DOI: 10.1002/batt.201800149 

 

Sulfur containing solid electrolytes are often chosen in all-solid-state battery research due to their 
ductility and conductivity. However, their electrochemical stability is limited, particularly at low 
electrode potentials (reduction). Avoiding undesired reduction of the sulfidic electrolytes is one reason, 
why a lithium-indium alloy is often implemented as counter electrode instead of lithium. Within a solid-
state cell system, the alloy is supposed to fulfil two additional purposes: the alloy should also maintain 
a mechanical stable interface in terms of avoiding dendritic lithium deposition. And, the electrode should 
maintain a stable potential due to the difficulty of reference electrode installation.  

All these requirements can be accomplished by the lithium-indium alloy, for which a potential of 0.6 V 
vs. Li+/Li is commonly accepted in literature. However, only in a defined stoichiometric window the 
electrode is compatible with many sulfidic electrolytes. The question why this is the case is focus of the 
publication and will be answered in detail.  

A helpful tool is the binary lithium-indium phase diagram which includes the following phases with 
increasing lithium content: In, InLi, In4Li5, In2Li3, InLi2, InLi3, In3Li13, and Li. Within an 
electrochemical cell with lithium as counter electrode, indium as working electrode, and an ether-based 
electrolyte, it succeeds to titrate the complete indium bulk with lithium according to the aforementioned 
phases. The obtained titration curve is in accordance with the phase diagram and provides accurate 
equilibrium potential values for the phase formations of InLi, In4Li5, and In2Li3 as well as corresponding 
thermodynamic driving forces. The potentials vs. Li+/Li for InLi, In4Li5 and In2Li3 are 0.62 V, 0.34 V, 
and 0.12 V, respectively. Thus, the 0.6 V vs. Li+/Li are valid only if the Li/In ratio does not exceed 1, 
or more precisely, 0.98, as revealed by the coulometric titration experiment. The presence of phases 
with higher lithium content directly comes around with a lower electrode potential, which might promote 
detrimental reactions of the electrode with the sulfidic electrolyte. Another observation of the titration 
curve is that the two-phase area between In and InLi is very broad; thus, there is a large stoichiometric 
window for lithium insertion and desertion without impact on the potential of 0.62 V vs. Li+/Li. This is 
not the case for higher lithium content, where the phase diagram becomes more complex and two-phase 
regions are narrower. There, Li insertion and desertion might easily lead to potential instabilities of the 
electrode.  

The results from the liquid electrolyte cell are verified in symmetric all-solid-state cells, comprising 
Li3PS4 as representative sulfidic solid electrolyte. One cell operates with lithium-indium-alloy electrodes 
having a Li/In ratio <1 (0.62 V vs. Li+/Li; balanced condition), another cell is cycled with lithium-
indium-alloy electrodes having higher lithium content, corresponding to the two-phase region between 
In2Li3 and InLi2 with a potential <0.12 V vs. Li+/Li (unbalanced condition). Overpotential for lithium 
shifting between the electrodes maintain the same (12 mV) for the first cell, indicating good 
electrode/electrolyte interface stability, while a continuous overpotential rise, likely caused by side 
reactions between electrodes and electrolyte, is detectable for the cell with unbalanced Li/In ratio. 

In conclusion, the phase behavior of the binary lithium-indium system is of high relevance for designing 
a reliable counter electrode with good solid electrolyte compatibility and stable potential. The 
publication helps to understand this, often disregarded, counter electrode and provides simple 
benchmark rules for adjusting the lithium-indium-electrode in all-solid-state-batteries correctly. 
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7 Project #3/ Publication #4 “A sodium-polysulfide battery with 

liquid/solid electrolyte: Improving sulfur utilization by using P2S5 as 

additive and tetramethylurea (TMU) as catholyte solvent” Energy 

Technology 2020, DOI: 10.1002/ente.201901200 

 

The polysulfide-shuttle effect and the precipitation of solid sulfides are two main challenges in Na/S-
battery research. Both issues can be overcome by consideration of a polysulfide-cell concept. In this 
work, we realized such a concept on lab-scale and additionally introduced two strategies with clear 
beneficial impact on the overall cell performance. Moreover, Vis-spectroscopy is suggested as precise 
state of charge (SOC) determination method. 

The home-made cell setup consists of two tubular electrolyte chambers – one inner (anolyte, 13 mL) 
and one outer chamber (catholyte, 87 mL). Both chambers are separated by a Na-β’’-aluminate solid 
electrolyte. As polysulfide solutions are colorful, they might change their appearance according to the 
present SOC within a running Na/S-battery. Thus, we selected glass as outer cell casing with the aim to 
have direct insight on the catholyte solution. A carbon fiber cloth (GDL H23) serves as current collector, 
while sodium is attached to steel in the inner electrolyte chamber.  

Although all active materials are supposed to stay in dissolved state, precipitation of solid discharge 
products is unavoidable and identified as major failure reason of the polysulfide-concept. The problem 
is solved by adding selected amounts of P2S5 additive, which is known for forming soluble complexes 
together with otherwise insoluble Na2S or Na2S2. Considering a diglyme based electrolyte (0.5M NaOTf 
conducting salt) the use of P2S5 directly enables full rechargeability of the cell with good initial capacity 
yield (~1000 mAh g−1

S). However, continuous capacity fading over the first 30 cycles down to 
600 mAh g−1

S is observable.  

Because the membrane eliminates any unwanted crosstalk between the electrolyte chambers, it is 
possible to select anolyte and catholyte compositions individually. While diglyme is a proven solvent 
for the anolyte compartment, the catholyte solvent is reconsidered and replaced by tetramethylurea 
(TMU). Compared to diglyme, the TMU electrolyte reveals higher ionic conductivity (4.3 mS cm−1 vs. 
1.5 mS cm−1) and a higher dielectric constant (23 vs. 7), what would enable better solubility limits for 
polysulfides.  

The optimized cell comprises a diglyme anolyte and a TMU catholyte containing Na2S5 as initial active 
material and P2S5 as additive in a 1.00/1.67 molar ratio. It reveals a capacity of about 800 mAh gS

−1 over 
30 cycles without clear fading and coulombic efficiencies >99%. In contrast to glyme-based electrolytes, 
wherein polysulfides mainly exist as double-charged anions, TMU supports the formation of stable S3∙− 
radicals. These S3∙− radicals display a characteristic deep blue color in solution and are expected to 
perform oxidation/reduction processes which differ from double-charged polysulfides. One difficulty, 
research on sulfur-batteries is facing, is the precise SOC-determination. For this, simple potential 
monitoring does not work, because the charge and discharge curves are often flat. The deep coloration 
of the catholyte allows Vis-spectroscopy as alternative method. Dissolved in TMU, S3

−∙ radicals display 
a characteristic absorption band at 619 nm. While the absorption intensity is a function of S3

−∙ radical 
concentration, and thus, the SOC, the shape as well as the position of the strong band is not, which eases 
the evaluation of Vis-spectra towards SOC determination.  

Overall, the article clearly demonstrates the beneficial effect of P2S5 and TMU towards realizing a 
Na/polyulfide-battery concept. The results might help to develop and evaluate further this concept which 
might play a role in future stationary energy storage application.  
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Abstract 

This paper describes the proof of concept of a laboratory sodium-polysulfide battery consisting of two 

electrode chambers (anode and cathode compartment) being separated by a tubular solid electrolyte 

membrane. Such a cell concept is suited for dissolved polysulfide cathodes and has the advantage that 

both half reactions are physically separated and therefore can be optimized separately. Here, we 

demonstrate this by firstly discussing the cell performance using diglyme-based electrolytes (with 

NaOTf as conductive salt). Using this electrolyte, formation of solid sulfide discharge products is 

identified as the major limiting factor for cell cycling. This issue can be partly alleviated by adding solid 

P2S5 which improves the (di)-sulfide solubility. Further and quite significant improvement can be 

achieved by replacing diglyme as cathode compartment solvent with tetramethylurea (TMU). By using 

TMU, the cell cycles with coulombic efficiencies >99% and capacities of 800 mAh g-1
 for at least 30 

cycles. We further compare viscosity, density, conductivity and the electrochemical stability window 

values of the diglyme- and TMU- based electrolytes. The latter shows higher viscosity (2.806 mPa s vs. 

1.603 mPa s), higher density (1.016 g cc−1 vs. 0.996 g cc−1) and higher conductivity (4.27 vs 

1.45 mS cm−1). The oxidative stability limit of the TMU electrolyte is 3.2 V vs. Na+/Na, which is sufficient 

for polysulfide redox reactions. Vis spectroscopy is used to follow the electrode reaction. In case of 

TMU, the reaction is based on redox activity of S3
−● radicals (blue coloration of the catholyte solution), 

while for diglyme polysulfides (green and yellow coloration) and precipitates prevail. 

Key words: Na/S-battery, polysulfides, P2S5-additive, tetramethylurea electrolyte, Vis-spectroscopy 

 

1. Introduction 

Rechargeable metal-sulfur batteries are attractive energy storage systems due to their high theoretical 

energy density and the abundance of sulfur. The most advanced concepts are the lithium-sulfur battery 

(operating at ambient conditions) and the high temperature sodium-sulfur battery (NAS) operating at 
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about 300 °C. The NAS battery concept is based on liquid electrodes being separated by a solid 

electrolyte. During discharge, sodium (θm = 98 °C) reacts with sulfur (θm = 119 °C) to molten polysulfides 

(Na2Sx, x ≈ 3). Anode and cathode are separated by a sodium ion conducting ceramic membrane known 

as Na-β''-aluminate. The NAS battery has been commercialized by NGK Insulators (Aichi, Japan) for 

stationary energy storage but the operating temperature of around 300°C is technologically 

challenging and has led to safety concerns in the past [1]. 

Nevertheless, the use of sodium and sulfur as active materials in batteries is very appealing as both 

elements are abundant which may lead to cost-effective batteries. Considering this, lowering the 

operating temperature of sodium-sulfur batteries, potentially down to room temperature, became an 

attractive research field in the last years [2]. The redox chemistry of sulfur is, however, very complex 

and its use in rechargeable batteries operating at room temperature could not be satisfactorily 

optimized to date. Most experience is available for the lithium-sulfur battery and the related 

challenges have been extensively reviewed in the past [2b, 3]. The same fundamental challenges also 

apply to other metal-sulfur batteries (Na, K or Mg), though to different degrees [4]. Very briefly, the 

challenges relate to 

(1) the insulating properties of solid sulfur and sulfide phases which requires adding substantial 

amounts of conductive support material, 

(2) the volume expansion during discharge (+70 % for S  Li2S, +180 % for S  Na2S), 

(3) the solubility of polysulfide intermediates (Sx
2−, S3

−●), causing the cell reaction to be a combined 

dissolution/precipitation process and, even worse, causing a chemical short-circuit of the cell (shuttle 

mechanism), 

(4) the common challenges of metal electrodes (dendrite formation, electrolyte consumption) along 

with the side reactions occurring with the dissolved polysulfides. 

Moreover, the reaction might be further complicated by a sulfur spillover process as we reported 

recently [5].  

Considering the high solubility of polysulfides in many solvents, it may therefore appear more 

promising to adopt an alternative cell concept, i.e. using a dissolved sulfur cathode. Here, only 

dissolved polysulfides (Na2Sx
2−) are cycled, while solid sulfides such as Na2S are generally avoided and 

hence, issues related to their insulating properties as well as the volume expansion are eliminated or 

at least alleviated. Such a concept was proposed as early as 1978 by Abraham et al.[6]. The cell concept 

consists of two separate electrode chambers (anode and cathode compartment) with liquid 

electrolytes that are separated by a Na+-selective membrane such as Na-β’’-aluminate [7] or NafionTM-

like polymers [8]. The cell concept is sketched in Scheme 1a. The concept may also allow rising the 

operating temperature above the melting point of sodium. Such an “intermediate temperature” Na/S 

battery has the benefits of avoiding dendrite formation and eliminates the need for a liquid electrolyte 

in the anode compartment [6a, 9]. As the system’s capacity is usually limited by the solubility of the 

polysulfides, aqueous catholytes in combination with water-stable membranes made of LISICON were 

tested [10]. Despite the advantage of high polysulfide solubility, the combination of aqueous 

electrolytes and molten sodium in a battery is likely of too high risk. 

While the concept of a dissolved sulfur cathode with a solid electrolyte as separating membrane 

increases the complexity for efficient ion transfer[11], a specific advantage is that each liquid electrolyte 

is only in contact with one electrode. This means that the electrolyte composition can be optimized 
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separately for each electrode reaction. This liquid/solid/liquid electrolyte configuration is quite 

different from conventional batteries in which the liquid electrolyte is in contact with the anode and 

the cathode and hence, must show sufficient reductive/oxidative stability with both of them.  

In this study, we employ the cell concept shown in Scheme 1a for realizing a sodium-sulfur battery 

operating at room temperature. A major problem of a dissolved sulfur cathode concept is the evolution 

of sulfide precipitates and their reactivation during charging [12]. We therefore discuss two different 

strategies on how to increase sulfur utilization and rechargeability. Firstly, P2S5 is used as additive 

which improves the dissolution and reactivation of precipitated sulfides [13]. Secondly, tetramethylurea 

(TMU) is used as alternative solvent for the catholyte mixture. Results are compared with a reference 

system based on diglyme (2G), as the solvent class of ethers is commonly applied in metal-sulfur 

battery research. We further apply Vis-spectroscopy to gain information on the state of charge as well 

as the nature of polysulfide intermediates. Finally, we also discuss present challenges of this cell 

concept. 

 

Scheme 1: a) Na-polysulfide cell concept with two electrolyte chambers separated by a sodium ion-selective membrane. b) 

Lab scale Na-polysulfide cell used in this work. A more detailed cell setup description can be found in supporting information 

(Figure S1). In both illustrations the electron flow represents the discharge process. Excess of positive charges is compensated 

by triflate (OTf−)-counter-ions (not shown in the scheme). 

   

2. Results and Discussion 

2.1 The Na polysulfide cell: Cycling and failure 

We used a transparent, tubular glass container (200 mL) for the cell construction, see Scheme 1b. The 

use of glass provides a convenient way to visibly follow the reaction of the dissolved sulfur cathode 

during charging/discharging. In a first set of experiments, the cathode compartment consisted of a 

diglyme-based catholyte containing dissolved Na2S4 (5 mM) and Na-trifluoromethanesulfonate (NaOTf, 

0.25-0.5 M). The higher concentration of NaOTf compared to Na2S4 ensures a constant conductivity 
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during cell cycling and eases the optical characterization. A carbon gas diffusion layer (GDL) served as 

current collector. Dissolution of Na2S4 in the electrolyte solution was rapid and a deep green coloured 

solution was obtained in just a few seconds. The same coloration is also observed for the mono- and 

tetraglyme ethers (1G, 4G). For the anode compartment, sodium metal was pressed on a cylindrical 

stainless-steel current collector, which was immersed in a solution of NaOTf in 2G (0.25-0.5 M). The 

choice of NaOTf/2G as electrolyte solution is motivated because of its good stability and low interface 

resistance compared to other electrolyte solutions [14]. Despite these advantages, it is of note that 

dendrite formation remains an issue [15], see Figure S2 . 

Galvanostatic discharging occurs at around 1.7 V (22°C), see Figure 1, though only a limited capacity 

was achieved at a current of 0.01C (~500 µA). The poor sulfur utilization could be partially alleviated 

by catholyte stirring and increasing the temperature to 50 °C which led to a discharge voltage of around 

2 V. Gradual reduction of the polysulfide solution should lead to short chain sulfides, followed by 

precipitation of insoluble sulfides. This trend could be directly followed in the glass cell, i.e. 

discoloration and precipitation took place. The achieved capacity was 570 mAh gS
-1, indicating that 

Na2S2 is the discharge product (1,254 mAh gS
-1 would be expected in case of complete Na2S formation).  

Recharging of the cell, however, was barely possible despite the solution was continuously stirred. 

Obviously, formation of insoluble sulfide precipitates is not desirable for the cell presented here. It is 

of note, however, that elemental sulfur exhibits sufficient carbon affinity and can be at least partially 

reduced without further treatment. Sulfide precipitation may be avoided by shallow cycling of the cell 

(e.g. by adjusting the lower cut-off potential). This approach indeed improved the rechargeability of 

the cell though cycle life was still poor and the capacity yield was much lower compared to deep 

discharging, see Figure S3. Overall, a more effective activation of sulfide precipitates is required to 

improve the reversible charge storage capacity of the cell. One strategy to overcome this problem is 

to use P2S5 as additive. 

 

Figure 1: a) Slow deep discharge (0.01 C) of Na-polysulfide cell with 2G catholyte and 2.5 mmol L−1 Na2S4. Recharging of the 

cell was not successful. b) Simplified scheme of polysulfide electrochemistry and sluggish reaction pathways (marked with a 

red cross) due to the conversion of precipitated sulfides. The photographs show the catholyte during discharging. 

2.2 The effect of P2S5 additive 

Phosphorous pentasulfide (P2S5) has been proposed as additive by Lin et al.  due to its ability to ease 

dissolution of otherwise insoluble lithium or sodium (poly-)sulfides by forming polysulfidophosphate 
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complexes [13, 16]. P2S5 and Na2S on their own are insoluble in diglyme but their combination results in 

a clear, yellow solution (Figure S4). In our study, we adjusted the composition of polysulfide and P2S5 

additive in such as to reach a formal composition of Na3PS4. For this, a diglyme based solution 

containing 1 mM Na2S5 and 1.67 mM P2S5 was prepared. Stirring led to an almost transparent solution 

instead of a deep electrolyte coloration which would be expected for bare polysulfide solutions (Figure 

S5). A speculative – lastly unproven – explanation would be that Na2S5 and P2S5 undergo chemical 

interactions, wherein phosphorous does not maintain its +V oxidation state. The S5
2—anion, on the 

other hand, might be oxidized to optically inactive sulfur. The detailed understanding of the solution 

chemistry after P2S5 addition is out of the scope of the current paper, but is definitely worth further in-

depth investigation.  

The effect of the additive is quite significant, leading to an initial discharge capacity of 1,100 mAh gS
-1 

without any visible precipitation at room temperature (22°C). Recharging was possible as well. The 

reduction and oxidation of sulfur can be followed by color changes of the catholyte, see Figure 2a. 

Voltage profiles of selected cycles are shown in figure 2b, whereas figure 2c is summarizing charge 

capacities, discharge capacities and coulombic efficiencies of 30 cycles. Note that we calculated the 

coulombic efficiency by dividing the discharge capacity by the preceding charge capacity. Despite these 

promising results, the capacity fade was still strong. After 30 cycles the capacity reached only 

600 mAh gS
-1 and continued to fade. This suggests that diglyme – as well as other commonly used 

glymes – may not be the best solvent for enabling long cycle life. While sodium electrodes can be easily 

cycled in glyme based electrolytes, it is likely that cycle life is limited by the glyme electrolyte on the 

cathode side. As discussed above, the cell concept with a separating solid electrolyte provides the 

opportunity to use different electrolytes for both electrodes. We therefore replaced the diglyme 

solvent on the cathode side by another solvent. Among various solvents tested (dimethyl-acetamide 

(DMAc), dimethoxy-ethane (DME), tetraglyme (4G)) (Figure S6), tetramethylurea (TMU) appeared 

most promising and is discussed in more detail in the next section.  

 

Figure 2: a) Appearance of Na-polysulfide catholyte based on 2G solvent across a full discharge/charge cycle. b) Voltage 

profiles for cycle 1, 2 and 10 at a current rate of 0.083 C (60 µA cm−2). c) Discharge capacities, charge capacities and coulombic 

efficiencies for the first 30 cycles at same C-rate. Anolyte was 0.5 M NaOTf in 2G.  
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2.3 Tetramethylurea (TMU) as catholyte + P2S5 additive 

TMU is a solvent that is hardly being applied in batteries. To the best of our knowledge, there is only 

one very recent report on using this solvent as electrolyte component for metal-sulfur batteries. Zhang 

et al.  compared the performance of standard DOL/DME based electrolytes (with LiNO3 as co-salt) with 

DOL/TMU and found a better performance, particularly in terms of capacity utilization [17]. We chose 

to make use of TMU as solvent due to its reported stability against sulfur [18] and its dielectric constant 

of 23.06 − 23.60 [19], which is higher compared to the glymes (7 – 8 [20]), and therefore, TMU should be 

able to dissolve more (poly)sulfides. The physicochemical characterization (electrochemical stability 

window, conductivity, viscosity) of the TMU electrolyte is discussed in section 3. Following the results 

described in the previous section, we further added P2S5 with the same concentration to the TMU 

catholyte. 

Figure 3 displays the cycling performance at 0.1 C for the cell with TMU as catholyte solvent along with 

photographs of the cell at various SOC. The first observation is that the solution is blue due to the 

presence of S3
−

● radicals as it has been observed for DMSO based electrolytes as well [21]. The initial 

cycle shows a discharge capacity as high as 1,200 mAh gS
−1 of which around 800 mAh gS

−1 can be 

recovered during charging. From this, one might also expect a rapid capacity fade just like in the case 

of diglyme. However, the capacity loss stops after around ten cycles, followed by a slight increase to 

reach more than 800 mAh gS
−1. The coulombic efficiency also increased. Average values were 99.3% 

compared to 98.6% in case of diglyme. Note that few data points are missing because the cell was 

operated within a glove box that was frequently also used for other experiments. This led to some 

singular events, see also cycle 22 in Figure 2c which are not representative for the cell.  

The rate capability (C-rate test) of the cell is shown in Figure 3c. Compared to 0.1 C, lowering the 

current did not increase the degree of sulfur utilization. Higher currents, however, led to a capacity 

decrease. At 0.2 C about 550 mAh gS
−1 were achieved. Besides diffusion limitation, the large voltage-

drop across the electrolyte volume is a major cause for the capacity loss at increasing currents because 

the cut-off potential is reached very early, particularly for rates > 0.2 C. 
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Figure 3:a) Appearance of Na-polysulfide catholyte based on TMU solvent across a full charge/discharge cycle. b) Voltage 

profiles for cycle 1, 2 and 10 at a current rate of 0.1 (72 µA cm−2). c) Discharge capacities, charge capacities and coulombic 

efficiencies for the first 30 cycles at same C-rate. d) Rate performance test for additional C-rates 0.05 C, 0.067 C and 0.2 C. 

Further current increase resulted in performance collapse. 

 

2.4 Electrolyte characterization 

As stated above, TMU is an electrolyte solvent that is hardly applied in rechargeable batteries. This 

section therefore summarizes some basic physicochemical properties. Ionic conductivity, viscosity, 

density and electrochemical stability window (ESW) of the 0.5 M NaOTf/TMU electrolyte were 

measured and compared to the 0.5 M diglyme electrolyte. Except the ESW, all measurements were 

performed as a function of temperature. Polysulfides were not added due to possible corrosion of 

some of the measurement setups.  

At 20°C the TMU electrolyte shows a total ionic conductivity of 4.3 mS cm−1 which is 3 times higher 

compared to the diglyme electrolyte, see Figure 4a. With increasing temperature, the conductivity 

linearly increases up to 8 mS cm−1 at 80°C. The change in case of diglyme is much smaller and 

1.8 mS cm−1 are reached at 80 °C. The strong difference in temperature dependence is due to the 

different viscosities, see Figure 4b. At 20°C, the viscosity is 2.8 mPa s for the TMU electrolyte while it 
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is only 1.6 mPa s for the diglyme electrolyte. A temperature increase leads to an exponential decay in 

viscosity which is much stronger in case of the TMU electrolyte hence being a likely reason for the 

more strongly increasing conductivity. Note that both solvents differ also strongly in their relative 

permittivity which is 7.40 [20] for diglyme and 23.06 − 23.60 [19] for TMU. The density of the different 

electrolyte solutions is shown in Figure 4c. Both electrolyte solutions show values close to 1 g cm−3 at 

20°C, while the TMU electrolyte (1.016 g cm−3) is slightly denser than the diglyme electrolyte 

(0.996 g cm−3). 

The electrochemical stability window of the electrolytes was determined by linear sweep voltammetry 

(LSV) using platinum as working electrode, activated carbon as counter electrode and silver as pseudo 

reference electrode, see Figure 4d and Figure S7. The reductive stability of both electrolytes is 

comparable. Reduction starts as early as 1.5 V vs. Na+/Na though major decomposition starts from 

about 0.8 V vs. Na+/Na. In case of sodium metal as electrode, however, the situation is different. While 

the diglyme based electrolyte forms a stable SEI [14], the TMU electrolyte does not and continuous 

corrosion takes place. For example, exposing a piece of sodium metal to the TMU electrolyte led to 

complete dissolution within 3 weeks, see Figure S8. In case of lithium metal, the stability can be 

improved by mixing TMU with DOL as shown by Zhang et al.[17]. However, in case of sodium, TMU is 

completely incompatible, hence this solvent cannot be used in the anode compartment of the cell. 

Considering the oxidative stability, both electrolytes showed different limiting voltages. While the 

onset for decomposition of the diglyme electrolyte was around 4.0 V vs. Na+/Na, oxidation of the TMU 

electrolyte started already at around 3.2 V vs. Na+/Na. Although the ESW depends on the type of 

working electrode used, the results clearly indicate a poorer oxidative stability of the TMU electrolyte 

meaning that this solvent can likely not be combined with high voltage cathodes. However, the redox 

activity of sulfur and the polysulfides takes place at voltages low enough to be in the ESW of the TMU 

electrolyte. In line with this, we never observed strong side reactions in our Na/polysulfide cell, even 

though the charging cut-off potential was set to 3.4 V. Note that a three-electrode setup was used for 

the LSV measurements while the Na/polysulfide cell is a two-electrode setup, which has a large ohmic 

drop over the liquid/solid electrolyte (electrode distance of 20 mm). Using a Swagelok®-type cell, we 

were able to minimize the ohmic drop and could confirm that the redox activity takes place within the 

ESW of the TMU electrolyte, see Figure S9. Nevertheless, as side reactions can be quite subtle, it is 

clear that future studies should also aim at a more detailed analysis of the ESW in the Na/polysulfide 

cell. 

The results of the electrolyte characterization at room temperature are summarized in Table 1. 

Table 1: Properties of the diglyme- and TMU-based electrolyte solutions (0.5M NaOTf). Values for conductivity, viscosity and 

density values correspond to 20°C. Electrolyte stability was determined at 22°C. Permittivity values are taken from given 

references. 

solvent 

ionic 

conductivity 

/ mS cm−1 

viscosity 

/ mPa s 

density 

/ g cm−3 

oxidative 

stability limit 

/ V vs. Na+/Na 

reductive 

stability limit 

/ V vs. Na+/Na 

relative 

permittivity  

2G 1.45 1.603 0.996  4.0  0.8  7.648 [22] 

TMU 4.27  2.806  1.016  3.2  0.8  
23.06 − 

23.60 [19] 
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Figure 4: Characterization of TMU and 2G electrolyte containing 0.5 M NaOTf. a) Total ionic conductivity for different 

temperatures (−30°C - +80°C). b) Viscosity as function of temperature (−30°C - +80°C). c) Density as function of temperature 

(+10°C - +80°C). d) Linear sweep voltammetry curves for electrochemical stability window determined at 22°C. A platinum 

disc was used as working electrode, activated carbon as counter electrode and a silver wire served as quasi reference 

electrode. Potentials were recalculated assuming that the potential of Na+/Na is -2.5 V relative to the silver quasi RE.  

 

2.5 Vis-spectroscopy and state-of-charge (SOC) determination 

Polysulfide containing solutions can show different coloration depending on the SOC and the type of 

solvent used. VIS spectroscopy can therefore be applied to monitor the reaction progress as shown for 

Li/S cells in tetraglyme or sulfolane electrolyte solutions [23]. In contrast to transition metal complexes 

that show different coloration depending on their ligand field configuration, the coloration in case of 

polysulfides mainly depends on the presence or absence of double charged polysulfide anions Sx
2− or 

single charged anion radicals like S3
−●. S3

−● containing solutions are known to absorb visible light in a 

broad spectrum around 600 nm resulting in a characteristic deep blue color [21, 24]. As dissolution of 

polysulfides in the TMU electrolyte leads to a blue coloration, this solvent seems to favour formation 

of stable S3
−● radicals. The likely reason for this is the high dipole moment of TMU [17] (3.28 – 3.66 D 

[19b]). This would be similar to what has been reported for dimethyl sulfoxide (DMSO) based 

electrolytes[21], for dimethyl formamide [25] and hexamethylphosphoramide [26]. On the other hand, 

double charged (non-radical)-polysulfides seem favoured in glyme-based electrolytes due to the green, 

yellow or also brown coloration [21, 27]. Therefore, we assume that oxidation and reduction processes 
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of polysulfides in TMU are not following the simplified reaction pathways sketched in Figure 1b. Instead 

the mechanism includes radical oxidation and reduction by single-electron transfer, supporting the 

suggestions made by Cuisinier et al.[28] and Zhang et al.[17].  

Overall, Vis spectroscopy is not only a straightforward tool to identify the nature of polysulfide species 

in different solvents, it can be also used for detecting the SOC of the cell. The latter is difficult 

otherwise, as the discharge/charge curve of metal-sulfur batteries is often flat. 

Figure 5 shows results from Vis-spectroscopy experiments on the TMU-based catholyte in which P2S5 

and Na2S5 had been dissolved. For this, aliquots of 3 mL were sampled from the cathode compartment 

during cycling at different SOC values (Figure S10). As discussed above, a strong absorption band due 

to S3
−

● can be observed around 619 nm. Interestingly, no further signals are visible at lower 

wavelengths indicating that almost no long chain polysulfide dianions are present. The important 

observation is, however, that only the signal intensity changes during cycling. The peak position and 

the peak shape remain identical, indicating that S3
−

● is the major dissolved species during cell cycling 

(being in equilibrium with VIS-inactive discharge/charge products or some minor component leading 

to absorbance at smaller wavelength). Hence, we first focus on the change in absorbance as a function 

of the SOC. The strongest absorption of 2.75 and hence the highest S3
−

● concentration was detected 

for a SOC of 45 %. Further oxidation directly leads to the formation of optical inactive elemental sulfur 

and the solution appears nearly transparent in fully charged state. Reduction, on the other hand, 

should lead to a transparent or yellow solution (Figure S4). However, discharging is incomplete and 

after reaching the cut-off potential, still some S3
−

● is present. This indicates that the reaction is limited 

by another process, e.g. electrode passivation or diffusion limitation.  

Following the S3
−

● signal easily allows following the SOC. However, as the absorbance goes through a 

maximum at a SOC of 45 %, another source of information is needed to determine whether the cell, 

for a given absorbance, is below or above 45 %. For this, we used the weak signal at around 400 nm 

that appears only when approaching the charged state of the battery. The ratio between the signals at 

619 nm and 400 nm can then be used to determine the SOC, see Figure 5c. Figure 5d shows Vis-

spectroscopy data of the catholyte solution (SOC = 40%) over four days. The absorbance spectra 

remained identical proving that the solution was stable (within the tested time frame) and side 

reactions such as disproportionation did not take place. This is again quite different from polysulfides 

in ether electrolytes as parasitic disproportionation reactions [29] seem to be inhibited or avoided. 

Therefore, the radical pathway of polysulfide oxidation and reduction might be a relevant factor for 

long term stability of metal sulfur batteries.   
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Figure 5: a) Vis spectra of the TMU based catholyte during cell discharge. The strong absorbance band has a maximum at 

always 619 nm and represents S3
−● radicals. b) Vis spectra during cell charging. c) Absorbance at 619 nm and 400 nm as well 

as their comparison as suggestion for SOC determination. d) Vis-spectra of an isolated TMU catholyte at intermediate SOC. 

No change in absorption behavior over several days reveal that polysulfides are stable. Measured absorbance is given as 

log(I0/IT). I0 is the initial light beam intensity and IT is the light beam intensity after sample transmission. All spectra were 

obtained in two-beam configuration with 0.5 M NaOTf in TMU as reference solution.  

 

3. Challenges and future tasks 

 

The cell concept shown here effectively suppresses any possible cross talk between both electrodes 

which makes it a convenient approach for optimizing the electrolyte compositions for each electrode 

individually. While the approach is quite promising, we also note some challenges that may serve as a 

guide for future research directions. 

So far, we could cycle our cells only at low absolute currents (2.34 mA) and at a limited polysulfide 

concentration amounting to a theoretical cell capacity of 23.4 mAh. The corresponding volumetric 

capacity was only 0.12 Ah L−1
catholyte (~0.22 Wh L−1

catholyte). A (too low) concentration of active species is 

a challenge for many batteries based on soluble electrodes. Future studies therefore need to aim at 

increasing the catholyte concentration, at least by a factor 100 in order to compete with vanadium-

based redox-flow technologies (20 – 70 Wh L−1) [30]. Current collectors with higher surface area and 

optimized geometry should also improve the cell performance. A more technical task is to reduce the 

ohmic drop across the cell by reducing the distance of the electrodes. For this, the cell geometry and 

the implementation of the beta alumina tube must be further optimized. Operating the cell at elevated 
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temperatures is also quite appealing. Unfortunately, our attempts were only partly successful so far. 

Tests at 60°C led to issues in the anode compartment (dark coloration of the electrolyte) along with a 

very erratic discharge/charge behavior see Figure S11. Nevertheless, cycling the cell at higher 

temperatures should be in the focus of future studies. Operating the cell above the melting point of 

sodium would (a) eliminate the need for an anolyte, (b) eliminate the issue of dendrite formation, and 

(c) would improve the reaction kinetics. We also note that the cost for assembling the cell as shown 

here are quite high on the laboratory level so far, which limits the number of tests and systematic 

studies. A practical challenge is also to improve the cell sealing as the performance decreased when 

operating the cell outside of the glovebox. In light of this, the results shown here should be seen as a 

proof-of-concept. The Vis-spectroscopy measurements are comparably easy to apply, however, we 

like to point out that the analyzed samples had a maximum active concentration of 1.0 mmol L−1 Na2S5, 

equivalent to a maximum S3
−

● concentration of 1.67 mmol L−1 (if sulfur from P2S5 is considered as 

inactive). The samples had a transmission distance of 9.0 mm, nevertheless the absorbance value was 

already almost 3. If Vis-spectroscopy should be applied for technically more relevant concentrations 

of > 1 mol L−1
, very thin transmission distances would be necessary. 

 

4. Conclusions 

A sodium-polysulfide glass cell was developed in which anode and cathode compartment are 

separated by a tubular solid electrolyte. The advantage of the cell is that cross-talk between both 

electrodes is prevented and the composition of the electrolytes can be optimized for each electrode 

individually. This also allows to combine a dissolved cathode based on polysulfides (Sx
2−) or S3

−
● with a 

solid sodium metal anode. At the same time, the use of a glass beaker provides an easy way to follow 

the cell reaction during charging/discharging. While similar cell designs have been suggested and 

patented earlier, we focused on overcoming present limitations of room temperature Na-S cells by 

employing P2S5 as additive and tetramethyl urea (TMU) as alternative solvent. Starting with a 

frequently employed ether solvent (diglyme, 2G), cell discharge and recharging was very limited due 

to the formation of solid precipitates. This could be partly alleviated by using P2S5 as additive, which 

leads to transparent solutions and prevention of any visible precipitation. Further and quite significant 

improvement was obtained by replacing diglyme as catholyte solvent by TMU. The TMU-based 

catholyte shows clear advantages over diglyme in terms of conductivity, cyclability and coulombic 

efficiency. At current rates of 0.1 C a specific capacity of more than 800 mAh gS
−1 was obtained over 30 

cycles without any notable fading. The use of TMU leads to the formation of S3
−● radicals which are 

present during the complete cell reaction and which can be easily followed by Vis-spectroscopy as they 

result into a blue coloration of the catholyte solution. Using Vis-spectroscopy, the SOC of the battery 

could be monitored and the stability of the solution was confirmed. Further studies will be required, 

however, to further clarify the reaction mechanism in the cathode compartment. The role of 

phosporous from the P2S5 additive could be investigated by 31P-NMR, for example. 

Although challenges and practical hurdles on the lab scale remain, the results of this study show that 

a careful design of the cell and individual optimization of the electrolyte compositions are effective 

strategies to further developing low temperature sodium-sulfur batteries.  

 

 



110 | p a g e                                       P u b l i c a t i o n  # 4  

 

5. Experimental Section  

 

Solid electrolyte preparation IKTS 

Na-β’’-alumina ceramics were synthesized by calcining a mixture of AlO(OH) (Nabaltec), Na2CO3 (Carl 

Roth, 99,5% anhydrous) and Li2CO3 (Carl Roth, 99%) according to the stoichiometry Na1.67Al10.67Li0.33O17 

at 1200°C for 2 h. The obtained white powder was mixed with an organic binder and spray dried into 

fine granules. The granules were isostatically pressed (2000 bar) into green bodies and sintered under 

dense MgO-crucibles at 1600°C for 30 min. In order to calculate the phase composition X-ray 

diffraction patterns were measured (D8 Advance, Bruker, USA) from a grounded sample and analysed 

by Rietveld refinement method (AutoQuan 2.8.0.2). The result is provided in the supporting 

information (Figure S 12, Table S 1). 

Cell preparation 

Most electrochemical cycling results were obtained with a custom made 200 mL glass beaker type cell. 

Besides the connections for positive and negative electrode the steel cap of this cell was equipped with 

an over-pressure release and an aperture for operando electrolyte sample collection or injection. The 

sodium electrode was carried by a stainless-steel bolt which was in contact with the cap and located 

in the centre of the cell. This electrode was covered by a Na-β’’-aluminate tube (wall thickness = 1 mm, 

height = 120 mm, outer diameter = 25 mm), whose inner volume makes the anolyte chamber. Anolyte 

solution was always NaOTf (TCI Chemicals, 98%) dissolved in 2G (Sigma Aldrich, 99.5%) in 0.25 - 0.5 M 

concentration. Note that the conducting salt has been purified further by dissolving in boiling ethanol, 

consecutive filtration and drying in vacuum at 100°C for 24 h after solvent removal. 

Positive electrode, on the other hand, was a carbon paper (GDL H23, Freudenberg) carried by an 

aluminum ring. On this way the carbon paper got a cylindrical shape according to the general glass 

beaker shape. Approximately 32 cm2 of the carbon dipped into the catholyte solution made of NaOTf 

(0.5 M), Na2S5 (1 mM; BASF) and P2S5 (5/3 mM) dissolved in either tetra-methyl urea (TMU) or diglyme 

(2G) for comparison. The anolyte chamber contained 13 mL of electrolyte, while the catholyte 

chamber contained an electrolyte volume of 87 mL. This way the catholyte level was slightly above the 

liquid level of the anolyte and the ceramic was gently pushed upwards, hence, it did not require further 

fixation. The catholyte was equipped with a magnetic stirrer.  

Additional measurements were carried out in three-electrode Swagelok® type cells. Standard 

cyclovoltammetry cells contained a 12 mm Na disc as counter electrode and a sodium piece as 

reference electrode. Both electrodes were in contact with 55 µL electrolyte (0.5 M NaOTf in 2G) and 

were protected by a Na-β’’-aluminate disc (Ionotec) towards preventing polysulfide shuttle and mixing 

of catholyte and anolyte. One layer of glass fiber separator (Whatman) was placed between the 

ceramic and the sodium disc for electrolyte uptake. As positive electrode we used two layers of 12 mm 

GDL H23 carbon fiber soaked with 15 µL of selected electrolyte (0.5 M NaOTf in TMU + 5 mM Na2S5 + 

optionally 8.33 mM P2S5). 

Cells for conductivity measurements contained two platinum plated electrodes, no reference and 

450 µL of electrolyte (0.5 M NaOTf in 2G or TMU). The cells were placed inside a climate chamber 

(Binder) in purpose of measuring the conductivities by impedance spectroscopy (SP240, Biologic) at 

different temperatures (0 – 80°C).  
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Swagelok® cells for electrochemical stability window determination at room temperature contained a 

platinum working electrode, an activated carbon counter electrode and a silver wire as reference 

electrode. 150 µL of electrolyte (0.5 M NaOTf in 2G or TMU) was added onto glass fiber separator 

(Whatman) serving as separator. Separate cells were constructed for oxidation and reduction, 

respectively. The cells were swept from open circuit voltage towards either positive or negative 

direction at 1 mV s-1 until a current density of 10 mA was measured. 

All cells were constructed inside an argon filled glove box (MBraun) with O2 and H2O partial pressure 

fractions being lower than 0.1 ppm, respectively.  

Electrochemical measurements  

Beaker type cells were electrochemically cycled with an SP150 device (Biologic) in two-electrode 

configuration. Galvanostatic measurements were mainly conducted with rather low rates between 

0.05 C and 0.2 C or accordingly 36 µA cm−2 and 144 µA cm−2. Upper voltage limit was 3.4 V whereas 

discharge was limited by 1.0 V. Operation took place in the same glovebox the cells have been 

constructed in. Cyclovoltammetry was carried out in three-electrode configuration with a scan rate of 

5 mV s−1 up to vertex potential of 3.4 V vs. Na+/Na for oxidation and down to vertex potential of 0.8 V 

vs. Na+/Na for reduction using an MPG-2 cycler (Biologic) at room temperature.  

Vis-spectroscopy 

Vis-spectra of catholyte solutions were collected with a Perkin Elmer Lambda 35 UV-Vis spectrometer 

(2-beam setup). Scanned wave length range was 700 nm to 400 nm, scan speed was set to 

480 nm min−1 and resolution was 1 nm−1. 3 mL polysulfide solution of a running beaker cell with TMU 

catholyte were analyzed in defined time intervals of usually 1 h using an airtight quartz cuvette (d = 

9.0 mm). The reference vial was filled with sulfur-free electrolyte. Electrochemical cell operation was 

paused during Vis-spectra measurements. In order to avoid high catholyte volume consumption 

analyzed solutions were reinjected into the beaker cell before proceeding discharge or charge. 

Viscosity and density 

The viscosity of the electrolytes was determined using a rheometer MCR 102 (Anton Paar) in the 

temperature range comprised between −30 and 80°C. The shear rate for all tests was set to 50 s−1. 

The density of the electrolytes was determined in the temperature range comprised between 10 and 

80°C, using a density meter DMA 4100M (Anton Paar). 

Acknowledgements  

The authors are grateful to the federal state of Thuringia (ProExzellenz program) and the long-term 

support within the International Network for Electrochemistry and Batteries of BASF SE. 

 

[1] NGK insulators, https://www.ngk-insulators.com/en/news, accessed October 9th 2019, 2012. 

[2] a) P. Adelhelm, P. Hartmann, C. L. Bender, M. Busche, C. Eufinger, J. Janek, Beilstein J Nanotechnol 2015, 6, 1016-

1055; b) S. H. Chung, A. Manthiram, Adv Mater 2019, e1901125; c) D. Kumar, S. K. Rajouria, S. B. Kuhar, D. K. 

Kanchan, Solid State Ionics 2017, 312, 8-16; d) T. Li, J. Xu, C. Wang, W. Wu, D. Su, G. Wang, Journal of Alloys and 

Compounds 2019, 792, 797-817; e) F. Li, Z. Wei, A. Manthiram, Y. Feng, J. Ma, L. Mai, Journal of Materials Chemistry 

A 2019, 7, 9406-9431; f) G. Nikiforidis, M. C. M. van de Sanden, M. N. Tsampas, RSC Advances 2019, 9, 5649-5673. 



112 | p a g e                                       P u b l i c a t i o n  # 4  

 

[3] a) T. Cleaver, P. Kovacik, M. Marinescu, T. Zhang, G. Offer, Journal of The Electrochemical Society 2017, 165, A6029-

A6033; b) S.-H. Chung, C.-H. Chang, A. Manthiram, Advanced Functional Materials 2018, 28; c) M. Wild, L. O'Neill, 

T. Zhang, R. Purkayastha, G. Minton, M. Marinescu, G. J. Offer, Energy & Environmental Science 2015, 8, 3477-3494; 

d) W. Kang, N. Deng, J. Ju, Q. Li, D. Wu, X. Ma, L. Li, M. Naebe, B. Cheng, Nanoscale 2016, 8, 16541-16588. 

[4] L. Medenbach, P. Adelhelm, Top Curr Chem (Cham) 2017, 375, 81. 

[5] L. Medenbach, I. Escher, N. Kowitsch, M. Armbruster, L. Zedler, B. Dietzek, P. Adelhelm, Angew Chem Int Ed Engl 

2018, 57, 13666-13670. 

[6] a) K. M. R. Abraham, R. D.; Brummer, S. B., Electrochimica Acta 1978, 23, 501-507; b) R. D. A. Rauh, K. M.; Pearson, 

G. F.; Surprenant, J. K.; Brummer, S. B., J. Electrochem. Soc. 1979, 126, 523-527. 

[7] a) S. Wenzel, H. Metelmann, C. Raiß, A. K. Dürr, J. Janek, P. Adelhelm, Journal of Power Sources 2013, 243, 758-765; 

b) I. Kim, J.-Y. Park, C. H. Kim, J.-W. Park, J.-P. Ahn, J.-H. Ahn, K.-W. Kim, H.-J. Ahn, Journal of Power Sources 2016, 

301, 332-337. 

[8] a) X. Yu, A. Manthiram, Chemistry of Materials 2016, 28, 896-905; b) J.-Q. Huang, Q. Zhang, H.-J. Peng, X.-Y. Liu, W.-

Z. Qian, F. Wei, Energy Environ. Sci. 2014, 7, 347-353; c) I. Bauer, M. Kohl, H. Althues, S. Kaskel, Chem Commun 

(Camb) 2014, 50, 3208-3210. 

[9] a) F. Yang, S. M. A. Mousavie, T. K. Oh, T. Yang, Y. Lu, C. Farley, R. J. Bodnar, L. Niu, R. Qiao, Z. Li, Advanced Energy 

Materials 2018, 8; b) G. Nikiforidis, G. J. Jongerden, E. F. Jongerden, M. C. M. van de Sanden, M. N. Tsampas, Journal 

of The Electrochemical Society 2019, 166, A135-A142. 

[10] N. Li, Z. Weng, Y. Wang, F. Li, H.-M. Cheng, H. Zhou, Energy Environ. Sci. 2014, 7, 3307-3312. 

[11] M. R. Busche, T. Drossel, T. Leichtweiss, D. A. Weber, M. Falk, M. Schneider, M. L. Reich, H. Sommer, P. Adelhelm, 

J. Janek, Nat Chem 2016, 8, 426-434. 

[12] a) R. Demir-Cakan, Journal of Power Sources 2015, 282, 437-443; b) Y. Jin, G. Zhou, F. Shi, D. Zhuo, J. Zhao, K. Liu, Y. 

Liu, C. Zu, W. Chen, R. Zhang, X. Huang, Y. Cui, Nat Commun 2017, 8, 462; c) F. Y. Fan, W. C. Carter, Y. M. Chiang, 

Adv Mater 2015, 27, 5203-5209. 

[13] Z. L. Lin, Z.; Fu, W.; Dudney, N. J.; Liang, C., Adv. Funct. Mater. 2013, 23, 1064-1069. 

[14] M. Goktas, C. Bolli, J. Buchheim, E. J. Berg, P. Novak, F. Bonilla, T. Rojo, S. Komaba, K. Kubota, P. Adelhelm, ACS Appl 

Mater Interfaces 2019. 

[15] L. Medenbach, C. L. Bender, R. Haas, B. Mogwitz, C. Pompe, P. Adelhelm, D. Schröder, J. Janek, Energy Technology 

2017, 5, 2265-2274. 

[16] a) Z. Lin, Z. Liu, W. Fu, N. J. Dudney, C. Liang, Angew Chem Int Ed Engl 2013, 52, 7460-7463; b) M. Kohl, F. Borrmann, 

H. Althues, S. Kaskel, Advanced Energy Materials 2016, 6; c) J. Pampel, S. Dörfler, H. Althues, S. Kaskel, Energy 

Storage Materials 2019; d) Y. X. Ren, H. R. Jiang, T. S. Zhao, L. Zeng, C. Xiong, Journal of Power Sources 2018, 396, 

304-313. 

[17] G. Zhang, H. J. Peng, C. Z. Zhao, X. Chen, L. D. Zhao, P. Li, J. Q. Huang, Q. Zhang, Angew Chem Int Ed Engl 2018, 57, 

16732-16736. 

[18] G. Weddigen, J. Electrochem. Soc. 1980, 127, 1225 - 1227. 

[19] a) C. G.-E. Okpala, A.; Maharajh, D. M., Journal of Chemical Engineering Data 1980, 25, 384-386; b) A. Lüttringhaus, 

H. W. Dirksen, Angew. Chem. Int. Ed. 1964, 3, 260-269. 

[20] C. F. Riadigos, R. Iglesias, M. A. Rivas, T. P. Iglesias, The Journal of Chemical Thermodynamics 2011, 43, 275-283. 

[21] Q. Zou, Y. C. Lu, J Phys Chem Lett 2016, 7, 1518-1525. 

[22] A. Lago, M. A. Rivas, J. Legido, T. P. Iglesias, The Journal of Chemical Thermodynamics 2009, 41, 257-264. 

[23] a) C. Barchasz, F. Molton, C. Duboc, J. C. Lepretre, S. Patoux, F. Alloin, Anal Chem 2012, 84, 3973-3980; b) M. U. 

Patel, R. Demir-Cakan, M. Morcrette, J. M. Tarascon, M. Gaberscek, R. Dominko, ChemSusChem 2013, 6, 1177-1181; 

c) X. Yu, A. Manthiram, J Phys Chem Lett 2014, 5, 1943-1947. 

[24] R. Steudel, T. Chivers, Chem Soc Rev 2019, 48, 3279-3319. 

[25] R. J. H. Clark, D. G. Cobbold, Inorganic Chemistry 2002, 17, 3169-3174. 

[26] T. Chivers, I. Drummond, Inorganic Chemistry 1972, 11, 2525-2527. 

 

 

[27] a) K. H. Wujcik, D. R. Wang, A. Raghunathan, M. Drake, T. A. Pascal, D. Prendergast, N. P. Balsara, The Journal of 

Physical Chemistry C 2016, 120, 18403-18410; b) Q. Wang, J. Zheng, E. Walter, H. Pan, D. Lv, P. Zuo, H. Chen, Z. D. 

Deng, B. Y. Liaw, X. Yu, X. Yang, J.-G. Zhang, J. Liu, J. Xiao, Journal of The Electrochemical Society 2015, 162, A474-

A478. 

[28] M. Cuisinier, C. Hart, M. Balasubramanian, A. Garsuch, L. F. Nazar, Advanced Energy Materials 2015, 5. 

[29] a) S. S. Zhang, Electrochimica Acta 2013, 97, 226-230; b) Y. Chen, H. Zhang, W. Xu, X. Yang, Y. Yu, X. Li, H. Zhang, 

Advanced Functional Materials 2018, 28. 



P u b l i c a t i o n  # 4                                       p a g e | 113 

 

[30] M. Skyllas-Kazacos, G. Kazacos, G. Poon, H. Verseema, International Journal of Energy Research 2010, 34, 182-189. 

 

 



114 | p a g e                          M a t e r i a l s  a n d  m e t h o d s  

 

8       Materials and methods 
 

The subchapter 8.1 briefly introduces the four cell assemblies, which were used for obtaining the 
results this thesis bears on. All cell constructions were performed in an argon filled glovebox. 
Finally, the chapter provides a description of the Na-β’’-aluminate separator – a high performance 
Na+-ion conducting ceramic. The subsequent subchapters 8.2 and 8.3 have the aim to provide a 
general description of all methods used within the projects of the PhD progress – electrochemical 
ones and non-electrochemical ones. 

8.1 Electrochemical cell assemblies and compartments 

Swagelok®-type cell system 

The Swagelok®-cell can be used in two different configurations – T-shaped and I-shaped. The T-
shaped version is the only cell assembly presented in this work which allows the implementation 
of a third electrode (reference, RE). The cell setup itself consists of 21 single compartments 
(figure 8.1). A Swagelok® T-part is the central cell body and is made of stainless steel. The whole 
cell chemistry takes place between the two steel plates (7. and 8.) located in the middle of the cell. 
Electrodes, separator, an electrolyte, and, optionally, a membrane are placed in there. The reference 
electrode contacts the cell electrolyte via a small separator stripe which is put through the hole of 
part 9. Springs ensure an always constant pressure on the electrode materials, while electronic 
isolation is achieved by hulls and punches made of PEEK. Silicone sealing rings and screw nuts 
guarantee air tightness; hence, the cell can be operated outside the glovebox. 

The Swagelok®-type cell was an important part of all three publications showing own research 
results: the “Sulfur-Spillover” effect on electrochemical cell level (project #1), coulometric titration 
of indium including impedance spectroscopy (project #2), and electrolyte characterization (project 
#3).  

 

 

 

figure 8. 1: T-shaped Swagelok®-type-cell. Left: all single compartments: 1. steel cell housing; 2. screw nuts; 3. silicone 

sealing rings; 4. working electrode punch; 5. big spring; 6. big PEEK hull; 7. steel plate; 8. steel plate with contact; 9. 

small PEEK hull with hole; 10. small springs; 11. counter electrode punch; 12. reference electrode holder; 13. reference 

electrode punch. Right: as assembled T-shaped Swagelok®-type cell. 
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All-solid-state-cell system 

Electrochemistry with only solid materials was conducted with a custom-made uniaxial cylinder 
cell. Therein, powders (working electrode and electrolyte) and a counter electrode disc are stepwise 
filled into the cell body and mechanically cold-pressed between two stainless steel punches which 
act as contact spots as well. An inner PEEK hull again ensured electronical separation between 
housing material and active materials. The assembled cells were placed in a frame with a screw 
terminal towards adjusting a certain pressure on the inner cell compartments. Like the Swagelok®-
cells, the solid-state cells were constructed inside but operated outside the glovebox. 

The setup was relevant in project #3 only and was used for testing the compatibility of different 
indium-lithium-alloys with the β-Li3PS4-solid-electrolyte.  

 

figure 8. 2: Custom-made solid-state-cell. Left: all single compartments: 1. steel punches with contact; 2. brass screw 

nuts; 3. PEEK hull; 4. brass cell body; 5. setup frame; 6. screw terminal; 7. bumper. Right: as assembled all-solid-state 

cell. 

 

Beaker-type polysulfide-cell system 

The polysulfide-concept from project #4 was realized with a custom-made beaker-cell with a 
volume of approximately 200 ml. It consisted of two electrolyte chambers – an inner one for the 
sodium electrode and an outer one for the dissolved sulfur electrode. Both chambers were separated 
by a tubular Na-β’’-aluminate membrane which prevented any chemical crosstalk between them; 
hence, the chambers could contain two different liquid electrolytes. Although more electrolyte 
could be filled in, only 50% of the volume (100 ml: 87 ml catholyte, 13 ml anolyte) was used in the 
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experiments. The beaker itself was made of glass, which allowed observing the changes of the sulfur 
electrolyte solution during operation. Electrochemical reduction and oxidation of dissolved sulfur 
species was supposed to take place at a carbon cloth which was fixated in an aluminum ring and 
dipped inside the electrolyte. The cell had a multifunctional cap with contact spots for both 
electrodes, an overpressure valve, and a bypass for electrolyte sampling. All electrochemical 
cycling results presented in the manuscript of project #4 have been obtained by this cell system 
which was assembled and operated in an argon-filled glove box.  

 

figure 8. 3: 200 ml beaker-type polysulfide-cell. Left: all single compartments: 1. screw terminal; 2. steel cap with contact 

spots for working electrode and counter electrode as well as overpressure valve and bypass for electrolyte sampling; 3. 

upper aluminum ring with working electrode contact; 4. lower aluminum ring with screw fixation; 5. carbon cloth 

current collector; 6. steel cap elongation; 7. steel bolt for counter electrode attachment; 8. O-ring; 9. glass beaker; 10. 

Na-β’’-aluminate separator; 11. magnetic stir bar. Right: as assembled beaker-type polysulfide-cell. 

 

Hull-type polysulfide-cell system 

Because construction of the latter cell type is quite cost-intensive, a downsized alternative has been 
used in project #3 in order to obtain results which are part of the supporting information. As it 
consists of three different hulls which are put into each other, the system holds the name hull-type 
cell and was custom-made as well. The inner hull is again a Na-β’’-aluminate membrane, the middle 
hull is made of aluminum and carries a conductive carbon coating for sulfur reaction. The outer hull 
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consists of Teflon© and makes the cell housing. In comparison with the bigger analogue, the hull-
type polysulfide-cell worked with only 5 ml catholyte solution, while the amount of anolyte was 
the same (13 ml). Due to a high carbon/sulfur ratio, it was possible to run the cell without stirring. 
Furthermore, the lower distance between the electrodes explains a smaller Ohmic drop and higher 
discharge voltages. Using this downsized polysulfide-cell, results for other catholyte solvents 
(dimethyl-acetamide, monoglyme, tetraglyme) and for a restricted voltage window cycling have 
been obtained.  

 

 

figure 8. 4: Hull-type polysulfide-cell. Left: all single compartments: 1. screw terminal; 2. steel cap with counter 

electrode contact; 3. sealing ring; 4. steel bolt for counter electrode attachment; 5. Na-β’’-aluminate separator; 6. 

aluminum hull with working electrode contact; 7. Teflon© beaker with notch for working electrode contact. Right: as 

assembled hull-type polysulfide-cell. 

 

Na-β’’-aluminate 

The Na-β’’-aluminate ceramic was an essential part for obtaining the electrochemical results in this 
thesis. The Na+-ion-conductor is chemically stable, non-toxic, and provides a cation transference 
number (t+) of 1. Although only abundant materials are part of the material’s stoichiometry, the 
fabrication can be costly, as calcination and sintering temperatures between 1200°C – 1600°C are 
required. At the typical operation temperature of high-temperature sulfur-batteries (300°C), the 
material provides an ionic conductivity up to 200 mS cm−1 [1]. At room temperature, the ionic 
conductivity is about 2 mS cm−1 [2], which is still in the magnitude of proven liquid electrolytes and 
a sufficient value for low-temperature cell operation. It is interesting to note that β-aluminate is not 
an own phase in the bare aluminum oxide phase diagram. The phase is created by foreign oxides 
like Na2O, which results in a formal stoichiometry of Na1Al11O17. The overall structure can be 
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divided into spinel blocks with aluminum oxide and ion-conducting slaps with a high concentration 
of mobile Na+-ions (figure 8.5). Usually, defects in the Al3+-positions are projected for increasing 
the Na+-content with the aim to achieve higher ionic conductivity. In addition, foreign cations like 
Li+, Mg2+ and Zr4+ can be implemented in order to tune the final ceramics properties. The more real 
stoichiometry for the Na-β’’-aluminate from Fraunhofer IKTS used in project #3 is 
Na1.67Li0.33Al10.67O17 with some traces of other cations. Na-β’’-aluminate discs used in project #1 
have been purchased from Ionotec Ltd. Ionic conductivity was determined by impedance 
spectroscopy and was in the range of 0.6 mS cm−1 [3] at room temperature for both ceramics – from 
IKTS and from Ionotec Ltd. The ceramics were reused several times. Before their reuse, the 
ceramics were reactivated by heat treatment (800°C, 2 h) in order to remove water traces which 
might alleviate the ionic conductivity. 

 

figure 8. 5: Crystal structure of Na-β’’-aluminate: the material has a spinel structure with Na+-ion conducting planes 

between the spinel blocks. Reproduced from [1] with the permission of Elsevier, license No. 4724680309906 

 

8.2 Electrochemical methods 

Galvanostatic cycling with potential limits (GCPL) 

Galvanostatic cycling is probably the most applied method in battery research, as it provides a lot 
of relevant data representing electrochemical cell properties. It monitors the cell potential (or 
voltage) over time, while the current rate is controlled as constant. The cell is discharged and 
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charged alternately for a selected number of repetitions, where the turning points are defined by 
cut-off cell voltages or potentials – a lower one for stopping discharge and an upper one for stopping 
charging (figure 8.6 a)). Different data outputs can be gained from GCPL-experiments: the most 
important one is the experimental capacity which is simply calculated by multiplication of the 
applied current and the required time for a discharge or charge step, respectively. Comparison 
between discharge and charge capacity delivers Coulombic efficiencies; taking voltage or potential 
into account (the area under the curves) provides energy and energy efficiency characteristics. 
Cycling stability of a test cell is usually evaluated by the capacity decay as a function of discharge 
and charge repetitions. Rate capability data, on the other hand, is obtained by current rate change at 
selected cycle numbers. 

As GCPL provides fundamental cell characteristics, it is part of all three thesis publications with 
experimental findings. Aside from the opportunities described above, the method can also be 
applied on symmetric cells with the aim to monitor cell polarization and total overpotentials as it 
was performed in project #2. For this, setting potential limits is not meaningful; thus, they were 
replaced by simple time limits.  

 

Coulometric titration 

Coulometric titration makes use of Faraday’s law in order to calculate the amount or the 
stoichiometry of a compound by a measured charge turnover. Usually, a constant current or a 
constant potential are adjusted towards promoting a reaction. This method can be extended in 
different ways. For example, the thermodynamic driving force as a function of reaction progress 
can be obtained by additional monitoring of the equilibrium potential (OCV) in defined time 
intervals (figure 8.6 b)).  

This was done in project #2. A solid bulk indium disc has been coulometrically titrated by lithium, 
while the OCV values for the progressing reaction were recorded. The different OCV values were 
attributed to defined alloy stoichiometries which were in accordance with binary phase diagram 
data.  

 

Linear sweep voltammetry (LSV) 

Linear sweep voltammetry is a potentiodynamic 3-electrode-method, wherein the cell potential is 
steadily shifted in either positive (oxidative) or negative (reductive) direction with a defined scan-
rate. The measured dimension is current and measurement is stopped, when a predefined cut-off 
current is achieved (figure 8.6 c)). Usually, the method is applied for electrochemical stability 
determination of electrolytes towards oxidation or reduction. Regarding this, a current close to 0 
represents electrolyte stability, while a sudden deviation (~10 µA cm−2) is interpreted as indicator 
for instability of either the solvent or the conduction salt. Two potentials can be determined – one 
for the oxidation and one for the reduction borderline. These potentials make the electrochemical 
stability window. Note, that these measurements are often conduced with a platinum working 
electrode; hence, the obtained stability window might slightly differ from the one in real cells with 
active electrodes. 

LSV was used for the characterization of the diglyme and tetramethylurea electrolytes in project 
#3. 
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Cyclic voltammetry (CV) 

Cyclic voltammetry is a potentiodynamic 3-electrode method with predefined scan rates as well, 
similar to the LSV. In contrast, cyclic voltammetry includes several repetitions of a potential range 
which is defined by two vertex potentials (figure 8.6 d)). Measured is again the current as a function 
of the potential within an electrochemical test cell containing electroactive materials. Because of 
ion concentration depletion close to the electrode and diffusion effects, a cyclic voltammogram 
often displays peak signals, each corresponding to an oxidation process (positive current) or 
reduction process (negative current). Therefore, the method allows insights into the electrochemical 
reaction mechanism in terms of either concerted or stepwise processes. Questions about reaction 
reversibility and reaction kinetics can be answered by comparison of oxidation signals with 
corresponding reduction signals. 

CV has been applied in project #3 for the electrochemical reaction analysis of Na2S5 dissolved in 
tetramethylurea, with and without P2S5 additive.  

 

Potentiostatic electrochemical impedance spectroscopy (PEIS) 

Electrochemical impedance spectroscopy is a powerful tool for determining the separate resistance 
contributions of an electrochemical cell. Within the potentiostatic working principle, an alternating 
voltage is modulated at different frequencies (~1 MHz – 1 mHz), while the alternating current 
response including the phase shift is recorded. Overall, electrochemical impedance spectroscopy is 
about the dimension troika: 1) modulation signal frequency ω, 2) phase shift between sinusoidal 
voltage and current oscillation φ, and 3) the measured impedance Z. The dimensions correlate as 
follows: 

( ) = ∙ exp (i ∙ ∙ )                                                                     ( . 8.1) 

( ) = ∙ exp (i ∙ ∙ − )                                                                ( . 8.2) 

=  ∙ exp(i ∙ )                                                                          ( . 8.3) 

Usually, impedance data is divided into a real part Re(Z) and an imaginary part Im(Z). The 
corresponding graph style is the Nyquist plot (figure 8.6 e)). 

Within electrochemical cells, each compartment and particularly each interface has its own 
contribution to the total cell impedance. Double layer formation leads to capacitive contribution 
(imaginary part), while charge transport and charge transfer follow Ohmic behavior. The responses 
depend on the applied frequencies; hence, separate and often semicircle-like signals can be seen in 
the Nyquist plot. A helpful method for electrochemical impedance spectroscopy evaluation is the 
assumption of an equilibrium circuit. Each interface (e.g. electrode/electrolyte) can be associated 
with a parallel R/C-element representing charge transfer resistance and double-layer capacitance. 
In the Nyquist plot, ideally one semicircle appears for such an interface, while its diameter 
corresponds to the resistance value. As the double layer does not act exactly like a capacitor, the 
signal is often depressed and is fitted by a constant phase angle element (CPE), which introduces a 
further fitting parameter describing the not ideal nature of the double layer capacitance. Bare Ohmic 
resistance delivers no response in the imaginary part of the Nyquist plot; thus, these values can be 
usually read out from the spectrum onset at high frequencies.  
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PEIS has been used in project #2 for the interface resistance determination of different In-Li-alloys 
during their formation in a liquid-electrolyte test cell.  

 

figure 8. 6: Data output schemes of different electrochemical methods. a) GCPL showing a discharge and a charge step 

making one cycle. b) Titration curve of a solid substrate B by a titration agent A. Plateaus correspond to two-phase-

regions, while sloping parts correspond to 1-phase-regions. c) Typical LSV curve for an electrochemical stability window 

determination of an electrolyte. d) CV of a compound showing a reversible redox-process within the defined potential 

range. e) Theoretical Nyquist impedance spectrum for the sketched equilibrium circuit 

. 
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8.3 Non-electrochemical methods 

X-ray diffractometry (XRD) 

XRD-technique is mainly used for crystal structure determination of solids or, the other way around, 
the identification of a solid by its crystal structure. Characteristic X-rays are generated by high 
energy electron bombardment of a source usually made of copper or molybdenum. The X-rays 
target a solid (pellet or powder) sample. It is then diffracted in a defined manner directed by the 
sample’s crystal structure. The diffraction causes optical resonance effects which result in intensity 
amplification and extinction according to Bragg’s equation (equation 8.4).  

∙ = 2 ∙ ∙ sin( )                                                           ( . 8.4) 

λ is the characteristic wavelength, d is the plane distance of the crystal lattice, θ is the angle 

between X-ray direction and lattice plane, while n is the resonance order. 

With a detector, the X-ray resonance can be recorded as a function of the measurement geometry 
defined by the angle θ. The resulting diffraction pattern finally contains reflections whose angle 
positions depend on the sample’s crystal structure. Besides crystal structure determination, the 
technique can be also used to evaluate the crystallinity degree of a sample. 

In project #1, the method was used for monitoring the crystallinity decay of α-sulfur staying in 
contact with porous carbon. Samples showing no reflections in their diffraction pattern were 
designated as X-ray amorphous.  

 

Scanning electron microscopy (SEM) 

SEM is a microscopy technique which uses electron beams in a vacuum instead of visible light. As 
electrons accelerated in an electric field exhibit a lower wavelength compared to visible light, the 
possible optical resolution is clearly increased according to the Abbe equation (equation 8.5).  

= 2 ∙ ∙ sin ( )                                                                  ( . 8.5) 

Akin to classical light microscopy, the electrons are directed by lenses, but these work with electric 
and magnetic fields. This way, a selected sample area can be scanned spot by spot. The image itself 
is generated by either backscattered or secondary electrons which are analyzed by an electron 
detector inclined-above the sample. The detected electron intensity reveals qualitative information 
about the local material structure down to nanometer resolution and also about the local electronic 
conductivity, as less conductive spots occur brighter in the final image.  

In project #1, SEM was helpful to follow the decay of micrometer-sized sulfur particles (bright 
spots in the image) within the “Sulfur Spillover” process. The elemental composition and 
distribution, on the other hand, required energy dispersive X-ray spectroscopy which can be 
conducted using the same device. 

 

Energy dispersive X-ray spectroscopy (EDS) 

EDS is a surface-specific spectroscopy method for determining the distribution of chemical 
elements within a solid sample. Similar to SEM, the technique works with an energetic electron 
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beam which targets a sample in vacuum. In contrast, element-characteristic X-ray emissions are 
detected instead. The high energy electron radiation causes excited states of sample atoms. The 
relaxation of these excited states releases X-rays with a defined wavelength which is typical for the 
respective chemical element. In combination with a SEM machine, the technique allows the 
investigation of locally resolved elemental compositions, often named as EDS-mapping. As the 
method analyzes only the surface, the obtained elemental composition value might not represent 
the materials bulk phase.  

The EDS-mapping technique has been applied in project #1 for evaluating the sulfur distribution in 
C/S-composites at different points in time. Moreover, EDS was used to evidence that sulfur did not 
leave the composite, although no sulfur particles were visible by SEM anymore. 

 

Elemental analysis (EA) 

EA has the same purpose like EDS with the downside that only a few elements (H, S, N, C) can be 
measured in a destructive way. However, the method is more accurate, as it analyzes the whole 
sample bulk instead of only its surface. The working principle is based on sample combustion with 
pure oxygen. The gaseous oxidation products are separated in a column and quantitatively analyzed 
afterwards by a thermal detector.  

In project #1, EA was used to confirm the exact sulfur content of the C/S composites before and 
after the Spillover process.  

  

Raman-spectroscopy 

Raman-spectroscopy uses monochromatic LASER light and detects the inelastic scattering caused 
by the irradiated solid sample. The detected light contains a spectrum which differs from the 
LASER wavelength, because light transfers energy amounts according to the rotation and vibration 
characteristics of a sample. This energy transfer results in defined wavelength shifts (Stokes lines; 
Raman shifts) and can be attributed to a materials identity, crystallinity, and more.  

Raman-spectroscopy was also an important tool for monitoring the sulfur crystallinity within the 
C/S composites having different sulfur content (project #1). The method was used in order to 
support the interpretations from the XRD experiments of the same samples. 

 

Vis-spectroscopy 

Vis-spectroscopy is a method which investigates the visible light absorption behavior of a solution, 
as it compares light intensity before (I0) and after transmission (IT) of a dissolved sample. The 
logarithm of the intensity ratio is defined as absorbance A or extinction. In general, the method is 
explained by Lambert-Beers law (equation 8.6).  

= lg = ∙ ∙                                                             ( . 8.6) 

ε is the extinction coefficient, d is the sample thickness and c is the sample concentration. Spectra 
display the absorbance as a function of wavelength and are usually recorded against a standard 
which is in most cases the pure solvent without dissolved sample.  
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Vis-spectroscopy was conducted in project #3 in order to correlate the absorbance behavior of 
polysulfides dissolved in tetramethylurea dominated by S3

−∙-radicals with the state of charge (SOC) 
of a running Na/polysulfide-cell. 

 

Thermogravimetry (TGA) 

TGA is a thermal method towards monitoring the weight loss of a sample during steady temperature 
increase. This weight loss can be either caused by evaporation or combustion, if no protective gas 
atmosphere is used. The method reveals information about the sample’s water content and the 
thermal stability in general. Moreover, the strength of adsorption, e.g. attractive molecular 
interactions, can be estimated from thermogravimetric results.  

TGA delivered unambiguous data for further characterization of the “Sulfur Spillover” process 
(project #1) as sulfur requires typically higher temperatures for evaporation when interacting with 
porous carbon. It was also possible to verify the idea of a Spillover capacity depending on the 
properties of used carbon. 

 

Differential scanning calorimetry (DSC) 

DSC is another thermal analysis method with the aim to determine enthalpy changes of a sample 
during heating. These enthalpy changes might have their origin in melting, evaporation, or phase 
transformation processes. The measurement setup requires two chambers – one with a sample and 
one without. The chambers are heated up simultaneously and are separated by a wall with defined 
thermal conductivity. Heat fluxes occur in case of temperature unbalance, are recorded by a 
detector, and can be attributed to the different aforementioned sample activities. 

Within project #1, DSC demonstrated that sulfur phase transition ability as well as its melting point 
is not measurable anymore, if it performed “Spillover” in a porous carbon matrix. Akin to the TGA 
method, DSC supported the idea of a “Spillover capacity”. 

 

N2-physiosorption according to Brunauer-Emmett-Teller (BET) 

N2-physisorption is a common technique for determining the surface area of solids, particularly 
porous materials. Gases like N2 interact with solids and can be adsorbed above their condensation 
point. Usually, a sample with an unknown surface area is placed in an evacuated glass vial, heated 
in order to desorb any gases and subsequently cooled by liquid nitrogen. Afterwards, the vial is 
stepwise dosed with defined amounts nitrogen gas (n). Simultaneously, the pressure p inside the 
vial is recorded in order to calculate the share of adsorbed and gaseous nitrogen inside. The obtained 
data requires an evaluation model. In this regard, the most frequently used one is the BET-model 
(equation 8.7). In contrast to other models, it considers multilayer adsorption effects on a sample.  

∙ ( − ) = 1∙ C + (C − 1) ∙∙ C ∙                                        ( . 8.7) 

C is a thermodynamic constant estimated from adsorption/desorption-heat and nm is the required 
N2-amount for covering the whole surface within the scope of a monolayer. From this, the specific 
surface area of a solid can be calculated. Considering further model extension by the Kelvin 
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equation, for example, physisorption experiments can also reveal information about the pore size 
distribution of a sample.  

Because porous carbon was the host material sulfur performed the Spillover within, precise data 
about its specific surface area were determined (project #1). The results helped to correlate the 
proposed “Spillover capacity” with the idea of monolayer-formation as the Spillover effect itself 
can be also associated with physisorption behavior – with solid sulfur instead of gaseous nitrogen.  
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9       Conclusions and outlook 
 

The scientific content of this dissertation was about the element sulfur and its properties in different 
environments with regard on the nowadays relevant subject “electrochemical energy storage”. 
Revisiting the goals, it was projected to investigate fundamental aspects of sulfur containing 
batteries from different, or maybe, uncommon points of view in order to promote further the 
intensive research progress on this economically and ecologically promising battery class. The 
results were written up in four independent research articles and were published in international, 
peer-reviewed, journals. In the following part, the key messages of the published works will be 
summarized. 

1) Sulfur Spillover in Carbon Materials and Possible Impacts on Metal-Sulfur-Batteries 
(project #1 [1]) 

One of the key messages is that commonly used C/S nano-composite preparation methods like melt 
infiltration, vapor impregnation, solution impregnation, or high-energy ball milling should be 
reconsidered [2-5]. Reason is a, thus far, overlooked sulfur transport effect which has been discovered 
during the PhD-progress and takes place, when sulfur and porous carbon have physical contact. 
This transport phenomenon was described in detail and has been unambiguously characterized by 
different analytical methods (XRD, SEM, EDS, Raman-spectroscopy, DSC, TGA, EA, N2-
physisorption). The analytical investigations provided new insights into C/S-interactions, the 
mobility of sulfur in porous carbon matrices, and, particularly, the changes in sulfur properties. 
Having physical contact to porous carbon and without any further treatment, sulfur performed a 
complete redistribution within the carbon matrix and lost properties like crystallinity, Raman-
activity, and a measurable melting point. These property changes were reported for C/S-composites 
in literature as well, but they were attributed to intensive preparation methods. The results obtained 
during PhD-progress reveal that these observations can be made without any additional treatment 
and are caused by a specific transport effect – the “Sulfur Spillover”. The limits of the Sulfur 

Spillover were in accordance with the assumption of a monolayer formation model which predicts 
the “Spillover capacity” depending on the specific surface area of the porous carbon. 

Besides the C/S nano-composite preparation issue, the Sulfur Spillover is relevant for understanding 
the mechanisms of a running metal/sulfur-cell. This has been demonstrated by means of a modified 
Na/S-cell configuration, wherein sulfur had initially no contact to the porous carbon electrode, 
while the Na counter electrode was protected by a Na-β’’-aluminate membrane. Assuming no fast 
transport process of sulfur through the electrolyte and within the porous carbon electrode takes 
place, the cell should not function. However, cycling with reasonable rates was possible, confirming 
that a homogeneous sulfur redistribution happened. Thus, the discovered Sulfur Spillover-effect 
takes place on electrochemical cell level. As the work presents only experimental findings and the 
exact driving forces remain unclear, theoretical considerations should be part of future ambitions 
on this topic. 

2) A sodium-polysulfide battery with liquid/solid electrolyte: Improving sulfur utilization by 

using P2S5 as additive and tetramethylurea (TMU) as catholyte solvent (project #3 Energy 

Technology 2020, DOI: 10.1002/ente.201901200) 

Research on metal/sulfur batteries includes several different cell-concept approaches. Sulfur species 
are versatile materials and can be electrochemically utilized in solid state, molten state, or dissolved 
state. Regarding the dissolved-state-approach, polysulfide cells comprising a solid electrolyte as 
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well as liquid electrolytes are a promising concept due to the possibility of optimizing both half-
cell electrolytes individually and overcoming typical metal/sulfur-battery drawbacks like the 
polysulfide shuttle mechanism. With this idea, the sulfur utilization and the cycling stability has 
been clearly improved for a custom-made Na/polysulfide-cell. The cell comprised a Na-β’’-
aluminate tube for electrolyte chamber separation, while the outer housing was made of glass, which 
allowed direct insights into electrolyte changes during cycling. Sulfide precipitation was identified 
as major problem of this cell concept and has been successfully counteracted with the P2S5-additive. 
Further, tetramethylurea (TMU) has been introduced as promising catholyte solvent, as improved 
cycling stability has been observed compared with glyme-based electrolytes which are commonly 
in use in metal/sulfur-battery research. TMU is barely investigated in battery-literature; only one 
publication was available for sulfur batteries. Hence, a detailed characterization of the TMU-based 
electrolyte has been carried out. Vis-spectroscopy investigations revealed that the dominating 
polysulfide species during cell cycling is the S3

−∙-radical, instead of double-charged Sn
2−-

polysulfides of different chain lengths like it is the case for glyme-based electrolytes. 

The key message of this work is that a reversible Na/polysulfide-cell can be realized by individual 
selection of half-cell electrolytes and additives. P2S5 prevented sulfides from precipitation, while 
TMU has been identified as very promising alternative to glyme-based solvents and need to be 
investigated further in future works.  

While similar Na/S-cell concepts have been presented for elevated temperatures only [6-9], this work 
presents a comparable cell design working at room temperature as well. However, the results reveal 
space for improvement, as too high Ohmic drop through the cell was observed and too low 
concentrations were applied. Thus, the work is a proof-of-concept study. Future ambitions should 
focus on system upscaling in means of gravimetric and volumetric energy density with the aim to 
figure out, whether the Na/polysulfide can compete with literature data [6-9] and familiar redox-flow 
technologies [10].  

3) The Indium-Lithium electrode in Solid-State Lithium-Ion-Batteries: Phase Formation, 

Redox Potentials and Interface Stability (project #2 [11]) 

Besides a membrane concept and a polysulfide concept, the all-solid-state approach was discussed 
as well. Initial attempts at realizing a solid-state metal/sulfur-cell were hampered by several 
difficulties like the (electro-)chemical stability of the sulfur containing solid electrolyte at the 
counter electrode interface. Efforts in the clarification of some fundamental aspects led to a study 
about the behavior of the In-Li-electrode and, particularly, its reactivity towards sulfidic solid 
electrolytes like Li3PS4. This electrode is kinetically stable as long as its elemental composition is 
adjusted in a defined range. Is the lithium content too high (InLix; x > 1), the electrolyte can be 
easily reduced at the respective interface, likely under formation of Li2S. Usually, the redox 
potential of an In-Li-electrode is accepted as 0.6 V vs. Li+/Li without detailed discussion of the 
electrode’s phase composition [12-13]. In this work, the In-Li phase diagram has been partially 
reproduced at room temperature by means of the coulometric titration technique. This allowed to 
relate defined phases (InLi, In4Li5, In2Li3) with respective potential values vs. Li+/Li (0.62 V, 
0.34 V, 0.12 V). Li-rich phases led to lower redox potentials, promoting parasitic reduction 
reactions with the solid electrolyte. This has been demonstrated by symmetric solid-state cells with 
different elemental compositions of the In-Li-electrodes. Cell resistance increased over time in case 
of high Li-content, while it stayed constant, if a higher In content (InLix; x < 1) was chosen. 

The key message of this work is that In-Li phase composition, redox potential and interfacial 
stability towards the solid electrolyte rely on each other. According to the obtained results, it was 
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possible to define balanced and unbalanced conditions for adjusting an In-Li-alloy as reliable 
counter electrode in all-solid-state cells. Therefore, the content of the work provides a guideline for 
using this electrode correctly in terms of measuring correct potential values and prevention of 
instability difficulties. As given results represent only a few selected examples at room temperature, 
further ambitions might focus on investigating other solid electrolytes at different temperatures. 

All in all, the dissertation emphasizes the various application pathways of sulfur species in 
electrochemical devices. They can be used classically as part of a solid electrode, as part of solid 
electrolytes, or in dissolved state within a polysulfide concept. The general ideas of different sulfur 
cell-concepts, their general structure, advantages, and disadvantages were critically discussed in a 
review article which is part of the thesis as well [14]. As the review presents different cell-concept 
approaches, the published scientific works can be understood as branches, having their origin in the 
same tree. They tell different stories but they are motivated by similar goals; hence, the published 
articles are somewhat jigsaw pieces of the same picture – sustainable energy storage technologies 
beyond the classical Li-ion battery. Due to its’ material’s abundance and performance 
characteristics, the sulfur battery will be an enrichment of the global battery market with an own 
field of application instead of being a direct competitor for Li-ion-technology. The scientific content 
of this dissertation offers new relevant insights into sulfur batteries and opens up new approaches 
for their further investigations with the overall aim of a more sustainable energy management for 
future generations. 
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List of abbreviations 

 

BET Brunauer-Emmet-Teller 

CV cyclic voltammetry 

EA elementary analysis 

EDS energy dispersive X-ray spectroscopy 

DSC differential scanning calorimetry 

FT fourier transformed 

PEIS potentiostatic electrochemical impedance spectroscopy 

GCPL galvanostatic cycling with potential limits 

LSV linear sweep voltammetry 

SE solid electrolyte 

SEM scanning electron microscopy 

TGA thermogravimetric analysis 

XRD X-ray diffractometry 

Vis-spectroscopy visible light spectroscopy 

 

List of constants, parameters and dimensions 

 

Symbol Meaning unit and/or number 

ABET specific surface area according to BET-model m2 g−1 

C current rate h−1 

E cell voltage V 

F Faraday constant 96485 A s mol−1 

I absolute current mA 

j current density mA cm−2 

LS, max Spillover Capacity gSulfur gCarbon
−1 

M molar mass g mol−1 

NA Avogadro constant  6.0221∙1023 mol−1 

OCV open circuit voltage V 

P surface packing parameter - 

q specific capacity mA h g−1 

R gas constant 8.3145 J mol−1 K−1 

rS atomic radius of sulfur m 

T temperature K 

z number of transferred electrons per reaction 

equivalent 

- 

φ potential V 

ΔrG Gibbs free energy kJ mol−1 

π pi 3.1416 

ηC coulombic efficiency - 

ηE energy efficiency - 
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List of used chemicals 

 

Chemical Provider Purity Purpose 

Activated Carbon (BF-T520) MTI − Carbon for C/S composite 

Activated Carbon (P4) custom-made − Carbon for C/S composite 

Activated Graphite (HSAG500) Imerys − Carbon for C/S composite 

Carbon black Timcal − conductive agent 

Diethoxyethane (DME, 1G) Sigma Aldric >99.9% electrolyte solvent 

Diglyme (2G) Sigma Aldrich >99.5% electrolyte solvent 

Dimethylacetamide Sigma Aldrich >99% electrolyte solvent 

1,3-Dioxolane Sigma Aldrich >99% electrolyte solvent 

GDL H23 Freudenberg − sulfur carrier  

electrode 
current collector 

Indium Sigma Aldrich >99.9% electrode 

Li2S Sigma Aldrich >99.9% synthesis precursor 

Li3PS4 custom-made − solid electrolyte 

LiTFSI Sigma Aldrich >98% conducting salt 

Lithium Rockwood − counter electrode; 

reference electrode 

Na2S Alfa Aesar − electrode active material 

Na2S4 BASF >90% electrode active material 

Na2S5 BASF >90% electrode active material 

Na-β’’-aluminate Fraunhofer IKTS 96% Ion-selective membrane 

Na-β’’-aluminate Ionotec − Ion-selective membrane 

NaOTf TCI >98% conducting salt 

P2S5 Sigma Aldrich >98% electrolyte additive; 

synthesis precursor 

Silver  − quasi reference electrode 

Sodium BASF − counter electrode; 

reference electrode 

Sulfur Sigma Aldrich >99.5% electrode active material 

Tetraglyme (4G) Sigma Aldich >99% electrolyte solvent 

Tetramethylurea (TMU) Alfa Aesar >99% electrolyte solvent 

Tetramethylurea (TMU) Carl Roth >99% electrolyte solvent 

 

  



iv | p a g e                                                 A p p e n d i x  

 

List of publications  

 

Part of this thesis 

[1] Lukas Medenbach, Philipp Adelhelm; Cell Concepts of Metal-Sulfur Batteries (Metal = Li, Na, 

K, Mg): Strategies for Using Sulfur in Energy Storage Applications; Top Curr Chem (Cham) 2017, 

375, 81. 

 
[2] Lukas Medenbach, Ines Escher, Nicolas Kowitsch, Marc Armbruster, Linda Zedler, Benjamin 

Dietzek, Philipp Adelhelm; Sulfur Spillover on Carbon Materials and Possible Impacts on Metal-

Sulfur Batteries; Angew Chem Int Ed Engl 2018, 57, 13666-13670. 

 

[3] A. L. Santhosha, Lukas Medenbach, Johannes R. Buchheim, Philipp Adelhelm; The 

Indium−Lithium Electrode in Solid-State Lithium-Ion Ba eries: Phase Forma on, Redox 

Potentials, and Interface Stability; Batteries & Supercaps 2019; DOI: 10.1002/batt.201800149 

 

[4] Lukas Medenbach, Pascal Hartmann, Juergen Janek, Timo Stettner, Andrea Balducci, Cornelius 

Dirksen, Matthias Schulz, Michael Stelter, Philipp Adelhelm; A sodium-polysulfide battery with 

liquid/solid electrolyte: Improving sulfur utilization by using P2S5 as additive and 

tetramethylurea (TMU) as catholyte solvent; Energy Technology 2020; DOI: 

10.1002/ente.201901200 

 

Others (not part of this thesis) 

 

[a] Lukas Medenbach, Conrad L. Bender, Ronja Haas, Boris Mogwitz, Constantin Pompe, Philipp 

Adelhelm, Daniel Schröder, Juergen Janek, Energy Technology 2017, 5, 2265-2274.  

 

Oral conference presentations  
 

[i] Lukas Medenbach, Timo Stettner, Andrea Balducci, Philipp Adelhelm; An Approach towards 

Sodium-Polysulfide Cell Systems: The Importance of Avoiding Sulfidic Precipitates; presented 

at CIC energigune − “Power our Future 2019” July 2019 in Vitoria-Gasteiz (Spain) 

 

  



A p p e n d i x                                              p a g e | v 

 

Supporting information – Sulfur Spillover on Carbon Materials and possible Impacts on 

Metal-Sulfur Batteries 

 

 

  



vi | p a g e                                                 A p p e n d i x  

 

 



A p p e n d i x                                              p a g e | vii 

 

 



viii | p a g e                                                 A p p e n d i x  

 

 



A p p e n d i x                                              p a g e | ix 

 

 

  



x | p a g e                                                 A p p e n d i x  

 

 



A p p e n d i x                                              p a g e | xi 

 

 

 



xii | p a g e                                                 A p p e n d i x  

 

 



A p p e n d i x                                              p a g e | xiii 

 

 

 



xiv | p a g e                                                 A p p e n d i x  

 

 

  



A p p e n d i x                                              p a g e | xv 

 

Supporting information – The Indium-Lithium Electrode in Solid-State Lithium-Ion 

Batteries: Phase Formation, Redox Potentials, and Interface Stability 

 

  



xvi | p a g e                                                 A p p e n d i x  

 

 



A p p e n d i x                                              p a g e | xvii 

 

 



xviii | p a g e                                                 A p p e n d i x  

 

 

 



A p p e n d i x                                              p a g e | xix 

 

Supporting information - A sodium-polysulfide battery with liquid/solid electrolyte: 

Improving sulfur utilization by using P2S5 as additive and tetramethylurea (TMU) as 

catholyte solvent 

Supporting Information on 

 

A sodium-polysulfide battery with liquid/solid electrolyte: Improving sulfur utilization 

by using P2S5 as additive and tetramethylurea (TMU) as catholyte solvent 

 

Lukas Medenbach1, Pascal Hartmann2,3 Juergen Janek3, Timo Stettner1, Andrea Balducci1, 

Cornelius Dirksen4, Matthias Schulz4 & Philipp Adelhelm1,5 

1 Institute of Technical Chemistry and Environmental Chemistry (ITUC), Center for Energy and Environmental 

Chemistry (CEEC Jena), Friedrich-Schiller-University Jena, Philosophenweg 7a, 07743 Jena (Germany) 

2 BASF SE, 67056 Ludwigshafen (Germany) 

3 Institute of Physical Chemistry & Center for Materials Research, Justus-Liebig-University Giessen, Heinrich-Buff-

Ring17, 35392 Giessen (Germany) 

4 Fraunhofer Institute for Ceramic Technologies and Systems (IKTS Hermsdorf), Michael Faraday Straße 1, 07629 

Hermsdorf (Germany) 

5 Institute of Chemistry, Humboldt University Berlin and Helmholtz-Zentrum Berlin für Materialien und Energie 

(HZB), Brook-Taylor-Str. 2, 12489 Berlin (Germany); 

 

 

Figure S 1: Electrochemical glass beaker cell setup with all single components 
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Figure S 2: Na anode after 30 cycles. The electrode shows high tendency for dendritic Na plating. 

 

Figure S 3: Shallow cycling of Na-polysulfide cell with 2G based electrolyte without P2S5 additive at a current rate of 0.1 C. 

Discharge cut off voltage was restricted to 1.9 V vs. Na+/Na in order to avoid the formation of solid precipitates at lower 

potentials. Cell cycling was possible, however, strong capacity fading occurred. Note that this experiment was conducted with 

a downsized version of our polysulfide cell. In comparison with our standard beaker cell the distance of both electrodes was 

small explaining the higher discharge voltages measured in this experiment.  

 

 

Figure S 4: Left: barely soluble P2S5 in 2G; middle: totally insoluble Na2S in 2G: right: equimolar mixture (0.1M) of P2S5 and 

Na2S dissolves in 2G with magnetic stirrer support.  
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Figure S 5: Different P2S5 / Na2S5 molar ratios in TMU from left to right: 5/1, 1.67/1 (composition of manuscript cell), 1/1, 0.5/1 

and without P2S5. Na2S5 concentration was always 1 mmol L−1. 

 

Figure S 6: Cycling results for different catholyte solvents with 0.5M NaOTf. Data were again generated with a down sized cell 

beaker type polysulfide cell at a current rate of 0.05C and without P2S5-additive. a) monoglyme, b) tetraglyme, c) 

dimethylacetamide. Partial recharge is possible, because the whole catholyte volume (~ 5 mL) was in contact with carbon.  
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Figure S7: Cell configuration for electrolyte stability window determination. b) Cell configuration for cyclic voltammetry 

measurements. 

 

 

 

Figure S 8: Sodium disc inside TMU without salt. left: Initial state, middle: after 24 h, right: after 3 weeks. The sodium disc 

dissolved completely. 
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Figure S 9: Cyclic voltammetry of Na2S5 (5.0 mmol L−1) in TMU using a Swagelok-type 3 electrode cell, a) with P2S5 

(8.3 mmol L−1) and b) without P2S5. The cell with additive shows less complicated oxidation behavior (~ 2.6 V vs. Na+/Na). Two 

signals with negative current reveal the reduction of elemental sulfur (2.15 V vs. Na+/Na) and further reduction of dissolved 

polysulfide species (~ 1.8 V vs. Na+/Na). a) is scanned up to electrolyte oxidation, while b) is scanned down to reductive 

electrolyte decomposition. Note that Na counter electrode and Na reference electrode were protected by a Na-β’’-aluminate 

membrane. Given potentials might be shifted to slightly higher values. 

 

 

Figure S 10: Discharge- and charge curve of the cycle investigated by Vis-spectroscopy. Red circles indicate the moment of 

catholyte sampling (usually each full hour). Shown is the second charge step and the third discharge step of the cell with TMU 

based catholyte cycled at 0.05C. Although analyzed samples were reinjected into the cell, electrolyte and active material loss 

can’t be excluded what explains the observed capacity difference of both curves.  
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Figure S 11: a) Voltage profiles for cycle 1, 2 and 10 at a current rate of C/10 (72 µA cm−2) and an inner temperature of 60°C. 

b) Discharge capacities, charge capacities and coulombic efficiencies for the first 15 cycles at same C-rate. Capacity fading 

was observed. Early cell collapse after cycle 15 was attributed to anode instabilities at 60°C. 

 

 

Figure S 12:  XRD pattern of the ceramic electrolyte (black). The red pattern represents the PDF 84-0211 of Na-β’’-alumina. 

 

Table S 1. Phase content of the ceramic electrolyte calculated by Rietveld refinement method (Autoquan 2.8.0.2). 

Phase Phase content / % 

Na-β’’-alumina 96 ± 2 

Na-β’-alumina 1 ± 2 

NaAlO2 3 ± 2 
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Selected unpublished results 

 

 

unpublished results figure 1: Left: selected cycles of an all-solid-state Na/S-cell cycled at 60°C and with a rate of 0.16 C. The 

cell contained Na3PS4 as solid electrolyte. The working electrode was composed of 50%(w) solid electrolyte, 44%(w) carbon 

(CNTs and carbon black), and only 6%(w) sulfur. Discharging and charging was possible with increasing capacity. However, 

cell collapse was observed after cycle #17. Right: charge capacities and discharge capacities vs. cycle number. Discharge 

capacities were always greater than charge capacities, indicating irreversible side reactions within the cell. 

 

 

unpublished results figure 2: Left: selected cycles of an all-solid-state Na/S-cell cycled at 60°C and with a rate of 0.1 C. The 

cell contained Na3PS4 as solid electrolyte. The working electrode was composed of 50%(w) solid electrolyte, 34%(w) carbon 

(CNTs and carbon black), and 16%(w) sulfur. Reasonable cell operation was not possible and almost no capacity output has 

been obtained. Right: charge capacities and discharge capacities vs. cycle number.  
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unpublished results figure 3: Cycling data for Li/S and Na/S-cells with covalently bound sulfur electrodes. The polymer backbone was either 

polyacrylonitrile (PAN) or di-isopropylene-benzene (DIB) connected by sulfur bridges. a) 2nd cycle of a Li/S-PAN and Na/S-PAN cell measured at 

room-temperature with a C-rate of 0.1; b) Discharge capacities and Coulombic efficiencies for the Li/S-PAN cell over 30 cycles; c) Discharge 

capacities and Coulombic efficiencies for the Na/S-PAN cell over 30 cycles; d) 2nd cycle of a Li/S-DIB and Na/S-DIB cell measured at room-

temperature with a C-rate of 0.1; e) Discharge capacities and Coulombic efficiencies for the Li/S-DIB cell over 30 cycles; f) Discharge capacities 

and Coulombic efficiencies for the Na/S-DIB cell over 30 cycles; overall the S-PAN electrode revealed similar performance for Li and Na with good 

capacity utilization and good Coulombic efficiencies, but permanent ageing and lower potentials compared to elemental sulfur. The S-DIB 

electrode revealed moderate performance together with Li, but poor performance combined with Na, especially in terms of Coulombic efficiency. 
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unpublished results figure 4: a)- e) room temperature cycling performance for Na/S-cells containing Na-β’’-aluminate membranes and sulfur 

electrodes with different sulfur weight percentages. The C-rate was 0.1 C and the electrode’s PVDF-binder content was always 10%(w.). 

Electrolyte was 0.5 M NaOTf dissolved in 2G a) 1st, 2nd, and 10th cycle for an S-electrode with 30%(w.) sulfur; b) 1st, 2nd, and 10th cycle for an 

S-electrode with 60%(w.) sulfur; c) 1st, 2nd, and 10th cycle for an S-electrode with 80%(w.) sulfur; d) first discharge curve of cells containing 

electrodes with different S-weight percentage (30%, 40%, 50%, 60%,80%); e) comparison of the discharge capacities over 50 cycles of cells 

containing electrodes with different S-weight percentage (30%, 40%, 50%, 60%,80%); f) comparison of the discharge capacities over 50 cycles 

of cells cycled with high discharge cut-off potentials (1.8 V vs. Na+/Na, 1.9 V vs. Na+/Na, and 2.0 V vs. Na+/Na; also here a Na-β’’-aluminate 

membrane was used. The electrolyte was 0.5 M NaOTf dissolved in 2G and the cells were cycled at room temperature with a rate of 0.1 C. 

The electrode was composed of 60%(w.) S, 30%(w.) C, and, 10%(w.) PVDF. 
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