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1. Summary 

Nowadays, for human mankind, meeting the global energy demand in a sustainable way is 

one of the most difficult challenges awaiting to be solved. The intermittent nature of 

renewable energy sources is an important barrier towards reaching a deep market penetration. 

Hence, the energy storage systems come to play an important role in the energy industry. 

The electrical energy can be stored when there is oversupply and used when it is needed. 

Besides this, for some applications, particularly transport, an efficient storage system in 

crucial. Various energy storage systems have been developed but lithium ion batteries (LIBs) 

has taken the lead in rechargeable battery technologies since their introduction in the early 

1990s. Excellent electrochemical performance, especially the high energy density, high 

voltage, and long cycle life can be counted as the most relevant advantages of LIBs. 

However, the abundance and the price of lithium and some other elements such as cobalt are 

an issue, as the growing battery market will require more supply chains and resources. 

Therefore, alternative cell chemistries based on abundant elements are being examined. 

Especially in case of stationary energy storage applications alternative battery technologies 

become more important. 

Sodium-ion battery (SIB) technology is recently being revisited as such an alternative. The 

researches on SIBs are motivated by the large abundance of sodium and the hope to realize 

more cost-effective batteries. Although SIBs often have slightly lower energy densities and 

cell voltages compared to their lithium analogues, the lower polarization of the sodium-ion 

might enable cells with peculiar advantages over conventional lithium ion technology. 

The anode part of a battery is essential to its function, it stores ions when charged and releases 

them during discharge at low redox potentials. As an anode material for LIBs, graphite is 

currently the most preferred choice due to its low cost, safety and good cycling performance. 

Reversible intercalation of lithium ions happens by forming binary graphite intercalation 

compounds (b-GICs) with the final stoichiometry of LiC6 (qtheoretical = 372 mAh g-1). Graphite 

is also favored in SIBs but storage of sodium-ions is only possible by formation of ternary 

graphite intercalation compounds (t-GICs), i.e. by co-intercalatiing solvent molecules. 

Related to latest studies, a specific capacity of 110 mAh g-1 is reached by forming t-GICs, 

therefore, graphite is now a potential candidate to be used in SIBs. Yet, many fundamental 

aspects of this type of reaction need to be clarified and explored. 

This cumulative Ph.D. thesis summarizes the research progress obtained during the last years 

on the role of graphite (and related anode materials) in SIBs. The study focus is on better 

understanding the co-intercalation reaction and to further improve the performance by 

changing electrochemical parameters, test environment, solvent and salt.  

This Ph.D. thesis is divided into two major parts. In the first part, a brief literature overview 

on the current state of research and the aim of this thesis are presented. In the second part, 

the summary of the scientific results that have been achieved and published in 3 articles and 

one submitted manuscript, is stated. 

The first part starts with discussing brief fundamentals of energy demand, energy supply by 

renewables and storage concepts including batteries. The following parts discussed some 
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basics of lithium-ion and sodium-ion batteries. The beginning is done with a brief historical 

overview on the use of graphite in LIBs which is followed by the use of graphite in SIBs. 

Also, a short revision is done by highlighting the works of different groups on this topic. The 

survey ends by describing the working principle of the co-intercalation reaction.  

The second major part summarizes the results of this Ph.D. thesis in 3 peer reviewed 

publications and 1 submitted manuscript. The majority of the work was done at the Friedrich-

Schiller-University Jena within the research group Adelhelm (partly in cooperation with the 

research groups of Prof. Falko Langenhorst and Prof. Andrea Balducci). Additional 

cooperations with other institutions were initiated for more specialized measurements and 

theory.   In the first publication, as holding first authorship, “Graphite as Cointercalation 

Electrode for Sodium-Ion Batteries: Electrode Dynamics and the Missing Solid Electrolyte 

Interphase (SEI)”, the electrochemical co-intercalation mechanism, its effect on the change 

of electrode thickness and the missing SEI layer on graphite are discussed. Insight from 

theory on the dimensions of the intercalated sodium-ion diglyme complex in the graphite 

lattice are obtained by collaborating with a group at Justus-Liebig-University Giessen 

(Research group Mollenhauer). To observe the effect of ion intercalation into the crystal 

lattice, thickness changes are measured by an in situ electrochemical dilatometry set up. The 

difference between lithium or sodium intercalation principles is clearly observed/measured. 

Moreover, by collaborating with the Paul Scherrer Institute (Research group of Prof. Petr 

Novak), gas evolution over several cycles is monitored  using online electrochemical mass 

spectrometry (OEMS) which provide important information on side reactions and (potential) 

SEI formation. Gas evolution is by and large only observed in the first cycle which can be 

considered as an electrode activation cycle. Combined with other methods such as TEM, an 

important conclusion from all measurements is that the reaction is likely the first example of 

an SEI-free graphite anode.  

In the second publication, as being first author, “Temperature-Induced Activation of 

Graphite Co-intercalation Reactions for Glymes and Crown Ethers in Sodium-Ion 

Batteries”, a series of five glymes (mono-, di-, tri-, tetra- and pentaglyme) and three crown 

ethers (crown ether 4 (12c4), 5 (15c5) and 6  (18c6)) are taken into consideration. For the 

different glyme-based electrolytes, viscosity and conductivity properties are discussed from 

room temperature to 80oC. A strong influence of temperature on the electrode reactions is 

found. As an important finding, it is observed that intercalation of Na+pentaglyme 

complexes into graphite can be achieved above room temperature. In a similar way, the so 

far only poor performance of triglyme-based electrolytes could be eliminated by rising the 

temperature. In case of mono-, di- and tetraglyme, only a minor temperature effect is 

observed. In fact, in these cases, the reaction is thermodynamically controlled and hence the 

temperature coefficient and the entropy change for the reaction could be determined. On the 

other hand, out of three crown ether types, only crown ether 6 could create co-intercalation 

with sodium. This is the first experimental proof for sodium intercalation with a crown ether 

solvent by an electrochemical method.  

The third part of this thesis covers the topics studied in the submitted manuscript, as being 

first author. While in the previous publication the major focus was on the role of different 

solvents on the co-intercalation reaction, the submitted manuscript entitled “Stable and 
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Instable Diglyme-based Electrolytes for Batteries with Sodium or Graphite as Electrode” is 

dedicated to the stability of glyme-based electrolytes with varying inorganic and organic 

salts. The stability of these electrolytes in contact with sodium and lithium metal and also 

the graphite electrode is tested using different in situ and ex situ methods. For some salts, 

clear side reactions with the sodium metal take place which are further quantified by 

electrochemical impedance spectroscopy (EIS) and OEMS using Na│Na symmetric cells. 

Moreover, systematic TEM studies combined with EDX also provide evidence for 

irreversible trapping of ions inside the graphite, the degree being highly dependent on the 

type of salt used (TEM and EDX are performed in cooperation with CIC EnergiGUNE, by 

the research group of Prof. Teófilo Rojo). The choice of electrolyte salt has also a prominent 

influence on the electrode thickness change as followed in situ electrochemical dilatometry. 

Overall, the numerous studies on the suitability of various electrolyte salts provides a clear 

ranking in the order NaOTf (best) NaPF6>NaClO4>NaFSI>>NaTFSI (worst).       

Finally, the fourth article is published by holding shared first authorship. In this publication 

entitled “Sodium Storage and Electrode Dynamics of Tin-Carbon Composite Electrodes 

from Bulk Precursors for Sodium-ion Batteries”, several anode materials are tested with the 

aim to improve the storage capacity compared to pure graphite electrodes. For this, the 

graphite is first converted into graphene nano platelets (GnP) by ball milling. The data taken 

from galvanostatic cycling and in situ dilatometry measurements prove that the solvent co-

intercalation mechanism of graphite is largely diminished and replaced by an insertion 

reaction (providing higher capacity combined with a change in the voltage profile). Also, the 

thickness change of the GnP anode electrode during cycling is much less compared to 

graphite electrodes. At the same time, addition of tin into this carbon matrix further improves 

the specific capacity while at the same time excellent cycle life is gained. Moreover, in situ 

dilatometry results also show that the obstacle related to high volume change of tin during 

ion insertion is effectively buffered by this porous host on the electrode level.     

This thesis ends with a conclusion summarizing the published and some unpublished results. 

Some final comments about the remaining scientific challenges in the research field are given 

and some suggestions for further experiments are provided. The results obtained during 

within this Ph.D. thesis provide a better understanding on the use of t-GICs in sodium-ion 

batteries, on the use of in situ electrochemical dilatometry in studying electrode reactions of 

sodium with graphite and graphene/tin composites and on the (electro-)chemical stability of 

glyme-based electrolytes against sodium and graphite. While some questions could be 

clarified and new aspects were discovered, the results obtained are also not exhaustive which 

should be taken a clear motivation to further study sodium-ion batteries and t-GICs in the 

future.  
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Zusammenfassung 

Die nachhaltige Deckung des globalen Energiebedarfs ist in der heutigen Zeit für die 

Menschheit eine der schwierigsten Herausforderungen, die es zu lösen gilt. Die fluktuierende 

Verfügbarkeit von erneuerbaren Energien wie Wind- und Solarstrom stellt ein große 

Herausforderung für eine weitreichende Verbreitung am Markt dar. Deswegen spielen 

Energiespeichersysteme eine wichtige Rolle in der Energiewirtschaft. Die elektrische 

Energie kann bei Überversorgung gespeichert und bei Bedarf genutzt werden. Außerdem ist 

für einige Anwendungen, insbesondere für den Transport, ein effizientes Speichersystem von 

entscheidender Bedeutung. Es wurden verschiedene Energiespeichersysteme entwickelt 

jedoch haben Lithiumionenbatterien (LIBs) seit ihrer Einführung Anfang der 90er Jahre die 

Führung bei den Technologien für wiederaufladbare Batterien übernommen. Exzellente 

elektrochemische Eigenschaften, insbesondere die hohe Energiedichte, die hohe Spannung 

und die lange Lebensdauer, können als die wichtigsten Vorteile von LIBs angesehen werden. 

Jedoch stellt die Verfügbarkeit und der Preis von Lithium und einiger anderer Elemente wie 

Kobalt ein Problem dar, da der wachsende Batteriemarkt mehr Lieferketten und Ressourcen 

benötigen wird. Deswegen wird an alternativen Zellsystemen geforscht, die auf verfügbaren 

Elementen basieren. Insbesondere bei stationären Energiespeicheranwendungen gewinnen 

alternative Batterietechnologien an Bedeutung. 

Die Natriumionenbatterietechnologie (SIB-Technologie) wird in jüngster Zeit als solche 

wieder aufgegriffen. Die Forschung an SIBs ist motiviert durch die weite Verbreitung von 

Natrium und die Hoffnung kosteneffiziente Batterien zu realisieren. Obwohl SIBs im 

Vergleich zu ihren Lithiumanalogen oft etwas geringere Energiedichten und Zellspannungen 

aufweisen, könnte die aufgrund des größeren Ionenradius von Na+ geringere Polarisation der 

Ionenumgebung (Gitterstruktur, Solvathülle) zu Natriumionenbatterien mit besonderen 

Eigenschaften gegenüber der herkömmlichen Lithiumionentechnologie führen. 

Mit Blick auf das Funktionsprinzip einer LIB oder SIB, speichert die Anode bei niedrigen 

Redoxpotentialen beim Aufladen (under Reduktion) Ionen und gibt diese bei der Entladung 

(unter Oxidation) wieder ab. Als Anodenmaterial für LIBs ist Graphit aufgrund seiner 

niedrigen Kosten, seiner Sicherheit und seines guten Zyklusverhaltens derzeit die bevorzugte 

Wahl. Die reversible Interkalation von Lithiumionen erfolgt durch Bildung von binären 

Graphitinterkalationsverbindungen (b-GICs) mit einer finalen Stöchiometrie von LiC6 

(qtheoretisch = 372 mAh g-1). Graphit wäre daher auch für SIBs „erste Wahl“, jedoch ist die 

Speicherung von Natriumionen nur durch die Bildung von ternären 

Graphitinterkalationsverbindungen (t-GICs) möglich, d.h. durch Kointerkalation von 

Lösungsmittelmolekülen. Neuste Studien zeigten, dass durch die Bildung von t-GICs eine 

spezifische Kapazität von 110 mAh g-1 erreicht wird, sodass Graphit nun ein potenzieller 

Kandidat für den Einsatz in SIBs ist. Dennoch müssen viele grundlegende Aspekte dieser 

Art von Reaktion geklärt und untersucht werden. 

Diese kumulative Doktorarbeit fasst die in den letzten Jahren erzielten 

Forschungsfortschritte zur Rolle von Graphit (und verwandten Anodenmaterialien) in SIBs 

zusammen. Der Schwerpunkt der Studie liegt auf einem besseren Verständnis der 

Kointerkalationsreaktion und darauf, die Speichereigenschaften weiter zu verbessern indem 

elektrochemische Parameter, die Testumgebung, Lösungsmittel und Salze verändert werden.  
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Diese Dissertation gliedert sich in zwei Hauptteile. Im ersten Teil wird ein kurzer 

Literaturüberblick über den aktuellen Forschungsstand und das Ziel dieser Arbeit gegeben. 

Im zweiten Teil wird die Zusammenfassung der wissenschaftlichen Ergebnisse, die in drei 

wissenschaftlichen Artikeln und einem eingereichten Manuskript erzielt und veröffentlicht 

wurden, gegeben. 

Der erste Teil beginnt mit einer kurzen Diskussion zu den Grundlagen des Energiebedarfs, 

der Energieversorgung durch erneuerbare Energien und der Speicherkonzepte einschließlich 

Batterien. In den folgenden Teilen wurden einige Grundlagen von Lithiumionen- und 

Natriumionenbatterien erläutert. Der Anfang wird mit einem kurzen historischen Überblick 

über die Verwendung von Graphit in LIBs gemacht, gefolgt von der Verwendung von 

Graphit in SIBs. Außerdem wird ein kurzer Überblick über die Arbeiten gegeben, welche 

verschiedene Gruppen zu diesem Thema in den letzten Jahren publiziert haben. Der 

Überblick endet mit einer Beschreibung des Funktionsprinzips der Kointerkalationsreaktion. 

Der zweite Hauptteil fasst die Ergebnisse dieser Doktorarbeit in drei Publikationen, welche 

einen peer-review Prozesses durchlaufen haben, und einem eingereichten Manuskript 

zusammen. Der Großteil der Arbeit wurde an der Friedrich-Schiller-Universität Jena in der 

Arbeitsgruppe Adelhelm (teilweise in Zusammenarbeit mit den Arbeitsgruppen von Prof. 

Falko Langenhorst und Prof. Andrea Balducci) durchgeführt. Weitere Kooperationen mit 

anderen Instituten wurden für spezialisierte Messungen und theoretische Untersuchungen 

eingegangen. In der ersten Publikation, als Erstautor, “Graphite as Cointercalation 

Electrode for Sodium-Ion Batteries: Electrode Dynamics and the Missing Solid Electrolyte 

Interphase (SEI)” wird der elektrochemische Kointerkalationsmechanismus, sein Einfluss 

auf die Änderung der Elektrodendicke und die fehlende SEI-Schicht auf Graphit diskutiert. 

Vorhersagen zur Geometrie des in die Graphitstruktur interkalierten Komplexes aus 

Natriumionen und Diglyme-Molekülen wurden  durch die Zusammenarbeit mit einer 

Theoriegruppe der Justus-Liebig-Universität Gießen (Forschungsgruppe Mollenhauer) 

durchgeführt. Um die Ioneneinlagerung in das Kristallgitter zu verfolgen, wurde mittels in 

situ Dilatometrie die Änderung der Elektrodendicke mit Zellbetrieb gemessen. Dabei 

konnten Unterschiede zwischen den Einlagerungsmechanismen für Lithium und Natrium 

deutlich beobachtet werden. Darüber hinaus wurde in Zusammenarbeit mit dem Paul 

Scherrer Institut (Forschungsgruppe von Prof. Petr Novak) die Gasentwicklung über mehrere 

Zyklen hinweg mittels elektrochemischer Online-Massenspektrometrie (OEMS) überwacht. 

Diese Methode lieferte wichtige Informationen über Nebenreaktionen und (potenzielle) SEI-

Bildung. Es zeigte sich, dass eine Gasbildung fast ausschließlich nur im ersten Zyklus 

stattfindet, welcher daher als Aktivierungszyklus bezeichnet werden kann. In Kombination 

mit anderen Methoden wie TEM-Messungen ist die wichtigste Schlussfolgerung aus allen 

Messungen, dass die Reaktion wahrscheinlich als erstes Beispiel für eine SEI-freie 

Graphitanode angesehen werden kann.  

In der zweiten Publikation als Hauptautor, “Temperature-Induced Activation of Graphite 

Co-intercalation Reactions for Glymes and Crown Ethers in Sodium-Ion Batteries” wurde 

eine Reihe von fünf Glymen (Mono-, Di-, Tri-, Tetra- und Pentaglyme) und drei 

Kronenethern (Kronenether 4 ([12]Krone-4), 5 ([15]Krone-5) und 6 ([18]Krone-6)) 

betrachtet. Für die verschiedenen glymebasierten Elektrolyte wurden die Viskosität und die 



| 6  

Leitfähigkeit von Raumtemperatur bis 80°C verglichen. Mit Blick auf die 

Elektrodenreaktione wurde ein starker Einfluss der Temperatur festgestellt. Als wichtiges 

Ergebnis wurde entdeckt, dass die Interkalation von Na+-Pentaglyme Komplexen in Graphit 

bei erhöhten Temperaturen stattfindet. In ähnlicher Weise konnte die, im Falle von Triglyme-

basierten Elektrolyten bisher nur schlechte Speicherfähigkeit durch Temperaturerhöhung 

verbessert werden. Bei Mono-, Di- und Tetraglyme wurde hingegen nur ein geringer 

Temperatureinfluss beobachtet. Tatsächlich war in diesen Fällen die Reaktion 

thermodynamisch kontrolliert, was eine Bestimmung des Temperaturkoeffizienten und der 

Entropieänderung für die Reaktion ermöglichte. Andererseits fand von den drei 

Kronenethertypen nur bei Kronenether 6 eine Kointerkalationsreaktion mit Natrium statt. 

Gleichzeitig war dies aber der erste experimentelle Nachweis für eine elektrochemische 

Interkalation von Natriumionen mit Hilfe eines Kronenethers überhaupt.  

Der dritte Teil dieser Arbeit behandelt die Themen, die in dem eingereichten Manuskript 

behandelt wurden (Erstautorautorschaft). Während in der vorangegangenen Publikation der 

Schwerpunkt auf der Rolle verschiedener Lösungsmittel bei der Kointerkalationsreaktion 

lag, widmet sich das eingereichte Manuskript “Stable and Instable Diglyme-based 

Electrolytes for Batteries with Sodium or Graphite as Electrode” der Stabilität von 

glymebasierten Elektrolyten mit unterschiedlichen anorganischen und organischen Salzen. 

Die Stabilität dieser Elektrolyte in Kontakt mit Natrium- und Lithiummetall sowie der 

Graphitelektrode wurde mit verschiedenen in situ- und ex situ-Methoden getestet. Für einige 

Salze konnten eindeutig erhebliche  Nebenreaktionen mit dem Natriummetall nachgewiesen 

werden, die durch elektrochemische Impedanzspektroskopie (EIS) und OEMS mit Hilfe von 

Na│Na symmetrischen Zellen weiter quantifiziert wurden. Darüber hinaus lieferten 

systematische TEM-Untersuchungen in Kombination mit EDX auch Hinweise auf ein 

irreversibles Einfangen von Ionen im Graphit, wobei das Ausmaß stark von der verwendeten 

Salzart abhängt. (TEM und EDX wurden in Zusammenarbeit mit dem CIC EnergiGUNE 

von der Arbeitsgruppe von Prof. Teófilo Rojo durchgeführt). Die Wahl des Elektrolytsalzes 

hatte auch einen wesentlichen Einfluss auf die Änderung der Elektrodendicke während der 

Zyklisierung, was wiederum mittels elektrochemischer in situ Dilatometrie nachgewiesen 

werden konnte. Insgesamt lieferten die zahlreichen Studien zur Eignung verschiedener 

Elektrolytsalze ein klares Ranking für deren Eignung in der Reihenfolge NaOTf (am 

besten)≥NaPF6>NaClO4>NaFSI>>NaTFSI (am schlechtesten).   

Schließlich wurde ein vierter Artikel mit geteilter Erstautorenschaft veröffentlicht. In dieser 

Publikation mit dem Titel “Sodium Storage and Electrode Dynamics of Tin-Carbon 

Composite Electrodes from Bulk Precursors for Sodium-ion Batteries” werden mehrere 

Anodenmaterialien getestet, um die Speicherkapazität im Vergleich zu reinen 

Graphitelektroden zu verbessern. Dazu wurde der Graphit zunächst durch Kugelvermahlung 

in Graphen-Nanoplättchen (GnP) umgewandelt. Die Daten aus dem galvanostatischen 

Zyklisieren und in situ Dilatometriemessungen belegen, dass der 

Kointerkalationsmechanismus dadurch weitgehend unterbunden und durch eine 

Insertionsreaktion ersetzt wird (höhere Kapazität bei gleichzeitiger Änderung des 

Spannungsprofils). Außerdem ist die Dickenänderung der GnP-Anodenelektrode während 

des Zyklisierens viel geringer als bei Graphitelektroden. Gleichzeitig erhöht die Zugabe von 

Zinn in diese Kohlenstoffmatrix die spezifische Kapazität bei gleichzeitig ausgezeichneter 
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Lebensdauer. Darüber hinaus zeigen die Ergebnisse der  in situ Dilatometrie auch, dass das 

Hindernis, dass mit der großen Volumenänderung des Zinns während der Ioneninsertion 

zusammenhängt, durch diese poröse Wirtsstruktur auf Elektrodenebene effektiv gepuffert 

wird. 

Die Arbeit endet mit einer Übersicht, welche die veröffentlichten und einige 

unveröffentlichte Ergebnisse zusammenfasst. Einige abschließende Kommentare zu den 

verbleibenden wissenschaftlichen Herausforderungen im Forschungsbereich werden 

gegeben und einige Vorschläge für weitere Experimente gemacht. Die Ergebnisse dieser 

Dissertation verbessern das Verständnis für die Verwendung von t-GICs in 

Natriumionenbatterien, für den Einsatz der in situ elektrochemischen Dilatometrie als 

Methode zur Charakterisierung von Elektrodenreaktionen zwischen Natrium und Graphit 

bzw. Graphen/Zinn-Kompositmaterialien und für die (elektro-)chemische Stabilität von 

Elektrolyten auf Glymebasis gegenüber Natrium und Graphit. Während einige Fragen 

geklärt und neue Aspekte entdeckt wurden, sind die erzielten Ergebnisse jedoch nicht 

vollumfassend, was eine klare Motivation sein sollte, Natriumionenbatterien und t-GICs in 

Zukunft weiter zu untersuchen. 
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2.  Introduction  

The increase in the world population combined with a rising living standard significantly 

rises the energy demand. As a consequence, energy supply has already become a challenge. 

Related to forecasts, energy rate demand will double from 14 terawatts (TW) (2010) to 

28 TW (2050) (Figure 1) 1, 2.  

 
Figure 1. Past, present and forecast of the world’s energy needs up to 2050. With the changing lifestyles of an increasing 

number of inhabitants, our energy rate demand will double from 14 TW (2010) to 28 TW (2050). TOE = ton of oil 

equivalent. Illustration: © Macmillan Mexico/Haide Ortiz Ortiz, Mario Enrique Ramírez Ruiz. 1 

While a growth in energy demand is likely unavoidable, the major challenge will be to meet 

this demand while at the same time reducing CO2 emission and the use of fossil fuel 

resources which are finite. Unfortunately, the consumption of fossil fuels caused a large 

increase in CO2 emission. Therefore, advanced renewable energy technologies are needed to 

be developed. This also will include developing suitable energy stores that can supply energy 

on demand for different applications. 

2.1. Renewable Energy Supply  

 
Figure 2. Development of renewable power generation installed capacity (2008-2016, GW), EU28. RES: Renewable 

Energy Sources 3.  
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Related to European Commission announcements, in Europe, from 2008 to 2016, the 

installed capacity of renewable electricity supplies almost doubled, in terms of power from 

240 gigawatts (GW) to 450 GW (Figure 2) 3. This growth trend is highly related to the 

reduction in the cost of renewable energy source technologies. Also, this trend is supported 

by policies such as reverse-auction mechanisms for large installations, etc.  

Currently, wind energy and solar photovoltaics are the two major and fastest growing 

technologies. More investments are given to these low carbon emission renewable energies 

and results are seen in the market. To illustrate this, in 2017, the energy delivered by wind 

turbines in Denmark reached up to 44 % of the electricity consumption of Denmark 4. Along 

with this development, the storage of electrical energy has become more and more important. 

 

2.2. Energy Storage Systems 

There are different forms of energy such as mechanical, gravitational, magnetic, nuclear, 

thermal or heat, chemical or electrical, etc. Here, the main interest is to store electrical energy 

by considering renewable sources. Electrical energy storage refers to a process of electrical 

energy conversion from a source into a storage form for converting back to electrical energy 

when needed. Energy storage systems for large scale applications can be split into four main 

groups by name chemical/electrochemical, mechanical, electrical and thermal energy storage 
5-7. 

1) Mechanical storage: It is accepted as the one having the highest storage capacity 

with around 95 % share of worldwide storage capacity 8 (Figure 3). In 2012, this 

number was 99 % 9. Especially, for pumped hydro electrical and compressed air 

storage technologies, this level can reach up to 1 GW of discharge power 6. However, 

the discharge duration can be considered as the drawback as it is at the level of hours, 

which is much higher compared to other types. Other than the above-mentioned 

examples, flywheels can be more suitable for intermediate storage which can deliver 

various power within seconds up to 10 megawatts (MW) 10. The overall capacity of 

this technology is quite limited, however. Therefore, pumped hydro electrical energy 

storage is the most effective and developed technology. Installations have a lifetime 

of up to 70 years 8.   

 

Figure 3. Total installed capacity of storage technology. Adopted from mid-2017 data 8 (Data is modified after the 

reference). A-CAES : Adiabatic Compressed Air Energy Storage. 
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2) Thermal storage: Heat can be stored as sensible heat, thermochemical and latent 

heat. In sensible heat storage, the energy is stored by increasing the temperature of a 

solid or liquid. The stored energy depends on the specific heat of the material. In 

latent heat storage based on the energy exchange during the phase change of the 

material between the solid, liquid and gas phases. In thermochemical storage depends 

on the formation of molecular bonds in complete-reversible chemical reactions 11. In 

terms of application, such systems can be classified into low and high temperatures 

due to their operating temperatures. The thermal battery is an important technology 

in this group. The invention goes back to World War II and such batteries are even 

used to absorb energy exhaust heat from the rocket during launching the rockets 12. 

Currently, solar thermal energy is very attractive to be stored by this technology. Just 

as an example, related to the study in 2014, 25 GW is achieved in Spain 13. As a 

drawback, the cycle efficiency of such systems is low (30-60 %) 8    

 

3) Electrical storage: The main examples of this group are superconducting magnetic 

energy storage, capacitors, and supercapacitors which are also called as electrical 

double-layer capacitors (EDLCs).  

 

In Superconducting magnetic energy storage (SMES), the energy is stored in direct 

current (DC) electricity. The current is carried by the conductor operating at 

cryogenic temperatures. At such low temperatures, the conductor is a superconductor 

and it has no resistive losses virtually due to its own magnetic field production. This 

system can supply tens of MW of power in seconds 14. The high power supply in a 

short period of time is the main characteristic 10.    

 

In capacitors technology, electrical energy is stored in an electric field. The effect of 

a capacitor is represented as capacitance. A capacitor is a component designed to add 

capacitance to a circuit. A capacitor component has at least two electrical conductors 

separated by a dielectric medium 15.  

 

In supercapacitor technology, storage of charge is achieved by adsorbing electrolyte 

ions onto the surface of electrode materials 16. By the motion of the ions between 

electrodes, charging and discharging are performed. “Regular double layer 

capacitance arises from the potential-dependence of the surface density of charges 

stored electrostatically (i.e., non-faradaically) at the interfaces of the capacitor 

electrodes.17” Both capacitors and supercapacitors have the same working principle. 

However, supercapacitors have several orders of magnitude higher energy density 

than capacitors 18. Supercapacitors have several types such as electric double layer 

capacitors, pseudocapacitors, and hybrid capacitors. Pseudocapacitors have a 

different charge storage mechanism than EDLCs 19. They are also faradaic in origin, 

but during the transfer of charge from the electrolyte to electrode, electrosorption, 

reduction-oxidation reactions and intercalations may take place 20. On the other hand, 

hybrid capacitors utilize faradaic and non-faradaic processes to store charge. This 

type of supercapacitors gained interest as they achieve energy and power densities 

greater than EDLCs 20. Related to their storage mechanisms, pseudocapacitors, and 

hybrid capacitors can be accepted as in the groups of both electrical and chemical 

storage.  
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4) Chemical/Electrochemical storage: Chemical energy storage makes use of the 

bonding energy of chemical compounds. The major representatives of this storage 

type are batteries, which store and release energy by electrochemical reactions in a 

single device and sustainably synthesized chemicals such as hydrogen gas, which is 

being produced by electrolysis and converted back on demand to water by a fuel cell, 

for example.  While chemical storage is more suited for storing larger amounts of 

energy, electrochemical storage is desirable due to its high overall efficiency 21. Flow 

batteries can be considered as an intermediate approach. 

 

In the working principle of flow batteries, the electrolyte types, stored in the tanks, 

are pumped through a central reaction unit and the current is delivered or applied by 

redox reactions. The salts in fluid electrolyte media are active materials. The 

advantage is that the power capability depends on the reaction unit and the amount 

of energy can be designed by the size of the tank. 21 Up to 10 MW power capacity 

can be reached 10. This system has a large cycle life over 10,000 cycles. The most 

popular example is the vanadium redox flow battery. Unfortunately, the cost of this 

technology is still too high 21.  

 

Fuel cells are energy converters and convert the free energy of a chemical reaction 

into electrical energy 22. There are several types of fuel cells such as the polymer 

electrolyte membrane (PEM) fuel cells, direct methanol fuel cells, solid oxide fuel 

cells, etc. The working principle varies slightly from one to the other.  The most 

prominent example is the PEM fuel cells in which hydrogen gas enters and splits into 

protons by the help of a catalyst and the electrons are transferred to do work. Once 

the protons move through the electrolyte and reach the cathode, they react with 

oxygen and the electrons to create water 22. In fact, the reaction is the reverse process 

of electrolysis. and H2 and O2, are combusted as the fuel, and electricity is produced 

instead of heat energy being liberated 23. Despite the progress over the last decades, 

fuel cells still are more a niche market 23. 

 

Finally, batteries as a group can be considered as the most relevant electrochemical 

energy store and they are widely used in different types of applications from small 

scale (mobile energy storage) to large scale (stationary energy storage). Up to 10 MW 

of power can be supplied within minutes related to the type of design 10. A battery 

consists of one or more electrochemical cells 24. They have internal storage capability 

without the requirement of an external source. By a different way, batteries can be 

categorized as primary and secondary. If a battery cannot be recharged, it is named 

as the primary battery. In this category, the electrochemical reaction cannot be 

reversed. The most popular examples are alkaline batteries. On the other hand, when 

the electrochemical reaction can be reversed by applying a certain voltage, they are 

named as a secondary battery which is also referred to as a rechargeable battery.    

2.3. Basic Working Principle of Batteries and Type of Batteries 

A battery converts the chemical energy within its active materials into electrical energy by 

spatially separated oxidation/reduction (redox) reactions occurring at two different 

electrodes. A cell consists of an anode (place of oxidation) and a cathode (place of reduction) 

which are separated by an ion-conducting electrolyte. In most cases, the electrodes are solid 
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compounds whereas the electrolyte is a liquid. Once the electrodes are dipped into the 

electrolyte media and connected to each other via an external load, discharge is expected. 

Electrons flow through the outer circuit while ion flow within the electrolyte leads to charge 

compensation. Anions migrate to the anode while cations migrate to the cathode. During the 

discharge process, oxidation occurs at the negative electrode (anode) while reduction occurs 

at the positive electrode (cathode). The reason for this electron and ion motion is the potential 

difference created by the dissimilar electrodes placed into the electrolyte media. Each 

material has its own reduction/oxidation potential related to its nature 8, 21, 24. There are many 

different types of rechargeable batteries. However, only some of them such as lead-acid, 

nickel cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), sodium-sulfur, zebra, metal-air and 

lithium-ion batteries (LIBs) are relevant at an industrial level. In fact, the total rechargeable 

battery market is by and large dominated by lead-acid and lithium-ion batteries.    

Lead-Acid 

Lead acid batteries are the low price and easy manufacture batteries. It gets its name from 

the negative electrode, lead (Pb) and the acid (H2SO4(aq)) used as the electrolyte. During 

discharge, Pb is oxidized at the negative electrode forming solid lead sulfate (PbSO4) with 

the electrolyte solution. On the positive electrode, lead dioxide (PbO2) is reduced and forms 

PbSO4 as well. Although this type of battery has a comparably low energy and power density 

and shows limited cycle life compared to other competitors, the low cost and the wide 

operational temperature window are very attractive 24. Therefore, the market share of lead-

acid batteries is the highest one from 1990 to 2016 (Figure 4a). Also in terms of investments 

and sales, in 2016, more than half of the 65 billion dollars of battery market is dominated by 

this battery technology. In terms of storage capacity, more than 0.35 GWh of energy is stored 

into lead-acid batteries. Another advantage is that more than 97 % of all battery lead is 

recycled. Therefore, it is at the top of the list of batteries which can be recycled 24. 

Nickel Cadmium (Ni-Cd) 

This type of battery consists of cadmium as the negative electrode and a metal grid containing 

a paste of nickel oxide hydroxide (NiOOH) acting as a positive electrode. And as an 

electrolyte, an aqueous solution of potassium or sodium hydroxide is used. It is very reliable 

with long life at high discharge rates and over a wide range of temperature. Although its cost 

is higher than lead-acid batteries, the energy and power densities are higher 24. Due to the 

toxicity of cadmium, however, starting from the early 1990s Ni-Cd batteries started to be 

replaced by Nickel-Metal Hydride (Ni-MH) batteries. Also, LIB technology was also 

growing and was a competitor to Ni-Cd batteries 25. Especially, LIBs had higher voltages as 

compared to Ni-Cd batteries.  In addition, higher energy and power density properties of 

LIBs were superior to Ni-Cd cells. The costs of lithium-ion batteries in the 1990s were, 

however, much higher as compared to Ni-Cd batteries 25.   

Nickel-Metal Hydride (Ni-MH) 

This type of battery was introduced to the market in the late 1980s having higher energy, 

power and cycle life than lead acid and nickel-cadmium batteries. Nickel hydroxide 

(Ni(OH)2) as a positive electrode and metal hydride (MH) as a negative electrode are used 

in this technology 24. For the negative electrode, LaNi5, TiMn2 or ZrMn2 are preferred 

electrodes. 

Although the studies go back to the 1960s, this type of battery is introduced into the global 

market in 1989 for the use of portable PCs. Since then, it started to gain a place in the 
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industry. In 2008, nearly 10 % market share of the total rechargeable battery market was for 

Ni-based batteries 24. However, this share is slowly decreasing over the last years due to the 

rise of Li-ion batteries 8, 26 (Figure 4a,b).     

Sodium-sulfur 

High temperature 

The high temperature (> 300 °C) sodium-sulfur battery is developed since the 

1960s27. This battery is based on molten sodium as an anode, molten sulfur as a 

cathode and beta alumina as a solid electrolyte. However, the technology also has 

certain limitations such as the limited utilization of sulfur, maintenance and safety 

issues arising from the use of liquid sodium at high temperatures 27. As a safer 

alternative, the ZEBRA (sodium-nickel-chloride) battery was developed. The battery 

is assembled in the discharged state. The positive electrode consists of nickel powder 

and NaCl. During charging, NiCl2 forms while molten sodium forms at the negative 

electrode. Beta-alumina (β”-Al2O3) is used as an ion conducting separator. The 

positive electrode also contains NaAlCl4 as an additional electrolyte which melts at 

around 150oC. The ZEBRA battery operates at temperatures between 270-350 oC 28. 

Despite these advantages, the technology is still awaiting its large scale commercial 

breakthrough.    

Room temperature 

Since 1980s metal-sulfur batteries operating at room temperature are also explored. 

Most research is currently done on lithium-sulfur batteries due to their very high 

theoretical energy density. During discharging, lithium reacts with sulfur to form 

lithium sulfide (Li2S) at the positive electrode. The reaction is, however, very 

complex and many intermediate polysulfide species form during charging and 

discharging which lead to limited cycle life. Moreover, the formed sulfides are poor 

conductors which require to add a lot of additives. Despite the recent improvements, 

the lithium-sulfur battery still awaits is mass market production. Along with the 

strong interest in lithium-sulfur batteries, also sodium-sulfur, potassium-sulfur and 

magnesium-sulfur batteries are being explored. 29, 30 

Metal-air 

Metal-air batteries are based on reactions between metals as anode and oxygen (which is 

taken from the air) at the cathode. Therefore, metal-air systems are capable of releasing an 

extremely high specific energy. To illustrate this, the theoretical specific energy values for a 

Li-air battery with Li2O2/Li2O as discharge products are close to the combustion energy of 

gasoline which is one of the most energy dense liquids 31. According to the available 

research, Li-air, Na-air, Zn-air, Mg-air, Al-air, and K-air batteries are proposed 32. Despite 

the promises, there are several bottlenecks that hamper the development of any practical 

rechargeable metal-air battery to date. For example, the intrinsic slow reactions, high 

overpotentials and poor reversibility of oxygen chemistry are the major obstacles on the 

cathode side 31.  

Lithium-ion (Li-ion) 

Due very low reduction potential and low weight, lithium has been attractive for batteries 

and research into lithium batteries began in the 1950s. Primary lithium batteries were 

commercialized in the 1970s. The development of secondary battery took longer time. In 
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1991, Sony Corporation Battery Group introduced a rechargeable lithium-ion battery having 

excellent cycle life and a higher level of intrinsic safety by using graphite and LiCoO2 
33-35. 

Shortly after, this battery was also released by a joint venture of Asahi Kasei and Toshiba in 

1992. This was the first example for graphite anode used in LIBs. Previously, there were 

studies related to lithium intercalation into graphite. However, this is the first commercial 

application of LIB by using graphite as the anode (further details will be given in Section 

3.1.).  

During the last decade, invested money into LIB technology increased extremely, therefore, 

in 2016, LIBs have a large rise in market share (Figure 4a). It is due to its high voltage, high 

energy density, and long cycle life. The total market in GWh is currently still larger for lead-

acid technology as compared to LIB technology. This is large because of the wide-spread 

use of the lead-acid battery in industrial applications as well as for starter batteries in cars 

(Figure 4b).   

  

Figure 4. From 1990 to 2016, the worldwide battery market shares in terms of a) money and b)energy capacity 36.  

As a footnote to the discussions related to the rechargeable battery market, the energy storage 

systems are mainly required by industry which prefers lead-acid batteries. Compared to the 

energy capacity required by industry, the energy requirement of portable devices is much 

lower and therefore, the market share of portable batteries is low. However, the development 

of electrical vehicles is currently boosting the demand for LIBs. As a forecast, in 2025, the 

market share of LIBs is expected to be higher than others in terms of stored energy and the 

invested money37. Parallel with electric vehicles, the industrial use of LIBs will also rise.  
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3.  State of Art 

3.1. Graphite and Graphite Intercalation Compounds (GICs) 

The discovery of suitable negative electrode materials for lithium-ion batteries was more 

complicated than the positive electrode materials. As being low-cost, easily accessible and 

highly conductive, carbon-based materials were initially taken into consideration.  

Considering the carbon allotropes, graphite is certainly the technologically most important 

one. Within this structure, graphene layers are stacked with ABAB sequence in c axis by 

forming weak van der Waals bonds (π-π interactions) 38, 39. Under suitable conditions, 

molecules, atoms or ions can easily penetrate into this host material forming the very diverse 

family of graphite intercalation compounds (GICs) 38, 40.  

GICs, especially for the preparation of expanded graphite, can be prepared in different 

methods. These methods depend on the hosted components such as Brønsted acids (e.g., 

sulfuric acid, nitric acid, and acetic acid), metal chlorides (FeCl3, CuCl3, and ZnCl2) and 

alkali metals in a solvent 38. The first examples of GICs are from C. Schafhaeutl in 1840 41 

and B. Brodie in 1851 42. They tried to describe graphite bisulfate synthesis. The reported 

GICs consisted of graphite layers intercalated by HSO4
-
 and H2SO4 molecules 38. Later on, 

the ability of graphite to store alkali ions was realized but it took many years to introduce 

them into lithium-ion batteries. In fact, the development for cathode electrode materials was 

earlier than for anode materials. Some important cathodes were LiMn2O4, LiCoO2 and 

LiNiO2 
35. The first report related to LiCoO2 was given by Goodenough and co-workers in 

1979, for example 43, 44. However, electrochemically, the first trial of graphite as anode 

material for lithium intercalation and release was in 1982-1983 by Yazami and Touzain 40. 

Although they have used a solid electrolyte based on polyethylene oxide and lithium 

perchlorate (formula P(OE)8-LiClO4), this study provided the scientific basis for the use of 

graphite in such an application. Actually, in the early 1960s lithium-based batteries are tested 

by using metal halides and the majority of these works are performed by using propylene 

carbonate (PC) 45-47. This progress is due to the findings from the thesis of Harris (under the 

supervision of Tobias) 45 that can be accepted as a milestone. He tried several different 

solvents for Li-electrodeposition. After a long time, in 1967, a study from Rao and Hill 

represented the very first report solvent co-intercalation which is causing graphite exfoliation 

by gassing of PC 48.   

On the other hand, Akira Yoshino made the first prototype of a secondary battery by using 

LiCoO2 as positive electrode and polyacetylene as the negative electrode in 1983 49. He tried 

several carbonaceous materials as the negative electrode. He found that carbonaceous 

material with a certain crystalline structure provides greater capacity without causing the 

decomposition of PC. Therefore, in 1985, Yoshino patented a battery with LiCoO2 as the 

cathode and carbonaceous material with certain crystallinity as the anode material 50, 51.   

It was shown in some studies that the intercalation of lithium ions was complicated due to 

solvent reduction and disruption of the carbon structure 52. Earlier studies related to 

electrochemical lithium intercalation into graphite showed that by the use of PC based 

electrolytes, decomposition products of PC were observed on the surface of graphite 53. PC 

was preferred at that time, as it was used highly in primary lithium cells. In the study of Fong 

et al., this problem of irreversible behavior is associated with the use of PC as a single solvent 
54. Therefore, as a co-solvent, ethylene carbonate (EC) is added into the electrolyte. The 

reversibility of lithium intercalation into graphite is improved. The tests are performed for 

graphite and also for petroleum coke cells. In both of the cases, the cycling performance of 
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the electrode is improved by the use of PC/EC as compared to PC. It was found that EC as a 

co-solvent creates a protective lithium ion conducting surface film. The surface layer is 

named solid electrolyte interphase (SEI) after a concept introduced by Peled 55-57. The SEI 

forms during the first lithiation of the graphite electrode before the actual ion intercalation 

takes place. The SEI is ionically conducting and mechanically robust and hinders further 

electrolyte decomposition. The formation of an efficient SEI on the graphite surface was 

essential for enabling reversible intercalation of lithium ions 54.  

3.2. Use of Graphite in Lithium Ion Batteries – binary GICs  

In the first commercial Li-ion batteries, hard carbon had been used as a negative electrode. 

Reversible intercalation of ions into hard carbon is possible. Due to being disordered, cycling 

is done without a staging transition 58. On the other hand, the electrolyte decomposition 

during cycling was a great obstacle for using graphite. After this problem was overcome; in 

today’s LIBs, graphite is chosen as the active material for the negative electrode. As the 

crystallinity is useful for long term cycling with good performance, graphite is preferred as 

compared to hard carbon. Therefore, the battery containing graphite can have a high cycle 

life with high retention. Moreover, by the intercalation of lithium ions into graphite, high 

capacity is gained (qtheoretical = 372 mAh g-1) 54, 59, 60. In fact, the practical reversible capacity 

of such batteries is 360 mAh g-1. This is close to the theoretical value with low and flat 

operational plateaus at 0.1-0.2V vs. Li+/Li 58, 61. The electrode reaction based on intercalating 

naked lithium ions can be generalized as follows: 

 
intercalation

Li C LiC           (1)xn
solv x e n solv      

 

By electrochemical reduction, Li+ ions are intercalated in between graphene layers and a 

binary graphite intercalation compound (b-GIC) with the final stoichiometry of LiC6 is 

formed (reaction 1) 58, 62 63, 64. There are several intermediate stages formed during lithiation 

which can be followed by XRD. The order from the highest lithiated form to the lowest is; 

the first stage (LiC6), the second stage (LiC12), the third stage (LiC27), the fourth stage (LiC36) 

and the eighth stage (LiC72). 

3.3. Rise of Sodium Ion Batteries  

Obviously, there is a rapid growth of the battery market and the demand for lithium and other 

elements such as Co that are relevant for LIB technology will put pressure on the supply 

chains and resources. Low-cost alternative cell chemistries based on abundant elements are 

therefore required, especially considering grid storage or the rising market for short-

range/low-speed electric vehicles such as e-scooters. Sodium-ion batteries (SIBs) appear as 

an attractive alternative for the future. Motivated by the large abundance of sodium, research 

efforts on SIBs increased significantly 58, 65-73 with the aim to develop high energy batteries 

with fewer resource constraints. This also includes the substitution of other expensive 

components of LIBs, most importantly using Mn- and Fe-rich instead of Ni- and Co-rich 

cathode materials or by using aluminum as anode current collector. Although the energy 

density of SIBs is lower compared to LIBs, it is higher compared to other rechargeable 

battery technologies. There are also some specifics related to size effects (compare ion radii) 

which can lead to advantages over LIBs70. 

Similar to Li-ion batteries, hard carbons are also applied to Na-ion batteries and success was 

obtained before graphite could be used in SIBs. Electrochemical reversible 
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insertion/extraction of sodium-ions into hard carbon was reported by Stevens and Dahn in 

2000, for example 74. A reversible capacity of 300 mAh g-1 is typically gained.  

As reversible intercalation of lithium ions by forming b-GICs with the stoichiometry of LiC6 

is possible, one could easily imagine using graphite in SIBs as well. Unfortunately, the 

formation of sodium-rich b-GICs does not take place and experimental values for the 

capacity are in the range of 20-40 mAh g-1 (or lower) 65, 75-78. This was often explained with 

the larger ion size of sodium. On the other hand, the even larger alkali metals can form b-

GICs (KC8, RbC8, CsC8) which raises questions on the special behavior in case of sodium.  

In theoretical studies, it is suggested that the formation of sodium-rich b-GICs is 

thermodynamically not favorable 64, 79, 80. Nobuhura et al. 64 links this behavior of instability 

to the stretching of the C-C bond within the graphene. Liu et al. 79 systematically compared 

the energy balance between ionization energies and ion-substrate interactions for a series of 

alkaline and alkaline earth elements. Within the alkali metals (A), only sodium represents 

the positive formation energy while forming AC6 and AC8 
64. Moreover, Na, as well as Mg, 

show the weakest binding energy to many substrates in general 79. Based on DFT 

calculations, Moriwake et al. interestingly suggested Li (rather than Na) should be seen as 

an exception within the series of alkali metal b-GICs 80.  

3.4. Use of graphite in sodium-ion batteries – ternary GICs 

As the use of graphite in SIBs showed only disappointing results, other strategies had to be 

employed. In 2014, Jache et al. demonstrated that the reversible intercalation of sodium ions 

into graphite can be achieved using diglyme as electrolyte solvent 81. The main conceptual 

difference is that for this solvent, sodium-ions can intercalate as “solvated ions” into the 

graphite structure. This process is called a co-intercalation reaction and can be generalized 

as follows  

   
intercalation

Na C Na C      (2)xn n
solv x e solv     

 

This reaction is different from reaction (1) where the solvation shell is completely stripped 

from the ion during charge transfer. Co-intercalation of solvent molecules along with the 

ions leads to so-called ternary graphite intercalation compounds (t-GICs) with the formula 

of Na(solv)nCx. It is important to remember that t-GICs have been known for decades and 

were mostly prepared by chemical methods with the aim to explore out the structural variety 

of this material class 82-84. The electrochemical formation over many cycles by 

electrochemical methods was, however, only realized quite recently. The reaction including 

diglyme as a co-intercalating solvent is  

   
intercalation

Na C Na C    =1 or 2, =16-26    (3)xn n
diglyme x e diglyme n x     

 

After this initial finding, a number of experimental and theoretical studies have been 

published in the last years as shown in detail in Table 1. Although the reaction is found to 

work very well over many cycles, many questions related to the exact structure, compositions 

and the dynamics of the reaction still remain under debate. Experimental and theoretical 

studies suggest values for n=1 or 2 and x=16-26 81, 85-90. For x = 20, the above reaction gives 

a theoretical specific capacity of 111.7 mAh g-1
(graphite). As in the case of b-GICs, the reaction 

for t-GICs proceeds over several intermediate phases (stages). At around 0.6V, a constant 

potential plateau contributing to about 25-30 % of the total capacity. A plateau represents 



| 18  

the two-phase region during this electrochemical reaction. Intercalation of solvated sodium 

ions starts below 1 V vs Na+/Na finally ending with a stage 1 compound. During 

intercalation, a significant increase of graphene layer spacing occurs. The layer spacing of 

graphite increases from 3.35 Å up to about 11.3-11.9 Å during stage 1 formation. The volume 

expansion is in the range of 240 to 250 % 91, 78, 86, 88. Although lattice expansion is too high, 

interestingly, this co-intercalation reaction does not destroy the graphite electrode. The 

crystal structure is preserved during cycling 91. 

In many studies, NaPF6 dissolved in diglyme is the preferred electrolyte. It is shown that the 

cyclability of this reaction is extraordinary up to 8000 cycles and also high current densities 

up to 30 A g-1 can be applied onto this reaction 92. Other than diglyme, other types of linear 

ethers can be applied to this reaction such as mono- di- tri- or tetraglymes 78, 93. 

Unfortunately, none of carbonate-based electrolytes could reveal any useful capacity for 

graphite in SIBs 78.  

Table 1. Overview on different experimental studies on solvent co-intercalations with graphite by using sodium ion. Their 

used electrolyte solutions and main findings. 

Cell type Salt and Solvent 
Cycle 

Number 
Comments / Main findings Ref. 

Na/Graphite NaOTf or LiOTf in  Diglyme,  

NaPF6 or LiPF6 in EC/DMC  

1000 cycles Jache et al.; 

The first time, in 2014; 

Graphite can have 110 mAh g-1 of capacity  

81 

Na/Graphite NaOTf or LiOTf  in  

Monoglyme, Diglyme, 

Triglyme, Tetraglyme, 

Bis(methoxypropyl)ether 

(DPGDME), Bis(2-

butoxyethyl)ether (Butyl-2G), 

1,5-Dimethoxy-pentane (1,5-

DMP), tetrahydrofuran (THF). 

NaPF6 or LiPF6 in EC/DMC. 

50 cycles Jache et al.; 

Some electrochemical properties such as capacity, 

retention, efficiency and over potential are compared. It 

is found that diglyme is electrochemically performing 

well within glyme series.  

78 

Na/Graphite NaClO4 in  Monoglyme, 

Diglyme, Triglyme, 

Tetraglyme. 

NaClO4 in EC/DMC 

20 cycles Seidl et al; 

Crystal structure changes and phase formations of 

graphite during cycling with glyme series. 

The crystal structure change of graphite depends on the 

type of glymes used during sodiation. But overpotential 

is slightly increasing during these cycles. 

91 

Na/Graphite NaPF6 in Monoglyme, Diglyme 

and Tetraglyme 

200 cycles Kim et al.  

A comparative study of several glymes by experimental 

and computational methods in order to understand the 

intercalation mechanisms. There are two layers of ions 

together with glymes going in between graphene layers 

while forming stage 1 compound.  

94 

Na/Graphite NaOTf in  Monoglyme, 

Diglyme, Triglyme, 

Tetraglyme, Pentaglyme, 

Crown Ether 4, Crown Ether 5, 

Crown Ether 6. 

50 cycles Goktas et al. 

The electrochemical properties of glymes from 

monoglyme to pentaglyme are examined. The kinetic and 

thermodynamic properties of the reaction are discussed as 

a function of temperature.  

The first time, crown ethers are used for electrochemical 

co-intercalation of sodium ions into graphite by giving 75 

mAh g-1 capacity. 

93 

Na/Graphite NaPF6 in Diglyme  8000 cycles Cohn et al.  

The superior performances of graphite in SIBs are tried 

to be underlined. High rate capabilities up to 30 A g-1 and 

high cycle life of 8000 cycles are gained. 

92 

Na/Graphite NaCF3SO3 in Tetraglyme 6000 cycles Zhu et al.  

A study was done by using NaCF3SO3 in tetraglyme and 

they reached up to 10 A g-1 for 6000 cycles. For the first 

time, graphite in used in full cell in SIBs   

95 

Na/Graphite NaClO4 in Tetraglyme, 

EC/DMC, EC/DEC 

500 cycles 

for half cell 

Hasa et al.  96 
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and 100 

cycles for 

full cell. 

Trial of graphite with a cathode to make a full cell. High 

rate as high as 10 C is applied to the full cell. 

Na/Graphite Sodium−diglyme-d14−GIC was 

prepared by a solution-phase 

reaction. 

- Gotoh et al. 

NMR study to prove t-GICs. The formation of t-GICs 

with a stoichiometry C22−26(diglyme)1.8−2.2Na1.0 is proven 

by NMR studies. 

97 

Na/Graphite - - Jung et al. 

Study for modeling 

Due to the co-intercalation mechanism, diglyme can 

easily create Van Der Waals interactions and diffuses fast 

through the graphite lattice. Diffusion is faster compared 

to the case of lithium. 

98 

Na/Graphite NaPF6 in tetraglyme, diglyme, 

monoglyme, THF, DOL, DMC, 

DEC, EC, PC. 

 

- Yoon et al. 

The computational studies are performed for the 

electrolytes of NaPF6 salt in carbonate solvents such as 

EC/DMC, DMC, DEC, PC, and ethers such as THF, 

DOL, DME, DEGDME, TEGDME. And they concluded 

that for the reversible co-intercalation the high solvation 

energy of Na and the chemical stability of Na-solvent 

complexes are important parameters. 

89 

Na, Li, K / 

Graphite 

MCF3SO3 

M= Na, Li or K  in tetraglyme 

60 cycles Kim et al. 

Comparisons of Li, K and Na are done by using 

tetraglyme based electrolyte. Current density is applied 

up to 3 A g-1. 

99 

Na/Graphite NaOTf in diglyme 100 cycles Goktas et al.  

The co-intercalation mechanism is explained by testing 

the changes in electrode thickness by the method of in situ 

dilatometry. Graphite is likely the first example of SEI-

free graphite anode material in SIBs 

100 

Na/Graphite NaPF6, NaClO4 and NaOTf in 

diglyme. 

NaPF6 in EC/DEC, DMC, THF 

LiPF6 in TEGDME, EC/DMC 

2500 cycles Kim et al.  

A discussion is made between various salts such as 

NaPF6, NaClO4 and NaOTf in diglyme and there was no 

clear significant effect of anions on electrochemical 

reactions. 10 Ag-1 is applied. 

101 

Na/Ordered 

Graphite 

NaPF6 and NaOTf in diglyme 

NaPF6 in EC/DEC  

400 cycles Cabello et al. 

Coke is converted into the highly ordered graphitic 

structure. The capacity changes and intercalation 

mechanism changes are discussed. There is not much 

difference between NaPF6 and NaOTf in electrochemical 

properties. Except, NaPF6 has a slight higher plateau 

potential than NaOTf. Full cell tests are also applied. 

102 

Na/Graphite NaI and NaOTf in diglyme 1000 cycles Jache et al.  

Comparisons are done between the performances of NaI 

and NaOTf, no significant difference was found. 

81 

Na/Graphite NaFSI in tetraglyme Over 20 

cycles 

Maibach et al. 

It is proven by XPS (X-ray photoelectron spectroscopy) 

method that electrolyte of NaFSI in diglyme creates 

partial SEI formation on the surface of graphite electrode 
103. It is clear that there is an excess sodiation capacity and 

large irreversible capacity during the cycles and plateau 

potential shifts by cycle. Also, the retention during 

cycling is not high which is not expected. 

103 

Na/Graphite NaClO4 in diglyme 

LiTFSI in diglyme 

Several 

cycles 

Leifer et al. 

Atomic proximity of Na diglyme and Li diglyme 

complexes to the graphene planes are evidenced. Li-

diglyme complex creates a tighter interaction with 

graphene sheets than Na-diglyme complex. The motion 

of complexes in graphite complex is discussed. The 

mobility of the complexes is linked to their interaction 

with the graphite lattice. 

104 
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4. Main Aim of Thesis and Approach 

The research project related to this thesis started in 2016, i.e. about two years after the initial 

report on the reversibility of solvent co-intercalation reactions for sodium-ion batteries. 

Table 1 shows that the research field quickly developed and about 20 publications have been 

published specifically on graphite used in sodium ion batteries in the meanwhile. However, 

in general aspect, the total number of studies related to sodium ion batteries containing 

graphite discussion is over 200. Despite this progress, many fundamental aspects of this type 

of reaction needed to be studied and better understood. The main aims of this thesis were to 

address aspects related to clarifying the reason for the excellent reversibility of the reaction, 

studying the dynamics of the electrode during cycling, studying the temperature dependence 

of the reaction, expanding the number of possible reactions and studying possible influences 

of the conductive salt on the reaction. Another aim was to increase the capacity of graphite 

using tin. The following sections will provide some more detailed information on the 

methodology used to address the research questions. 

Most of the related studies were done at the Friedrich-Schiller-University Jena (Research 

group Prof. Adelhelm) but several cooperations were established to conduct more specialized 

experiments. A graphical overview is shown in Figure 5. Online electrochemical mass 

spectrometry (OEMS) was conducted in cooperation with the research group of Prof. Novak 

(Paul Scherrer Institute, Switzerland), TEM measurements were conducted in cooperation 

with the research groups of Prof. Rojo (CIC EnergiGUNE, Spain) and Prof. Langenhorst 

(Friedrich-Schiller-University Jena), and computational studies were done by the 

Mollenhauer group (Justus-Liebig-University Giessen, Germany). Viscosity and 

conductivity measurements of liquid electrolytes were done in cooperation with the Balducci 

group (Friedrich-Schiller-University Jena). Further, Raman spectroscopy studies were 

performed in cooperation with the Komaba group (Tokyo University of Sciences, Japan) 

during a one-month lab stay. 

 
Figure 5. Important methods and collaborations. 
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4.1. Probing Anode Electrode Dynamics by in situ Electrochemical 

Dilatometry 

This section gives an introduction into in situ electrochemical dilatometry (ECD) as a method 

for studying the dynamics of electrodes during ion insertion/deinsertion.  The method allows 

to discuss some key questions:  

 To what extent do electrodes expand/shrink during ion storage and release?  Is the 

first cycle (“electrode activation”) different from the following ones? 

 How much do graphite, hard carbon, soft carbon, tin composite electrodes expand 

during cycling in sodium half cells? If there are differences, can we understand them? 

During ion intercalation, co-intercalation or adsorption, the anode or the cathode materials 

undergo a volume change due to the crystal expansion. In a real application, continuous 

electrode expansion and shrinkage may lead to rapid electrode degradation and therefore 

limited cycle life. A first choice to follow changes in the electrode during cycling would be 

in situ XRD which provides information on crystalline phases. From this data, one can 

calculate the volume changes of the active material alone. Another approach is theory using 

e.g. DFT. For example, the intercalation of sodium ions into graphite by co-intercalation 

(Figure 6) leads to an increase in graphene interlayer distance from 0.335 nm to around 1.13 

nm. On the other hand, one has to realize that electrodes commonly consist of many 

individual particles being held together by a binder. The porosity is typically in the range of 

30 – 70 %, depending on how the electrodes are prepared. The important point is that the 

expansion/shrinkage of a crystal (as determined by XRD) will not automatically translate 

into the same expansion/shrinkage of the electrode. The latter can be followed by in situ 

electrochemical dilatometry (ECD) hence this method is a very useful complement. 

Considering practical application, determining the effective change of the electrodes during 

cycling is very useful for designing batteries with minimum overall volume changes. An 

advantage of ECD over XRD is that also the storage behavior of amorphous materials may 

be followed.  

An in situ ECD system consists of a measurement cell connected to a 

potentiostat/galvanostat. The cell contains a capacitive sensor for recording one-dimensional 

displacements of the electrode (for details see Section 7.2). This way, changes of the 

electrode thickness during galvanostatic charge and discharge (here discussed as “electrode 

dynamics”) can be followed over several consecutive cycles, for example.     

 

Figure 6. Na+(diglyme)2 complex intercalated into graphite calculated at PBE-D3/pw(PAW P) level of theory. Color code: 

carbon (brown), oxygen (red), sodium (yellow), and hydrogen (white) 100. 
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Figure 7. In situ ECD measurements on a) sodium co-intercalation into graphite from ether based electrolytes, 1M NaOTf 

in diglyme at C/10 (1C =110 mA g-1); b) lithium intercalation into graphite from conventional carbonate based electrolytes 

1M LiPF6 in EC:DMC (Sigma Aldrich). Five cycles at current of C/10 (1C =372 mA g-1) are shown. The initial thickness 

of the electrodes are about l0=50 µm (without current collector) 100. 

Typical results from the measurement are shown in Figure 7. Figure 7a shows the first 5 

cycles of for a graphite electrode during the intercalation of sodium ions along with ether 

solvent molecules (co-intercalation). The black line shows the potential of the electrode, the 

blue line indicates the thickness change of the electrode. The initial thickness of the electrode 

is about 50 µm.  As can be seen, sodiation causes a significant increase in electrode thickness, 

desodiation causes a significant shrinkage. Compared to the initial thickness of about 50 µm, 

the increase during the first sodiation is almost 200 %. The subsequent cycles show a 

difference of about 50 µm (100 %) between the sodiated and desodiated state, i.e. the 

electrode “breathes” during cycling. The changes in electrode thickness are obviously quite 

large for co-intercalation reactions. A measurement for conventional ion intercalation is 

shown in Figure 7b. The graph shows the result for the same graphite electrode but in this 

case, lithium is intercalated from carbonate based electrolytes. Comparing both graphs, one 

can see that the first cycle is exceptional in both cases, i.e. the thickness change is larger 

compared to all following cycles. The first cycle can be seen as an activation cycle which 

includes different phenomena such as particle restructuring, side reactions with the 

electrolyte, exfoliation and so on. The subsequent cycles have rather constant breathing but 

with a clear difference between the breathing levels. In the case of sodium, the breathing (50 

µm, i.e. 100 %) is much larger compared to the case of lithium (2-3 µm, i.e. 4-6 %). The 

results therefore clearly show that dilatometry provides direct evidence for the kind of 

intercalation mechanism, i.e. co-intercalation takes place in case of sodium and solvent 

molecules enter the crystal structure together with the ion 81 (Figure 6). Therefore, the 

exfoliation of graphite and higher breathing in SIBs than in LIBs are expected consequences. 

As the expansion and shrinkage at x and y directions are negligible, the mentioned numbers 

can be assumed to be the volume changes. A closer comparison between both graphs also 

shows that the thickness change curve is more pointed for lithium and more rounded in case 

of sodium.  

A more detailed discussion on the data is part of the publication “Graphite as Cointercalation 

Electrode for Sodium-Ion Batteries: Electrode Dynamics and the Missing Solid Electrolyte 

Interphase (SEI)” (shown in details in Section 5.1).  
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Figure 8. In situ ECD measurements at 50 mA g-1 over 70 hours of consecutive cycling for Hard Carbon (5 cycles) 

electrodes by using electrolyte of 1M NaPF6 in 2G. Hard Carbon has 10 % CMC. The initial thickness of the electrodes 

are about l0=37 µm (without current collector). 

Apart from graphite, some other anode materials were also tested. In Figure 8, the breathing 

level of hard carbon in sodium half-cell is shown which amounts to around 2-3 %. In this 

experiment, the electrode was prepared using CMC as a binder and had a starting thickness 

is 37 µm. The cell was cycled in an electrolyte solution of 1M NaPF6 in 2G. Comparing with 

Figure 7a, one can see that breathing is much smaller. This indicates that in the case of hard 

carbon, the insertion of sodium ions without solvent molecules takes place. Again, the 

dilatometry signal provides direct information on the storage mechanism. At this point, 

however, one has to emphasize that charge storage in hard carbon is more complex as several 

effects such as adsorption, pore filling and insertion are contributing. Interpretation of signals 

from graphite electrodes is therefore a bit more straightforward.    

 

Figure 9. In situ ECD measurements at 50 mA g-1 over 60 hours of consecutive cycling for GnP (7 cycles) and SnNGnP (9 

cycles) electrodes. Initial thicknesses for SnNGnP and GnP are 37 and 36 µm respectively 105. 

Another example is shown in Figure 9. Here, ECD was used to follow sodium storage in 

electrodes made from graphene nanoplatelets (GnP) and a composite consisting of tin and 

GnP. GnP is a carbon-based material produced by ball milling of graphite showing a high 

surface area (270 m2 g-1). Comparing the result again with Figure 7a, one can see that there 

must be a change in the storage mechanism, as the breathing is much smaller for GnP (10 

%) than for graphite (100 %). The difference is due to the structural loss of the graphite 

lattice as a result of the ball milling process (described in detail in Section 5.4). In this study, 

the motivation to use GnP as anode material was not to use it as the active material for sodium 
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storage but instead as a flexible matrix to buffer volume changes of tin. Tin has a very high 

theoretical capacity for sodium storage (qtheoretical = 847 mAh g−1) combined with a volume 

expansion of 420 % (at the material level) during sodiation 106. However, in this composite, 

the electrode was breathing only 14 % (58 wt % Sn). The results show that the dramatic 

volume change of tin on a materials level is not observed on the electrode level. The main 

reason for that is the porous structure of the GnP electrode which gives enough free space 

for tin to expand without causing too much change on the electrode level, hence minimizing 

the electrode breathing. As a consequence, the cycle life of this composite was found to be 

excellent. Details on these materials and the related experiment can be found in the related 

publication “Sodium Storage and Electrode Dynamics of Tin-Carbon Composite Electrodes 

from Bulk Precursors for Sodium-ion Batteries” 105 (shown in details in Section 5.4). 

Overall, the studies show that the ion insertion mechanism into the material affects the whole 

electrode dynamics. ECD allows to follow ion storage in electrodes over several cycles and 

provides information on the storage mechanisms. Moreover, results from ECD help to 

explain why composites, such as the discussed GnP-tin composite show very good cycle life 

despite the large volume expansion of tin on the materials level. As some comments to future 

projects, the effects of solvents, salts, binders, current densities, and temperature can be 

further studied by the ECD method.     

4.2. Interface Stability vs Interphase Formation 

The redox potential of anode materials is usually outside the stability limit of liquid 

electrolytes. This means that the interface between the electrode and the electrolyte is 

instable generally (but not always) leading to side reactions. These side reactions can lead to 

the formation of an interphase. In the ideal case, this interphase stops the side reactions 

leading to a “stable” electrode. Such stabilized electrodes can still work in electrochemical 

cells if the interphase is electronically insulating but ionically conductive. In this special 

case, the interphase is termed solid electrolyte interphase (SEI), after the initial concept by 

Peled 107. The composition of the SEI is complex containing inorganic and polymeric parts. 

In the case of lithium, the inorganic compounds are thermodynamically very stable 

compounds such as LiF and Li2O. As they are poor ion conductors, the SEI has to be very 

thin, i.e. in the range of a few tens of nm. The complex composition and the small dimension 

make it generally quite difficult to characterize the SEI. In this thesis, in order to better 

understand the interphases created on sodium and graphite electrodes, systematic studies 

were performed for diglyme based electrolyte solutions containing several different organic 

and inorganic conductive salts. The interphase properties of sodium and graphite are 

characterized by electrochemical impedance spectroscopy (EIS) and TEM. The stability of 

the electrolyte towards the electrodes during oxidation/reduction was followed by online 

electrochemical mass spectrometry (OEMS). Regarding the studied graphite and sodium 

electrodes, the thesis focused on answering the following questions:   

 How “stable” are sodium and graphite electrodes in different sodium-ion conducting 

liquid electrolytes. Is an SEI formed or do the electrodes continuously degrade (along 

with gas evolution)? 

 What is the influence of the conductive salt on the SEI? Can we observe differences 

by impedance spectroscopy? 

 Is there a solid electrolyte interphase (SEI) on graphite electrodes operating with the 

co-intercalation mechanism? 
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A number of studies discussing the co-intercalation reaction of sodium with ethers into 

graphite has been published in the last years, see Table 1. The most popular electrolyte salts 

were NaOTf and NaPF6 but also NaFSI and some others had been tested. Although the anion 

should not affect the reaction, the choice can be quite relevant considering the formation of 

the SEI, the Coulombic efficiency as well as the general stability of the electrolyte solution. 

This is not only relevant for the graphite electrodes targeted in this thesis, but also for sodium 

metal, which is the commonly used counter and reference electrode used for the experiments 

(as also will be discussed in Section 4.3). As a first step, the stability of the electrolytes 

towards the sodium metal was therefore investigated.  

As an example for the influence of electrolyte composition on the properties of sodium 

electrodes, impedance measurements on symmetrical NaNa cells are shown in Figure 10. 

In all cases, diglyme was the electrolyte solvent. A highly resistive interphase is formed in 

the case of NaTFSI and NaFSI while much smaller values for areal resistance are found for 

NaOTf and NaPF6 as salt. The results show that the areal resistance can easily change by one 

to two orders of magnitude, depending on the salt used.  

 
Figure 10. Impedance measurements for NaNa symmetric cell after 48 hours of waiting at OCV. 

Another method to study the stability of the electrolytes in electrochemical cells is online 

electrochemical mass spectrometry (OEMS). As side reactions typically lead to the release 

of gaseous compounds, analyzing the gas atmosphere during cell cycling can provide direct 

evidence for unstable interfaces. Figure 11 shows the cumulative release of selected gases 

over three plating/stripping cycles from symmetrical NaNa cells. OEMS is a very powerful 

tool for evidencing side reactions during cell cycling and it reveals also some dramatic 

differences for the different salts. For all salts, the amount of H2 is quite similar, which is 

likely related to a similar level of water impurities in the electrolytes. In the case of NaFSI, 

NaOTf, and NaPF6, the main evolution occurs directly after OCP. For NaTFSI and NaClO4, 

the H2 formation occurs during stripping/plating. For CH4, by far the largest release is 

detected for NaTFSI. The release of CO and C2H4 is the largest for NaTFSI and NaClO4. In 

contrast, the use of NaOTf and NaPF6 as salts leads only to a very small gas release, hence 

indicating that they are most suited for using them in cells containing a sodium electrode. 

From these results, a qualitative order for the degree of side reactions can be gained as 

NaTFSI > NaClO4 >> (NaFSI, NaOTf, NaPF6). These results are well in line with the 

impedance data except NaClO4 which reveals smaller resistance than NaFSI.  
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Figure 11. Total gas amount for (a) H2, (b) CH4, (c) CO, (d) C2H4 for different electrolytes during cycling in NaNa cells. 

The gas amount was calculated from the first 3 plating/stripping cycles and is normalized with respect to the surface area 

of the copper mesh on which Na was plated. 

Taking results from EIS and OEMS together, electrolytes containing NaOTf and NaPF6 seem 

to form a thin, less resistive and stable SEI which sodium ions can easily pass. For NaTFSI 

and NaClO4, poor passivation and continuous electrolyte decomposition occur. While EIS 

and OEMS provide some very clear information, they also have some limitations. In this 

thesis, other methods were therefore applied as well to obtain a better understanding on the 

electrolyte stability. IR measurements of the liquid electrolyte and XRD measurements of 

the sodium electrodes were done as well. For the salts leading to the strongest side reactions, 

XRD also showed the appearance of crystalline decomposition products, for example. In the 

case of NaTFSI corrosion of the sodium metal was also even visible by eye. Overall, the 

results clearly demonstrated that the sodium counter electrode in sodium-half cells is very 

sensitive to the electrolyte composition. Especially the use of NaTFSI is problematic, leading 

to continuous degradation of the sodium. This is quite surprising giving the fact that LiTFSI 

is a very popular salt used in lithium-ion battery research and is very compatible with lithium 

electrodes.     

Similar tests were made to study whether there is any influence of the conductive salt on the 

graphite electrode during the co-intercalation reaction. This was especially important 

because the concept of co-intercalation requires in principle a SEI-free interface. Figure 12 

shows the cumulative release of different gases from GraphiteNa sodium half cells over 5 

cycles. Again, the gas release is highest in the case of NaTFSI, especially for CO, CH4, and 

C2H4. Similarly, also NaFSI leads to the substantial gas release. The least gas release was 

found for NaPF6 and NaOTf. In another study, we found that in the case of NaOTf, the gas 

release is largely restricted to the first cycle only100. Obviously, less side reactions take place 

when using these salts which is well in line with the much higher Coulombic efficiency and 

the better cycle life obtained for these salts compared to e.g. NaTFSI or NaFSI. 
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Figure 12. Total gas amounts for H2, CH4, CO and C2H4 evolution during 5 cyclovoltammetric cycles (v = 55 µVs1) with 

respect to the measured electrolyte solution. 

TEM was used to image a possible SEI on the graphite surface. As mentioned above, the SEI 

is difficult to analyze and there are only few examples published in literature where an SEI 

is really unequivocally identified. Figure 13a shows a TEM image of a SEI on a graphite 

particle surface after lithiation by Nie et al. 108 The thickness of the observed SEI is in the 

range of 50 nm. 

Considering the graphite co-intercalation reaction, published results on an SEI were 

contradicting  In own studies100, we found no evidence for an SEI. Several tests with TEM 

and reference measurements were conducted but an SEI could not be found. A typical TEM 

image of a graphite particle after the co-intercalation reaction is shown in Figure 13b.  

Maibach et al. 103, on the other hand, reported the existence of an SEI using X-ray 

photoelectron spectroscopy. The obvious contradiction between both findings could be 

clarified by the different conductive salts used in both studies. While in the own study NaOTf 

was used as a salt, Maibach et al. used NaFSI – which we found to lead to much more side 

reactions using the above-mentioned methods. Using TEM, we also found that using NaFSI 

leads to the enrichment of electrolyte decomposition products within the graphite electrode.      

 

Figure 13. (a) TEM images of fresh graphite and SEI on graphite anodes cycled to four cutoff voltages in 1.2 M LiPF6/EC 

during first charge 108, 109, (b) TEM and HRTEM images of the graphite particles after cycling in electrolyte solutions of 

1M NaOTf in diglyme (end of 5th cycle, desodiated state). Insets: SAEDs patterns for areas, the semi-circles indicate the 

expected positions for graphite interplanar distances. 

Combining the results from electrochemistry, TEM and OEMS measurements, an important 

finding of this thesis was that the graphite co-intercalation reaction is likely the first example 

of SEI-free graphite anode in SIBs (at least in case the electrolyte is composed of diglyme 
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and NaOTf). Taking all results together, the suitability of the surveyed salts can be ordered 

as follows:  (best) NaOTfNaPF6>NaClO4>NaFSI>>NaTFSI (worst).  

A more detailed discussion on the electrolyte stability towards sodium and the graphite 

electrode can be found in the submitted manuscript “Stable and instable diglyme-based 

electrolytes for batteries with sodium or graphite as electrode” (details are in Section 5.3).  

4.3. Effect of Electrolyte Salts on the co-intercalation reaction  

This section is closely linked to section 4.2 but represents a continuation of the efforts to 

clarify whether the anion of the conductive salt has an influence on the co-intercalation 

reaction. While section 4.2 was dedicated to the interphase/interface stability, this section 

addresses the overall electrochemical performance of the graphite electrode for electrolytes 

containing different salts. Moreover, in situ ECD was applied to test whether the different 

salts also have an impact on the electrode dynamics. The relevant questions addressed were     

  Does the electrochemical performance of the graphite electrode depend on the type 

of salt anion?  

 Does the salt ion have an influence on the graphite crystallinity and the electrode 

dynamics? 

Once again, it is important to remember that the salt anion should not have any influence as 

it is formally not participating in the electrode reaction. However, in the previous section, 

we discussed the dramatic effect of the anion on the interphase/interface stability.  When 

systematically testing the co-intercalation reaction for different salts (with diglyme as 

solvent), we indeed could also find a strong influence on the properties of the graphite 

electrode. As an example, Figure 14a shows galvanostatic charge/discharge curves for the 

co-intercalation reaction using either NaTFSI or NaOTf as salt. It is clearly seen that the 

discharge capacity in the case of NaTFSI is much higher compared to NaOTf but at the same 

time the coulombic efficiency is much lower. This is a clear sign for parasitic side reactions 

and is hence well in line with the results discussed in the previous section. XRD analysis of 

the graphite electrodes after cycling revealed that the crystallinity of the graphite particles 

was, depending on the salt, affected. In line with the previous findings, the first cycle leads 

to exfoliation of the graphite particles to smaller graphite platelets. The degree of exfoliation, 

however, strongly depends on the type of salt. As Figure 14b, the 002 reflex, representing 

the interlayer spacing of the graphite lattice) reduced most in case organic anions were used. 

The least reduction in reflex intensity was observed for the inorganic salts, in particular, 

NaPF6. Among the organic anions, the use of NaTFSI and NaFSI clearly lead to the strongest 

decrease in reflex intensity which is a clear hint for faster degradation of the electrode. 
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Figure 14. (a) Voltage profiles (1st and 10th cycle) of graphite-sodium cells with diglyme-based electrolytes for different 

electrolyte salts, (1C corresponds to 110 mA g−1, Na+(diglyme)2C20 − in the literature.81) (b) XRD Diffraction patterns of 

powder graphite after 5th desodiation for five different salt varieties at room temperature. The strong reflex at around 2 

= 26 ° indicates the graphene layer spacing of graphite (d= 3.35 Å).  

Overall, the largest difference in electrode performance was detected for NaOTf (best case) 

and NaTFSI (worst case). Graphite electrodes from cells with these salts were further 

characterized in more detail using TEM, EDX, and ECD. By TEM, it was found that there 

is a loss in crystallinity in case of NaTFSI whereas, for NaOTf, crystalline domains can easily 

be detected (Figure 14b), being well in line with the XRD results EDX further provided 

some hint on that remains from the TFSI anion are somehow trapped in the graphite structure 

which would be in line with the larger degree in exfoliation. An interesting result was also 

obtained when using in situ ECD. Figure 15a shows the change in electrode thickness for 

five consecutive cycles. While in the case of NaOTf the change is as expected and 

stabilization of the electrode is achieved, the situation for NaTFSI is very different. In this 

case, the electrode thickness rapidly increases indicating a structural degradation and/or 

formation of a very thick surface layer on the graphite. The thickness of the electrode 

especially increases during the sodiation process which is well in line with the extra capacity 

observed for this salt (see Figure 14a). At last, Figure 15b shows two in situ ECD results 

for NaOTf and NaPF6 in comparison. Although the capacity over several cycles is not exactly 

matching the similarity in the electrode dynamics is quite evident. This means that for salts 

that show the least side reactions the “cleanest” co-intercalation reaction, i.e. a reaction with 

negligible side reactions, takes place.       
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Figure 15. In-situ dilatometry measurements for a) 4 cycles of NaOTf and NaTFSI separately, b) and c) comparisons of 5 

cycles of NaOTf and NaPF6. For a, 45 µm of electrodes are used but for b, 50 µm of electrodes are used. The measurements 

are performed at C/10 =11 mA g-1 (1C corresponds to 110 mA g-1,𝑁𝑎+(𝑑𝑖𝑔𝑙𝑦𝑚𝑒)2𝐶20
− ) within voltage window of 0.01V 

and 2.5V 
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A more detailed discussion on these measurements can be found in the submitted publication 

“Stable and instable diglyme-based electrolytes for batteries with sodium or graphite as 

electrode” (details are in Section 5.3).  

It goes without saying that the results are not exhaustive. Similar studies are also required 

for cathode materials. Finding the right electrolyte composition that performs well for both 

electrodes is still a challenge for assembling full cells. In the future, mixtures of salts and 

solvents could be tested to further optimize the performance.  

4.4. Effect of Temperature and Type of Solvents on Co-intercalation 

Reactions 

The fact that the electrolyte solvent becomes part of the electrode reaction in co-intercalation 

reactions leads to another degree in freedom. By changing the solvent, the redox potential 

can be tuned 78. For the example of linear ethers, it has been found that the redox potentials 

increase with the length of the molecule 78, 94. While several solvents (mono- to tetraglyme) 

had been used in literature, this thesis expands the number of solvents tested for this type of 

reaction. For this, pentaglyme was kindly supplied from Nippon Nyukazai Co., Ltd. 

Moreover, the following crown ethers, being similar to glymes, were tested as well: crown 

ether 4 (12-Crown-4), crown ether 5 (15-crown-5) and crown ether 6 (18-crown-6). An 

overview of the tested solvents is shown in Figure 16. Besides changing the solvents, also 

the temperature was varied in order to derive thermodynamic data or to overcome possible 

kinetic barriers. Several main questions were addressed:    

 Can the number of solvents being successfully used for co-intercalation reactions be 

extended? 

 What is the effect of temperature on co-intercalation reactions? 

 

 

Figure 16. Ball-and-stick model of a) the glyme series and b) the different crown ethers 93. 
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Temperature was found to be a very important factor in a better understanding of the co-

intercalation reaction. For example, it was previously observed that only a limited capacity 

was obtained when using triglyme as a solvent and the potential profile was ill-defined. Jache 

et al. explained this with unfavorable coordination of the sodium ion by triglyme molecules 
78. At the same time, the rate constant of a reaction is a function of temperature as shown by 

the Arrhenius equation (equation 4). So if kinetic barriers hinder the co-intercalation 

reaction, they might be overcome by increasing temperature. This thesis, therefore, contains 

a number of temperature dependent studies ranging from 20 °C and 80 °C. Moreover, 

considering thermodynamics, a change in temperature will lead to a change in redox potential 

– the change being directly linked to the entropy change of the reaction. In the case the 

reaction is thermodynamically controlled, temperature dependent measurements can, 

therefore, be used to derive thermodynamic data (equation 5). Results of the experiments 

lead to the publication entitled “Temperature-Induced Activation of Graphite Co-

intercalation Reactions for Glymes and Crown Ethers in Sodium-Ion Batteries 93” (in Section 

5.2).  

Typical results from temperature dependent measurements are shown in Figure 17.  As the 

temperature rises, the plateau potentials decrease with a linear slope (Figure 17a, b) with 

pentaglyme and triglyme being exceptions. For pentaglyme, the activation is required first 

(Figure 17c). After full activation is reached, it behaves similar to other glymes and plateau 

potential decreases with the same slope. However, the behavior of triglyme is totally different 

(Figure 17d). Although the temperature rises, the plateau potentials remain the same. The 

increase in capacity with temperature is a clear sign for kinetic limitations of the reaction at 

room temperature. In a similar way, higher capacity values could be obtained by decreasing 

the current density (C-rate) as shown in Figure 17d.  

It is found that the reactions involving glymes, except triglyme, are thermodynamically 

controlled. Whereas, the reaction with triglyme is kinetically controlled and the effect of 

temperature is less compared to other glymes.  
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Figure 17. Potential profiles for the co-intercalation reactions with the different glymes (1G−5G) at different temperatures. 

(a) Glyme series. (b) Plateau potential as a function of temperature. (c) Cycling for 5G from 25 to 85 °C  and (d) cycling 

at different current densities for 3G at 75 °C at 1C (1C corresponds to 110 mA g−1, Na+(diglyme)2C20 − in the literature.81)93  

Activation of the reaction by temperature was also found for one crown ether. While no co-

intercalation could be achieved for crown ether 4 and 5 at any temperature, experiments were 

successful for crown ether 6 (above its melting point). The voltage profile, see Figure 18a, 

is notably different from the linear glymes and shows more distinct features indicating a 

more complex co-intercalation behavior. The capacity was also lower compared to the linear 

glymes, however, the results were the first successful example for the electrochemical 

formation of a t-GICs with a crown ether (6). The results on crown ethers clearly demonstrate 

that possibly much more t-GICs exist at slightly elevated temperatures.  

During the time of this Ph.D. thesis, also several other solvents were tested. Selected results 

are shown in Figure 18b and c. Polyoxymethylene dimethyl ethers-POMDME (OME) 

solvents were tested due to their similarity to glymes with the difference of excess oxygen 

in the molecule. OMEs are currently highly studied as a possible synthetic substitute for 

gasoline and diesel to achieve less emission 110. During electrolyte preparation, it turned out 

that dissolving salts in OME was the main problem. Only NaTFSI could be dissolved and 

created a clear electrolyte solution. But the results could not satisfy the expectations). As 

another solvent type, Tetramethylurea (TMU) was tested as well. While there was a clear 

sign for a co-intercalation reaction (yet at a low capacity of around 40 mAh/g), the electrolyte 

continuously decomposed during charging as can be seen from the plateau at around 0.7 V. 
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Figure 18. Potential profile for a) crown ether 6 at C/20. (1C corresponds to 110 mA g−1, Na+(diglyme)2C20 − in the 

literature.81), b) 1M NaTFSI in Polyoxymethylene dimethyl ethers – POMDME (OME) and c) 0.5 M NaOTf in 

Tetramethylurea (TMU)  

Overall, this part of the thesis demonstrated that temperature can have a major influence on 

the co-intercalation reaction. For some solvents, kinetics are already fast enough at room 

temperature to classify the reactions as “thermodynamically controlled”. In this case, 

temperature dependent measurements could be used to determine entropy changes of the 

reaction. For other solvents, the reaction was activated by temperature leading to full 

electrode utilization. Moreover, even a crown ether could be reversibly co-intercalated above 

its melting point. The results suggest that there are likely much more t-GICs than previously 

thought.       

 

   



| 34  

5. Results and Discussions - Publications 

Among the many battery chemistries studied at the moment, this Ph.D. thesis was dedicated 

to contribute to the better understanding of co-intercalation reactions of graphite in sodium-

ion batteries. For these different parameters such as solvent, salt and temperature were varied 

and interfaces/interphases, as well as the dynamics of the macroscopic electrode, were 

studied in detail. The results of this thesis are summarized in three peer-reviewed articles (2 

main author, 1 co-first author) and one submitted publication. This chapter contains the 

publications along with brief introductions. Supporting information on the publications can 

be found on the website of the publishers.  
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5.1. Ion Insertion Mechanisms, Electrode Dynamics and the Missing 

Solid Electrolyte Interphase (SEI) (Publication 1) 

At the beginning of this Ph.D. project, there were only several publications related to sodium 

ion co-intercalation into graphite. The commonly accepted idea of lithium ion intercalation 

into graphite through a thin SEI layer does not apply in the case of sodium. Na-rich b-GICs 

do not exist due to thermodynamic reasons. On the other hand, in 2014 sodium storage in 

graphite was found to be highly reversible when co-intercalating solvent molecules 81. 

However, only a specific class of solvents (glymes) could be used. While this “co-

intercalation reaction” was highly reversible, showed excellent kinetics and stable cycle life, 

the underlying mechanisms and the role of the SEI (which, if existent, should prevent any 

solvent co-intercalation) were poorly understood.  

This first publication addressed different aspects of the reaction. Computational studies 

revealed that, assuming two diglyme molecules being co-intercalated, lead to an increase in 

graphene layer spacing rises from 0.335 to 1.13 nm, being well in line with previous XRD 

measurements While this change in lattice dimensions is local, the dynamics of the 

macroscopic electrode were followed over 30 cycles by in situ electrochemical dilatometry. 

As a surprising finding, the electrode breathes periodically by about 70-100 % during cycling 

yet excellent reversibility is maintained. For such a large “breathing”, one would expect a 

fast electrode degradation Analysis by XRD and SEM showed that the graphite particles 

exfoliate in the first cycle (“activation”) to crystalline platelets. The delamination of the 

platelets does not take place being an important reason for the reversibility.  

Moreover, the speed at which the electrode breathes depends on the state of discharge and 

charge. Under 0.5 V vs. Na+/Na, the storage behaves more like a   pseudocapacitor.  

OEMS gas analysis and TEM were used to better understand whether and SEI is formed and 

whether the electrode is stable in contact with the electrolyte. The results showed that 

electrolyte decomposition is largely restricted to the first cycle only and that no SEI forms. 

The studied reaction is therefore likely the first example of a SEI-free graphite anode.   

The results of these findings were published in the Journal of Advanced Energy Materials.  

Mustafa Goktas, Christoph Bolli, Erik J. Berg, Petr Novák, Kilian Pollok, Falko 

Langenhorst, M. v. Roeder, Olena Lenchuk, Doreen Mollenhauer, Philipp Adelhelm, 

Graphite as Cointercalation Electrode for Sodium-Ion Batteries: Electrode Dynamics and 

the Missing Solid Electrolyte Interphase (SEI), Advanced Energy Materials 2018, 1702724. 

For this paper, computational studies are performed by M. v. Roeder, Olena Lenchuk, 

Doreen Mollenhauer. TEM analyses are done by Kilian Pollok, Falko Langenhorst. OEMS 

measurements are performed by Christoph Bolli, Erik J. Berg, Petr Novák. All the 

measurements related to electrochemistry, ECD, XRD, SEM and also analysis of the data 

and further calculations are performed by the first author. AlsoThe paper is written by the 

first author and edited by Philipp Adelhelm. By all the comments and contributions of the 

authors, the paper is be published.  

This article is reprinted with permission from John Wiley and Sons. by license number 

4547561402993. 
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Figure 19. TOC of the 1st publication 

 

TOC text: The reversible intercalation of solvated rather than naked ions into graphite is a 

peculiar electrode reaction that is currently studied for sodium-ion batteries. 

Charging/Discharging is accompanied by a large yet reversible electrode breathing and the 

charge transfer seems to occur over a kinetically stabilized interface without a solid 

electrolyte interphase (SEI). 
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5.2. Temperature Effect and Solvent Effect on Co-intercalation 

Reaction (Publication 2) 

Although a number of publications on co-intercalation reactions have been published in the 

meanwhile (Section 3.4, Table 1) systematic studies on some key parameters were still 

lacking. Within previous studies, only 1G-4G were considered as solvents. In this part, 

pentaglyme (5G) and crown ethers and even some other solvents (OME, DTU Section 4.4) 

were tested. None of the crown ethers as well as pentaglyme co-intercalated at room 

temperature. The room-temperature performance in the case of triglyme was also poor. 

Temperature-dependent measurements showed that this is largely due to kinetic limitation 

and the reactions could be activated at the higher temperatures. 

Especially for pentaglyme, full activation was obtained 45 oC, likely linked to a strong 

decrease in viscosity. In a similar way, also triglyme can be fully activated and the 

performance becomes excellent at elevated temperatures. For the other glymes, the room 

temperature performance was already very fast so that they could be classified as 

“thermodynamically controlled” reactions. This means that temperature dependent 

measurements provided thermodynamic information, i.e. determination of the entropy 

change of the reaction. Also crown ether 18c6 could be successfully used as an electrolyte 

solvent above its melting point. This result was the first demonstration of a t-GICs with 

crown ethers being synthesized by electrochemical methods.  In addition, some parasitic 

reactions appear at elevated temperatures.  

The results of this study were published in The Journal of Physical Chemistry C. 

Mustafa Goktas, Baris Akduman, Peihua Huang, Andrea Balducci, Philipp Adelhelm, 

Temperature-Induced Activation of Graphite Co-intercalation Reactions for Glymes and 

Crown Ethers in Sodium-Ion Batteries, The Journal of Physical Chemistry C 2018, 122, 

26816−26824. 

For this paper, viscosity and conductivity measurements and analyses are performed by 

Peihua Huang and Andrea Balducci. Most of the measurements related to electrochemistry 

and XRD and also data analysis and further calculations are performed by the first author. 

Some parts of measurements and illustrative works are done by Baris Akduman. The paper 

is written by the first author and edited by Philipp Adelhelm. By all the comments and 

contributions of the authors, the paper is be published. 

This article is reprinted with license/permission from the American Chemical Society. 
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5.3. Salt Effects on Electrolyte Stability (Submitted Manuscript 1) 

Ideally, the salt anion is a “spectator” ion which has no influence on the reaction. It turned 

out, however, that the salt anion had a very large influence on the experimental results. 

Driven by some conflicting research results a systematic study was on the influence of the 

conductive salt on the co-intercalation reaction was done. Next to the graphite electrode, this 

of course also required a study of the electrolyte stability against sodium metal, being the 

commonly used counter and reference electrode. The study was based on diglyme as solvent 

and NaOTf, NaPF6, NaClO4, NaFSI and NaTFSI as conductive salt.     

A first, the stability of the electrolyte against sodium metal was studied. A number of tests 

ranging from optical tests and NaNa symmetrical cells were done. In some cases, side 

reactions were even noticeable by eye. Impedance spectroscopy was used to determine the 

“quality” of the SEI in terms of resistance. OEMS measurements were made to study the 

potential release of gaseous decomposition products. Overall, clear differences were 

observed for the different salt with NaOTf and NaPF6 showing superior properties compared 

to the other salts. The poorest performance was found for NaTFSI.  

Similar results were found for the co-intercalation reaction with the graphite electrode. While 

excellent performance was found in the case of NaOTf and NaPF6 very poor properties were 

found for NaTFSI and NaFSI. XRD and TEM also evidenced that the anion has a large 

impact on the crystallinity of the graphite electrode. The findings could also clarify two 

recent conflicting findings, from Goktas et al. 100 and Maibach et al.103, on the degree of SEI 

formation on graphite electrodes in SIBs.  

Overall, for electrolyte solution with diglyme as a solvent, NaOTf and NaPF6 are the 

preferred salts. Qualitatively ordering, the suitability of the salts is as   (best) 

NaOTfNaPF6>NaClO4>NaFSI>>NaTFSI (worst) 

The results of these findings were submitted to the journal Applied Materials and Interfaces  

The authors: Mustafa Goktas, Christoph Bolli, Johannes Buchheim, Erik J. Berg, Petr Novák, 

Francisco Bonilla, Teófilo Rojo,  Shinichi Komaba and Philipp Adelhelm. 

The paper is written by the first author and edited by Philipp Adelhelm. XRD data 

discussions, comments, and calculations of Johannes Buchheim are considered. To observe 

the material in nanoscale, TEM and EDX measurement and analysis are done by Francisco 

Bonilla and Teófilo Rojo. FTIR data is measured in Japan by the first author within the group 

of Shinichi Komaba. Discussion with Shinichi Komaba and Kei Kubota is done. OEMS 

measurements are performed by Christoph Bolli, Erik J. Berg and Petr Novák and 

discussions during the progress of this work highly done with this group. All the 

measurements related to visual observations, all electrochemical measurements including in 

situ electrochemical dilatometry and XRD tests and also data analysis and further 

calculations are performed by the first author. By the comment and help of all authors, the 

manuscript is submitted to the journal. 
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Figure 20. TOC of the submitted manuscript 

 

TOC text: The reversible intercalation of solvated rather than naked ions into graphite is a 

peculiar electrode reaction that is currently studied for sodium-ion batteries. Solid electrolyte 

interphase (SEI) formation on the sodium surface related to the type of salt. Stability of 5 

different salts. Also, gas evolution from sodium and graphite, detected by OEMS. 
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5.4. From Co-intercalation in Graphite to insertion in graphene/Sn 

Composites (Publication 3) 

In a related project of the thesis, anode materials with higher capacity were sought for. Tin 

(Sn) is an attractive electrode material for sodium-ion batteries but it suffers from large 

volume expansion of about 420 % on the materials level. A suitable matrix buffering these 

volume changes is therefore required. In this project, graphene nanoplatelets (GnP), prepared 

by ball milling of graphite were used for this purpose. The resulting GnP-Sn composite 

(combined with some N-doping of the carbon) was then studied as anode material. Ball-

milling of graphite leads to a decrease in crystallinity finally leading to a soft “non-graphitic” 

carbon. It was found that the ion storage mechanism changes from co-intercalation to 

conventional intercalation and hence the electrode dynamics were found to be very different. 

While the breathing of graphite was normally 70-100 % in our previous study 100, the 

breathing was only around 10 % for the GnP. In a similar way, it was found for the GnP-Sn 

composite that the electrode breathing (around 14 %) is much smaller as compared to what 

would be expected from the 420 % during sodiation of tin. This shows that the GnP matrix 

effectively can buffer the volume expansion hence excellent cycle life (1000 cycles) could 

be achieved.    

The results of these findings were published in the Journal of Advanced Functional 

Materials.  

Thangavelu Palaniselvam, Mustafa Goktas, Bihag Anothumakkool, Ya-Nan Sun, Richard 

Schmuch, Li Zhao, Bao-Hang Han, Martin Winter, Philipp Adelhelm, Sodium Storage and 

Electrode Dynamics of Tin–Carbon Composite Electrodes from Bulk Precursors for Sodium‐

Ion Batteries, Advanced Functional Materials 2019, 1900790. 

The paper is written by the first author Thangavelu Palaniselvam and edited by Philipp 

Adelhelm. TEM images are done by Ya-Nan Sun, Li Zhao and Bao-Hang Han. In situ XRD 

measurements and XPS analysis are performed by  Bihag Anothumakkool, Richard 

Schmuch, and Martin Winter. All the measurements related to electrochemistry, XRD and 

also analysis of the data and further calculations are performed by the first author. Some 

parts of electrochemical data analysis, overall interpretation, and discussions, also in situ 

electrochemical dilatometry measurements and 3D model drawings are performed by 

Mustafa Goktas. By all the comments and contributions of the authors, the paper is be 

published. 

This article is reprinted with permission from John Wiley and Sons. by license number 

4564720868890. 
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6. Conclusion and Outlook 

The main aim of this Ph.D. project was to better understand the hardly understood 

electrochemical co-intercalation mechanism of sodium ions into graphite. For this, selected 

parameters were varied (the type of salt, solvent, temperature) and a variety of analytical 

methods were used. Comprehensive information on the reaction was obtained by applying 

also in situ methods. Online electrochemical mass spectrometry (OEMS, in cooperation) was 

used to evidence undesired side reactions. In situ electrochemical dilatometry (ECD) was 

extensively applied to study the dynamics of the electrode on a macroscopic level. Besides 

many electrochemical measurements, analyses was also done using methods such as XRD, 

TEM, and SEM. 

The major conclusions from this thesis are as follows: 

 The co-intercalation reaction is likely the first example of a SEI-free graphite anode. 

A SEI-free graphite anode is against the classical concept of using alkali-ion GICs 

in rechargeable batteries but explains well the excellent kinetics found for this type 

of reaction. At the same time, this means that the electrolyte solution (NaOTf in 

diglyme) is likely kinetically stabilized. NaPF6 seems a suitable salt also. In case 

other salts are used, the situation may be different. Especially the use of NaTFSI as 

salt leads to a surprisingly bad behavior, i.e. continuous electrolyte decomposition 

along with a severe growth in electrode thickness are found. Also NaFSI leads to 

side reactions which explain another literature report showing SEI formation. 

 

 TEM and OEMS measurements of graphite further help to understand that whether 

or not SEI formation on graphite takes place is heavily affected by the selection of 

salt. Our studies help to clarify the conflict between the findings from Maibach et al. 
103 (used NaFSI in 2G) and ours (used NaOTf in 2G) 100.  

 

 The reversibility of the reaction is excellent despite the large volume expansion. In 

situ ECD results showed that the “breathing” of the electrode is in the range of 100 % 

yet more than 1,000 cycles can be obtained without significant capacity loss. 

 

 ECD, OEMS, XRD, and SEM show that the graphite electrode undergoes an 

activation cycle which includes exfoliation of larger graphite particles to smaller (yet 

crystalline) graphite platelets along with the gas release and a severe increase in 

electrode thickness. After this activation, the stability is excellent. Delamination of 

the graphite platelets, which would lead to electrode degradation, does not take 

place. 

 

 Compared to graphite “breathing” level (70-100 %) in SIBs, lithium intercalation 

into graphite leads to a much smaller change (around 5 %). This represents the 

difference between intercalation and co-intercalation. On the other hand, the charge 

storage mechanism in hard carbon is more complex as more mechanisms such as 

adsorption, pore filling and insertion are contributing. Similarly, a change in the 

storage mechanism from co-intercalation to insertion can be clearly seen in ball 

milled graphite which becomes graphene nanoplatelets (GnP). This change directly 

is visible by dilatometry showing an electrode “breathing” of only 10 %. 
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 Temperature was found to have a dramatic effect on some co-intercalation reactions. 

For the first time, crown ether and pentaglyme could be successfully used as solvents 

for electrochemically driven co-intercalation reactions suggesting that many more 

compounds exist at elevated temperature. Temperature-dependent measurements 

also provided thermodynamic information on the entropy change of the reaction. 

Temperature rise did also affect the co-intercalation for triglyme as a solvent. While 

the storage is incomplete and ill-defined at room temperature, the capacity increases 

with temperature yet remains kinetically controlled. Consequently, changing the 

current density also had an impact on capacity. The peculiar behavior of triglyme for 

this reaction might be related to the less ideal coordination of the Na-ion.    

 

 On the laboratory level, sodium metal is frequently used as the counter and the 

reference electrode. The stability of the interface/interphase in contact with different 

liquid electrolytes revealed that the use of NaTFSI leads to rapid corrosion reactions. 

This might limit the applicability of electrolyte solutions using this salt in cells 

containing sodium metal. 

 

 The use of NaTFSI and NaFSI for the co-intercalation reaction leads to side reactions 

with the results of ion trapping in the electrode as well as in the case of NaTFSI 

excessive growth of the electrode. XRD measurements showed that the strongest 

decrease in reflex intensity and hence the fastest lattice degradation occurs for these 

salts. In contrast, NaOTf and NaPF6 show the least side reaction, i.e. the “cleanest” 

co-intercalation reaction with negligible side reaction.  

 

 Combining all results from OEMS, XRD, ECD, TEM, and the electrochemical 

measurements leads to a ranking on the suitability of the tested salts: (best) 

NaOTfNaPF6>NaClO4>NaFSI>>NaTFSI (worst). 

The results of this Ph.D. thesis help to unravel some of the questions and contradictions 

found in sodium ion intercalation in graphite in SIBs, although some problems remain 

unsolved. Still, there are many major challenges waiting to be solved and fundamental 

understanding is needed to be advanced in this field of research. Important questions, which 

are needed to be addressed in the future, can be summarized as follows:  

 The electrode thickness change of graphite is discussed in detail only for one binder 

and random initial thicknesses. What are the correlations between the thickness 

change and binder type, binder percentage, additives, initial thickness, etc.? As the 

co-intercalation is dominated thermodynamically and kinetically, can these effects 

be seen on micro scale?  

 In order to make graphite ready for the industry, the loading onto the electrode should 

be increased further. Will the loading change the cycling performance due to 

diffusion limitation? What kind of effect can be seen if the electrodes are pressed?  

 For industrial purposes, full cell measurements are necessary. Graphite is aimed to 

be used as an anode. What kind of cathode materials and electrolytes should be used 

in a full cell? What is the electrochemical performance of a full cell? 
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 The discussion on SEI continues further. To conclude this conflict, in situ TEM 

measurements might be effective. Also, more studies of XPS are required to 

understand the surface layers on the graphite after cycling.   

 At high temperatures, the cell performances are tested. As the melting temperatures 

of solvents are so low and diffusion is rapid, can these systems be used at low 

temperatures below zero degrees?  

 In many studies, it is assumed that two diglyme and one sodium ion co-intercalate 

into graphite. Is it really true? What might be given as proof to specify the number of 

diglyme used during the reaction? What is the number of molecules co-intercalating 

into graphite, while using other types of glymes?   

All in all, graphite is a really special electrode example for efficient and high rate 

performance in SIBs. As an assumption, if a special SEI former solvent and/or co-

intercalating solvent is found, graphite can show a higher capacity in SIBs. Till that time, the 

addition of different materials into graphite or carbon types will be helpful to further improve 

the performance of SIBs.  



| 101  

7. Experimental Methods and Characterization Techniques 

7.1. Electrochemical Measurements 

Electrode and Electrolyte Preparation:  

In an electrochemical cell; anode, cathode, electrolyte, and reference are the main 

components. As anode, graphite, hard carbon and tin electrodes are taken into consideration. 

Sodium (BASF SE Corporation) and lithium (Rockwood Lithium, 99.8 %) are used as 

counter, and reference electrodes. As electrolyte, carbonates and ethers are tested related to 

the type of measurements.   

In the case of graphite (MTI Corp.) electrodes, only 10 % of binder is applied. The rest of 

the electrode film contains active material which is graphite. For hard carbon or tin 

electrodes, as extra, 5-10 % carbon black (MTI Corp.) is included to slurry in order to 

increase the electrical conductivity of the active material. The types of binders (10 %) used 

in electrode are PVDF (Polyvinylidene fluoride ‘EQ-Lib-PVDF’, MTI Corp.) or CMC 

(carboxymethyl cellulose). Slurries are mixed in N-methyl-2- pyrrolidone (Sigma Aldrich) 

if PVDF is preferred as the binder and in water, if CMC is preferred as the binder. The 

slurries are casted onto carbon-coated copper or dendritic copper foil (15 μm thick). The 

average loading of electrodes after drying (12 h at 120 °C) is 2-5 mg cm−2. The average 

electrode thickness is about 50 μm. Cells for galvanostatic cycling, ECD, and OEMS 

measurements are prepared in an argon-filled glove box (<0.1 ppm O2 and H2O) with 

electrodes at diameters of 12, 10, and 18 mm, respectively. 

 

Electrolyte contains:  

 Pre-dried (100oC overnight) salts: 

 

Sodium trifluoromethanesulfonate (NaOTf, purity > 98.0 %, Sigma Aldrich),  

Sodium hexafluorophosphate (NaPF6, purity > 99+%, Alfa Aesar),  

Sodium perchlorate, (NaClO4, purity > 97+%, Alfa Aesar),  

Sodium(I) Bis(trifluoromethanesulfonyl)imide (NaTFSI, purity 99.5 %, Solvionic),  

Sodium(I) bis(fluorosulfonyl)imide (NaFSI, purity 99.7 %, Solvionic),  

Lithium hexafluorophosphate (LiPF6, purity 98.0 %, Sigma Aldrich) 

 

 Pre-dried (in 4 Å porous molecular sieves, overnight) solvents: 

 

 Linear / Symmetric ethers: Ethylene glycol dimethyl ethers. Monoglyme (1G), 

diglyme (2G), triglyme (3G) and tetraglyme (4G) are purchased from Sigma 

Aldrich and pentaglyme (5G) is supplied by Nippon Nyukazai Co., Ltd.  

 

 Cyclic polyether types: Crown ether 6 (18-Crown-6) (Merck KGaA Group) and 

crown ether 4 (12-Crown-4) (Sigma Aldrich) and crown ether 5 (15-crown-5) 

(Alfa Aesar). 

 

 Carbonates: EC, DMC and PC are purchased from Sigma Aldrich.  

Galvanostatic; Charge and discharge measurements 

 Cyclic Voltammetry: It is one of the most versatile electrochemical techniques. The 

current developing in a cell is measured. And the voltage is in excess of that predicted 

by the Nernst equation. In this technique, the sweep rate is an important parameter.  
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 For galvanostatic cycling: Under a constant current for both charge and discharge and 

with potential limitations, cycling is performed. By this method, the total ion storage of 

the material can be measured. Depending on the current, performance can be tested. By 

galvanostatic intermittent titration technique (GITT), the equilibrium state of the ion 

storage mechanism can be understood. Also, diffusion of the ions can be estimated with 

this method.    

 

Cell assembly details: For two-electrode systems, coin cells (CR2032 Coin Cells by MTI 

Corp.) and i-shaped Swagelok cells are used. For three-electrode systems, t-shaped 

Swagelok cells are preferred. Sodium metal (BASF SE Corporation) is used as the 

counter and reference electrodes. The coin cells were prepared at 1000 PSI by using a 

crimper (TG-110). Electrochemical measurements were carried out at 25 °C by Biologic 

BCS battery cycler. The potential window was between 0.01 and 2.5 V versus Na+/Na 

galvanostatically (at constant current–constant voltage). The C rate was calculated based 

on the specific charge of graphite stated in literature (Q = 110 mA h g−1, which forms 

Na(diglyme)2C20)
81. Therefore, 1 C represents a specific current of i = 110 mA g−1 and 

experiments were done at C/10 and C/3.  

 

7.2. In situ Measurements 

In situ Electrochemical Dilatometry 

 

Figure 21. Sketch of the ECD setup measurement principle based on a 3-electrode geometry and an inductive sensor. 

In the specific design of ECD-nano cells (by EL-CELL GmbH), the special ceramic porous 

separator was soaked by 400–500 μL of the electrolyte by pre-evacuating all the gases from 

the pores which helped the wetting of 10 mm of electrode properly. By the help of spring, 

the ceramic porous separator is pressed onto a metal frame in z-direction. The glass frit 

position is therefore fixed and only the dilatation of the working electrode is recorded. 

As protection from inner gas pressure, the valve is slightly loosened. In case, the valve is 

turned more, the gases from the air may leak inside and this causes the sodium and other 

components to be oxidized and so conductivity loss and cell failure are possible.  

In situ DEMS/OEMS 

For OEMS, the setup was described elsewhere 111. The galvanostatic and cyclic voltammetry 

measurements were also done simultaneously with OEMS. The gas releases of material in a 

specific cell are monitored during cycling depending on time, current density and 

temperature.  
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7.3. Characterization Methods 

XRD 

Morphological investigations were carried out by using X-ray diffraction (XRD) (D2 

PHASER by Bruker). Before XRD measurements, instead of graphite electrode film, powder 

graphite is preferred. Sodiated/desodiated graphite is placed on Cu metal inside a special 

XRD sample holder which is airtight.   

SEM, TEM, BET 

 Scanning electron microscopy (SEM) 

This is a high magnification imaging technique. Morphological investigations are carried out 

by using a SEM (by Phenom ProX) operated at 15 kV accelerating voltage. In order not to 

make a wrong interpretation, the measurements are performed with and without binder and 

before and after cycling separately. All the samples are placed onto adhesive carbon films. 

Before cycling, tests are easier to apply, as air contact does not create any side reaction. The 

cells after cycling are disassembled in an argon-filled glove box to avoid chemical reaction 

in the air atmosphere. Samples taken from cells were rinsed with diglyme, as it is the 

electrolyte solvent and dried at 25 °C under vacuum overnight. To avoid further exfoliation 

or side reactions of the electrode, the drying temperature was not risen. For cross section 

measurements, electrodes are cut by a knife. Sodiated samples are air sensitive and 

transferring time is limited to 60 s at maximum. Electrode thickness is also determined by a 

digital thickness dial gauge from Käfer Messuhrenfabrik GmbH. 

 

 Transmission electron microscopy (TEM)  

Another morphological technique is TEM. TEM is a very powerful technique for high-

resolution imaging used in a broad range of scientific fields. TEM provides direct evidence 

in the irregularities at the atomic level of the material and in the local structure. By this 

technique, the size, shape, arrangement of atoms in the nanoparticles can be determined. 

Actually, the working principle of TEM is similar to a light microscope while employing 

electron instead of light. Once the electron beam is directed onto a sample, the electrons are 

either scattered or remain unaffected. Therefore, there will be a non-uniform appearance of 

electrons on the surface. This appearance can be converted into an image. By this technique, 

the diffraction pattern of the sample can be gained and the discussion about microstructure, 

defects, and crystallography can be done. TEM is performed by a FEI Tecnai G2 FEG 

operating at 200 kV. The sample material is deposited on a copper grid with a Lacey carbon 

support film and directly transferred to the vacuum of the TEM. 

 

 Brunauer–Emmett–Teller (BET) 

An Autosorb iQ3 machine from Quantachrome Corporation is used for nitrogen 

physisorption experiments. Air contact during sample transfer is minimized by special 

sample holders. The sample holders for electrochemically treated samples are prepared in a 

glovebox by using air-tight cap. The measurements are performed with and without these 

special caps. 
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8. Appendix 

8.1. Supporting information on Publication 1 
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8.2. Supporting information on Publication 2 
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8.3. Supporting information on Submitted Manuscript 1 
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8.4. Supporting information on Publication 3 
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