
 

 

 

 

Next generation (hybrid) battery 
materials at the 

water/energy/recycling nexus 
 

 
Dissertation  

zur Erlangung des Grades 
der Doktorin der Naturwissenschaften 

der Naturwissenschaftlich-Technischen Fakultät 
der Universität des Saarlandes 

 
 
 

vorgelegt von 
 

STEFANIE ARNOLD 
 

aus Maulbronn 
 
 

 

 
 

Saarbrücken, April 2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag des Kolloquiums:  03.07.2023 

Dekan:    Prof. Dr. Ludger Santen 

Berichterstattung:  Prof. Dr. Volker Presser 

    Prof. Dr.-Ing. Markus Gallei 

    Prof. Dr. Martin Oschatz 

Vorsitz:   Prof. Dr. Guido Kickelbick 

Akad. Mitarbeiter:   Dr.-Ing. Flavio Soldera  



  ACKNOWLEDGMENT 

I 

ACKNOWLEDGMENT 

An dieser Stelle möchte ich mich herzlich bei all denjenigen bedanken, die mich bei der Anfertigung 

dieser Doktorarbeit unterstütz haben und mir mit Rat und Tat zur Seite standen: 

 

Zuallererst möchte ich mich bei meinem Betreuer und Doktorvater Prof. Dr. Volker Presser sehr 

herzlich bedanken für die Möglichkeit dieses interessante Promotions-Projekt in der Energie-

Materialien-Gruppe am INM – Leibniz Institut für neue Materialien und in Kooperation mit saarene 

(Saarland Zentrum für Energie Materialien und Nachhaltigkeit) durchzuführen. Dank seiner Geduld, 

Anleitung und Ermutigung hatte ich das Glück in den letzten drei Jahren während meiner Doktorarbeit 

viele Erfolge zu erzielen, darunter einige Veröffentlichungen sowie die Möglichkeit zur Teilnahme an 

großartigen internationalen Konferenzen und Sommerschulen. Danke Volker! 

 

Mein Dank gilt ebenfalls Prof. Dr. Markus Gallei von der Universität des Saarlandes für die Übernahme 

des wissenschaftlichen Begleiters meiner PhD Zeit, die wertvollen wissenschaftlichen Diskussionen 

und Ratschläge während unserer Treffen sowie für die Erstellung des Zweitgutachtes dieser Arbeit. 

 

Während meiner Zeit am INM hatte ich die Möglichkeit mit vielen wunderbaren und hilfsbereiten 

Menschen zusammenzuarbeiten, die mich immer bei meinem Vorhaben unterstützt haben. Vielen 

Dank geht an: Dr. Samantha Husmann, Dr. Delvina Japhet Tarimo, Dr. Emmanuel Pameté Yambou, Dr. 

Kaitlyn Prenger, Dr. Amr Radwan, Dr. Sarah Saleem, Dr. Hwirim Shim, Dr. Pattarachai Srimuk, Dr. 

Qingsong Wang, Dr. Tamara Winter, Dr. Yuan Zhang, Behnoosh Bornamehr, Amir Haghipour, Yunjie Li, 

Anna Quinten, Panyu Ren, Jean Gustavo de Andrade Ruthes, Mohammad Torkamanzadeh, Maike 

Ulbricht und Lei Wang für eure endlose Unterstützung, die vielen wissenschaftlichen Diskussionen als 

auch die wunderschöne Zeit außerhalb dem INM. 

 

Ein großer Dank geht ebenfalls an die großartige technische sowie analytische Hilfe von Dr. Mesut 

Aslan, Dr. Ingrid Grobelsek, Dr. Karsten Moh, Robert Drumm, Zeyu Fu, Andrea Jung sowie allen 

Mitgliedern der Werkstatt. 

 

Ein besonderer Dank geht an meine Studenten Fabian Schmitt (AMASE) und Jerome Baudin (EEIGM) 

für ihre tatkräftige Unterstützung bei einigen Projekten. 

 

Außerdem möchte ich meinen Kooperationspartnern außerhalb des INM für ihre freundliche und 

tatkräftige Unterstützung bei meiner Arbeit danken: Dr. Antonio Gentile, Dr. Stefano Marchionna, Prof. 

Dr. Riccardo Ruffo, Dr. Philip Maughan, Dr. Nuria Tapia-Ruiz, Prof. Dr. Nuno Bimbo, Prof. Dr. Jie Ma. 



ACKNOWLEDGMENT 

II 

Dank ihrer wissenschaftlichen Diskussionen und hilfreichen Kommentare konnte ich meinen Blick auf 

die Welt der Wissenschaft erweitern. Es war eine hervorragende Gelegenheit, mit diesen großartigen 

WissenschaftlerInnen weltweit Kontakte zu knüpfen und zusammenzuarbeiten. 

 

Für ihre persönliche Unterstützung und Motivation während meiner Promotion geht nicht zuletzt ein 

riesiges Dankeschön auch an meine Freunde und Familie außerhalb des INMs sowie der Universität 

des Saarlandes 



  TABLE OF CONTENT 

III 

TABLE OF CONTENT 

1 Introduction and motivation ...................................................................................................... 1 

2 Theoretical background ............................................................................................................. 4 

2.1 Electrochemical energy storage systems................................................................................ 4 

2.2 Batteries ................................................................................................................................ 5 

2.2.1 The lithium-ion battery (LIB) ............................................................................................. 5 

2.2.2 The sodium-ion battery (NIB) ............................................................................................ 6 

2.2.3 Concept and mechanism ................................................................................................... 7 

2.2.3.1 Solid-electrolyte interphase (SEI)............................................................................................8 

2.2.4 Components and active materials ...................................................................................... 9 

2.2.4.1 Cathode...................................................................................................................................9 

2.2.4.2 Anode (Intercalation, alloying, conversion) ..........................................................................10 

2.2.4.2.1 MXene ..............................................................................................................................15 

2.2.4.2.2 Antimony..........................................................................................................................18 

2.2.4.2.3 Hybrids/composites .........................................................................................................21 

2.2.4.3 Carbon conductive additive ..................................................................................................23 

2.2.4.4 Binder....................................................................................................................................23 

2.2.4.5 Electrolyte .............................................................................................................................26 

2.2.4.5.1 Salts ..................................................................................................................................26 

2.2.4.5.2 Organic solvents ...............................................................................................................27 

2.2.4.5.3 Electrolyte additives.........................................................................................................28 

2.2.4.6 Separator ..............................................................................................................................30 

2.2.4.7 Current collector ...................................................................................................................31 

2.2.5 Key parameters for batteries........................................................................................... 31 

2.2.5.1 Battery capacity and Faradays’ law ......................................................................................31 

2.2.5.2 Rate capability and C-rate.....................................................................................................32 

2.2.5.3 Coulombic efficiency (CE) .....................................................................................................32 

2.2.5.4 Cycling stability, capacity retention, and cycle life ...............................................................32 

2.2.5.5 Electrochemical signature.....................................................................................................33 

2.3 Seawater batteries ............................................................................................................... 35 

2.4 Electrochemical water treatment ........................................................................................ 37 

2.4.1 Capacitive deionization (CDI)........................................................................................... 37 

2.4.2 Membrane-based capacitive deionization (MCDI) ............................................................. 39 

2.4.2.1 Sodium superionic conductors (NASICON) ...........................................................................41 

2.4.2.2 Lithium superionic conductor (LISICON) ...............................................................................41 

2.4.3 Bi-electrolyte ................................................................................................................. 42 

2.5 Recycling .............................................................................................................................. 44 



TABLE OF CONTENT 

IV 

2.5.1 Battery material recycling ............................................................................................... 45 

2.5.2 Lithium recycling............................................................................................................ 46 

3 Approach and overview ........................................................................................................... 47 

4 Results and discussion ............................................................................................................. 51 

4.1 Hybrid anodes of lithium titanium oxide and carbon onions for lithium-ion and sodium-ion 

energy storage ..................................................................................................................... 52 

4.2 In situ investigation of expansion during the lithiation of pillared MXenes with ultralarge 

interlayer distance ............................................................................................................... 71 

4.3 Design of high-performance antimony/MXene hybrid electrodes for sodium-ion batteries 90 

4.4 Unravelling the electrochemical mechanism in tin oxide/MXene composites as highly 

reversible negative electrodes for lithium-ion batteries .................................................... 120 

4.5 Dual-use of seawater batteries for energy Storage and water desalination ...................... 143 

4.6 Antimony alloying electrode for high-performance sodium removal: how to use a battery 

material not stable in aqueous media for saline water remediation ................................. 170 

4.7 Three-dimensional cobalt hydroxide hollow cube/vertical nanosheets with high 

desalination capacity and long-term performance stability ............................................... 190 

4.8 Redox flow battery for continuous and energy-effective lithium recovery from aqueous 

solution .............................................................................................................................. 222 

4.9 Recycling and second life of MXene electrodes for lithium-ion batteries and sodium-ion 

batteries ............................................................................................................................ 239 

5 Conclusion and outlook .......................................................................................................... 260 

6 References ............................................................................................................................. 265 

7 Abbreviations ........................................................................................................................ 278 

 



  ZUSAMMENFASSUNG 
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ZUSAMMENFASSUNG 

Der Übergang zu einer groß angelegten Nutzung erneuerbarer Energien erfordert eine 

umweltfreundliche Energiespeichertechnologie. Insbesondere für die elektrochemische 

Energiespeicherung ist es unerlässlich, Elektrodenmaterialien mit höherer Leistung, besserer 

Wiederverwertbarkeit und verbesserter Umweltfreundlichkeit zu entwickeln. Solche Materialien und 

Technologien der nächsten Generation ermöglichen nicht nur eine verbesserte Energiespeicherung, 

sondern auch die elektrochemische Entsalzung zur Erzeugung von sauberem Trinkwasser oder die 

Rückgewinnung wertvoller Elemente wie Lithium-Ionen. 

Im Rahmen dieser Arbeit werden neuartige (hybride) Materialien an der Schnittstelle zwischen 

Energie, Wasser und Recycling entwickelt. Sorgfältiges Materialdesign und -optimierung ermöglichen 

eine verbesserte elektrochemische Leistung von Interkalations-, Legierungs- und 

Umwandlungselektroden für Lithium-Ionen- und Natrium-Ionen-Batterieelektroden. Die Vertreter der 

großen 2D-Materialfamilie MXene beispielsweise liefern Hochleistungselektroden, wenn sie mit SnO2 

oder Sb kombiniert werden oder wenn ihr Zwischenschichtabstand sorgfältig angepasst wird. Ihre 2D-

Natur ermöglicht auch einen neuen Ansatz für ein einfaches Elektrodenrecycling. Die nächste 

Generation der Wasseraufbereitung wird erforscht, indem zum ersten Mal ein Legierungsmaterial (Sb), 

Kobalthydroxid Hohlwürfel und Meerwasserbatterien eingesetzt werden. Die selektive 

Lithiumextraktion wird durch die Kombination einer Redox-Flow-Batterie mit einer Li-selektiven 

Keramikmembran demonstriert, um Lithiumionen direkt aus (synthetischem) Meerwasser zu 

gewinnen. 
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ABSTRACT 

Transitioning toward large-scale utilization of renewable energy necessitates environmentally friendly 

energy storage technology. Especially for electrochemical energy storage, it is imperative to develop 

electrode materials with higher performance, better recyclability, and improved environmental 

friendliness. Such next-generation materials and technologies not only allow for enhanced energy 

storage but also enable electrochemical desalination to generate clean, potable water or recover 

precious elements, such as lithium ions. 

This thesis develops novel (hybrid) materials for the energy/water/recycling nexus. Careful material 

design and optimization enable improved electrochemical performance of intercalation, alloying, and 

conversion electrodes for lithium-ion and sodium-ion battery electrodes. For example, members of the 

large 2D material family MXene yield high-performance electrodes when hybridized with SnO2 or Sb, 

or when their interlayer space is carefully adjusted. Their 2D nature allows also a new approach to 

facile electrode recycling. Next-generation water remediation is explored by adopting, for the first 

time, an alloying material (Sb), hollow-cube cobalt hydroxide, and seawater batteries. Selective lithium 

extraction is demonstrated by combining a redox flow battery with a Li-selective ceramic membrane 

to harvest lithium ions directly from (synthetic) seawater. 
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1 INTRODUCTION AND MOTIVATION 

In recent years, renewable energy storage has become an increasingly important issue due to 

politically set targets and standards. Due to rising living standards and the rapid growth of the world's 

population, today's society has a steadily increasing demand for electrical energy in various sectors. In 

2022, the total amount of electricity produced by renewable energy sources such as solar, wind, hydro, 

and biomass was about 244 TWh, about 49.5% of the total net electricity generation.1 Also, the 

increasing electrification leads to an ever-increasing quest for electricity supply independent of 

conditions (dark periods, no wind). Due to the renewable energies and the dependence of the 

production on external environmental influences, the topic of high-performance energy storage 

systems also plays a serious role at this point to supply energy flexibly at any time of day or night and 

independent of weather conditions. Energy storage technologies can generally be divided into 

thermomechanical and mechanical energy storage, electrical energy storage, electrochemical energy 

storage, chemical energy storage, and thermal energy storage. Batteries, which store energy through 

different redox potentials in electrochemical cells, are the second largest global energy storage 

technology after thermal storage.2 

Electrochemical storage includes accumulators (rechargeable) and batteries, where storage takes the 

form of electrical charge carriers that are taken up and released through reduction and oxidation 

processes at two electrodes connected to an electrolyte. Lithium-ion-based technology has played an 

increasingly important role as an energy storage system from its initial introduction in the 70s to 

commercial availability in 1991 and beyond.3 Primary battery materials used today include lithium 

nickel manganese cobalt oxide (NMC), lithium manganese oxide (LMO), lithium iron phosphate (LFP) 

as cathode materials, and graphite and lithium titanate (LTO) as anode materials, all of which are based 

on an intercalation process of lithium ions into the host structure. Owing to the high energy density 

and power density, the lithium-ion battery (LIB) plays a major role but is still under constant 

development and update.4 The specific storage energy (Wh kg-1) with the established electrode 

systems has practically tripled in the last 10 years. Due to raw materials like cobalt, on which many 

electrode materials in LIBs are based, combined with their mining in politically and ecologically 

sensitive areas and the steadily rising price of the increasingly scarce lithium sources, energy storage 

technologies beyond lithium are of great interest.5 6 

Owing sodium-ion technology offers a promising alternative due to its comparable intercalation 

chemistry of Na-ions compared to Li-ions, its high availability as one of the elements most abundant 

in the earth's crust as well as the resulting cost efficiency. In addition, the electrode materials do not 

require cobalt as several electrode materials of Li-counterpart. Due to the larger ion radius and so far 

lower energy and power density compared to LIB, sodium-ion batteries (NIBs) play increasingly 
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important roles in the field of stationary energy storage.7 Owning the similar behavior of LIB and NIB 

technology, some findings of the advanced LIB technology could be applied to the NIB technology, 

which is expected to save time. However, sodium's electrochemical behavior differs from lithium's in 

several ways, such as higher reactivity, larger ionic radius, phase stability, transport properties, and 

formation of SEI, which can significantly affect the electrochemical performance.8 In addition to 

research applications for the rapidly growing field of solid-state battery design, where the liquid or gel 

electrolyte is replaced by solid material, research is also continuing on various levels of electrode 

material composition for use in both LIBs and NIBs. 

Conversion materials and alloying materials in general, offer a promising approach to provide higher 

capacities for energy storage devices since the intercalation of the ions is not limited to the existing 

sites of the host structure but reversible conversion reactions of the electrode materials into lithium-

rich phases occur.9, 10 However, due to large volume changes, high voltage hysteresis, and the 

associated shortened cycle stability, there are technical hurdles with these electrode materials which 

have so far prevented their commercial application.11 A promising laboratory-scale method for 

successfully utilizing the capacity of the conversion and alloying materials is to combine them into a 

composite material. Embedding the materials in a stable, conductive matrix can improve the electrical 

conductivity, enable highly efficient ion-electron transport properties, and rapid charge-discharge rate 

of the composite/hybrid materials.12 Carbon hybrid materials, which are the most popular combined 

materials for electrodes because they are inexpensive and abundant, also shorten the diffusion paths 

for ions and electrolytes through unique structures such as reticulated, hollow, porous, and vertically 

aligned nanocomposites.13, 14 However, hybrids with the use of 2D materials are also very popular 

which provide structural stability since the volume of the 2D nanomaterial changes only minimally 

during alkali metal transport. A composite/hybrid structure of a conversion/alloying material can thus 

maintain the structure after cycling, even when subjected to volume expansion, while the 

composite/hybrid serves as a conductive additive, a protective layer, and a buffer for strong volume 

expansion.  

The use of hybrid materials is not limited to energy storage in LIB and NIB technology. However, it can 

also be successfully used, for example, as an electrode material in a seawater battery, which generally 

enables the storage of electrochemical energy through the combination of a sodation/desodation 

anode and an electrolysis cathode, requiring only pure seawater as the electrolyte.15 By enabling the 

seawater battery to be used as an energy storage device and a successful desalination device, the 

prospect for sustainable, environmentally friendly, performance-oriented, and cost-effective 

applications at the interface between energy and water is evident. Specifically, vital access to clean 

water has also become a growing concern in recent years due to the ever-growing economy and 
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human population.16 Although about 71% of the earth's surface is water, most is saltwater and thereby 

not directly suitable for use as drinking water.17 In addition to seawater batteries, capacitive 

deionization offers an energy-efficient electrochemical desalination method compared to typical 

desalination technologies such as reverse osmosis, multi-stage flash distillation, or electrodialysis.18 

Capacitive deionization describes a process for the separation of ions from an aqueous solution in 

which, with the aid of an applied electrical field, ions in an aqueous medium can be adsorbed and 

stored in different electrode materials.19 

After the successful use of the electrode materials and the batteries, the end of life of the individual 

parts will also be reached at some point. Their whereabouts must be discussed extensively to ensure 

this is done as efficiently and environmentally friendly. Due to the constantly new openings of giga 

factories and the increase in electric cars, a large return of used battery modules can be expected in a 

few years. One possibility is the recycling of individual materials, whereby expensive battery materials 

used in large quantities in electric cars can be recycled and reprocessed through simple washing steps, 

thus offering the chance for a second-life battery.20, 21 On another level, lithium, which plays a central 

role in the energy transition and has thus become a key industrial and strategic element in 

electromobility, can be recycled. In addition to the limited reserves, the environmental protection 

aspect and the sustainability concept also play a significant role in increasing production numbers. In 

the future, a certain percentage of the freshly produced battery must be made of recycled material. A 

promising technology for recovering lithium species from spent batteries must consider economic and 

ecological aspects. In this context, particularly interesting are ion-selective electrochemical methods 

that yield highly enriched LiCl, which can be returned to the cycle of energy storage technologies. In 

summary, this work reports different (hybrid) materials and their application at the interface of energy, 

water, and recycling. 
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2 THEORETICAL BACKGROUND 

2.1 Electrochemical energy storage systems 

Electrochemical energy storage (EES) is essential for implementing sustainable energy technologies.22-

24 With the society striving for renewable energy, various technologies ranging from solar cells, wind 

tubes, biomass, hydropower, and geothermal energy are already been well established and under 

growth to provide future energy demand in a renewable manner. In order to flexibly provide this 

generated electricity to consumers, reliable and efficient energy storage systems are needed. In the 

Ragone diagram (Figure 1), different energy storage technologies are compared according to their 

specific power and energy.25 Supercapacitors, for example, can provide energy in a matter of seconds 

(high power density), have an extended lifetime, and are highly efficient and maintenance-free.26 The 

drawbacks of supercapacitors with their considerably higher self-discharge rate than batteries or the 

low voltages resulting in a lower amount of energy stored per unit mass compared to electrochemical 

batteries.27 This is about 3 Wh kg-1 to 5 Wh kg-1 for a supercapacitor than 30 Wh kg-1 to 40 Wh kg-1 of a 

battery. Further, the energy density is commonly only about a fifth to a tenth of a battery.28 On the 

other hand, fuel cells offer a high energy density but require a long time (several hours) to charge and 

discharge, limiting their practical application, for example, in the automotive industry.29 Lithium-ion 

(and post-lithium-ion) energy storage systems offer a compromise between energy density and power 

density and thus provide an attractive choice for a wide range of applications due to its availability and 

well-established supply chain and market presence, the current battery of choice for mobility.30 

 

Figure 1: Ragone plot for different energy storage systems.25 
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2.2 Batteries 

Batteries can store electrochemical energy in a reversible or non-reversible manner, known in the field 

as rechargeable or non-rechargeable batteries, respectively. Due to a difference in the electrode 

chemistry on the cathode versus anode side, they provide a voltage source to drive the electric current 

in circuits. The functioning of batteries is based on the electrical charge processes in liquids or solids, 

whereby the electrical charge is delivered. In the late 18th century, Alessandro Volta explored 

converting chemical energy into electrical energy, leading to the first functional battery in 1800.31 

Strictly speaking, the term battery means an interconnection (usually series connection) of several 

cells. A cell is the basic, smallest electrochemical current-producing unit of a battery, consisting of two 

electrodes, an electrolyte, the separator, and the housing. One can further distinguish between the 

technologies of primary and secondary batteries.32 The term primary element refers to a galvanic 

element whose stored energy can be extracted as electrical energy. This process is not reversible, and 

batteries have to be discarded after the expiration of their lifetime. Primary batteries include, for 

example, alkaline LIBs, zinc-carbon batteries (Leclanché), alkaline zinc-manganese dioxide cells, and 

metal-air-depolarized batteries.33 In contrast, secondary elements can be recharged with electric 

current, and the redox processes for electrical energy storage can occur reversibly. Examples of this 

type of technology include lead-acid batteries, Nickel-cadmium, nickel-metal hydride, LIBs and alkaline 

manganese dioxide-zinc.33 

2.2.1 The lithium-ion battery (LIB) 

The concept of lithium-ion batteries (LIBs), which is based on the formation of lithium compounds 

through the storage of lithium ions, was first presented in a conference lecture by Chilton Jr. and Cook 

at the fall meeting of the Electrochemical Society in Boston in 1962.34 Until the first commercially 

available secondary LIBs by Sony in 1991, the initial proposals were further developed by various 

scientists such as Armand,35 Goodenough,36 and Lazzari & Scrosati.37-39 A Nobel Prize for the 

development of the LIB was awarded to Goodenough, Whittingham, and Yoshino in 2019. These state-

of-the-art LIBs typically feature a negative graphite electrode and a lithium-containing transition metal 

oxide (e.g., LiFePO4 (LFP), LiMn2O4 (LMO), or LiCoO2 (LCO)) positive electrode. LIBs are more compact, 

powerful, and flexible than other secondary battery types. Since its introduction, the LIB has 

revolutionized the battery market with high storage capability, stable performance, high power 

density, high energy density, high output voltage, and relatively long cycle life.40, 41 To date, the 

research efforts aim to improve further safety, power, energy density, and battery lifetime. The main 

focus of the future battery research is on improving electrode materials and electrolyte systems. A 

drawback LIBs need to suffer from is the limit of the relative abundance of lithium and the resulting 

high cost. This is why energy storage systems beyond lithium are of high interest. 
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2.2.2 The sodium-ion battery (NIB) 

Sodium-ion batteries (NIBs) were initially studied in parallel with LIBs in the 1970s and 1980s,42 with 

LIBs emerging as the favorite due to their properties. Initially and until beyond commercialization, this 

technology has received significantly more attention. However, due to the steadily increasing demand 

for batteries and the continuous quest for sustainable energy storage in various sectors of society, 

there is a constant search for promising alternative energy storage devices. This is additionally driven 

by the simultaneous shortage of natural lithium resources and their shortage in supply, which 

consequently leads to a significant price increase for LIBs.6 

Sodium is one of the most abundant elements in the earth's crust (for example, as NaCl in seawater) 

and the second lightest alkali metal after lithium.43 On this basis, the sodium-ion battery could present 

a cheaper and more sustainable alternative for energy storage.44 The redox potential of sodium (E0 

(Na+/Na) = -2.71 V vs. standard hydrogen electrode) is only 0.3 V higher than that of lithium. Therefore, 

it is expected that there should not be a large drop in energy density compared to LIB technology ((E0 

(Li+/Li) = -3.04 V vs. standard hydrogen electrode).43 This allows, in principle, a straightforward 

technological implementation into battery technology similar to LIB. Since Na and Li ions have similar 

intercalation chemistry, much of the existing LIB research could be transferred to NIBs. In contrast, NIB 

manufacturing could be easily implemented into existing industrial practices. In addition, sodium-ion 

batteries, unlike most common LIBs, do not require rare or critical raw materials such as cobalt, nickel, 

and manganese.45 Therefore, NIBs are expected to offer the possibility of cheaper production costs by 

combining already established knowledge gained from LIB with high natural abundance and 

inexpensive raw materials.46 In addition to NIB technology being more environmentally friendly and 

more socially responsible to manufacture, copper current collectors required for LIB can be replaced 

by lighter and cheaper aluminum.46, 47 NIBs are also less flammable and therefore safer, and score 

points for their cycle life and temperature resistance.48 

Good power density also ensures good fast-charging capability and speed of energy delivery. Due to 

this fact, combined with the resulting price reduction and the more environmentally friendly and 

simpler production, NIBs are a promising and cheaper alternative to LIBs. However, the limited 

operating lifetime of sodium-ion batteries to date has prevented their widespread use. Also, the fact 

that sodium ions are about three times heavier than lithium ions means that NIBs would have to be 

significantly heavier for the same performance. Due to the higher ionic weight, Na+ ions also move 

much slower in the electrolyte. Also the energy density of NIBs is sometimes lower than that of their 

LIB counterparts since about ten percent of the power is lost due to the 0.3 V lower cell voltage.49, 50 

As a result, comparable NIBs would currently not only be significantly heavier but also considerably 
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larger, limiting their use in everyday applications (portable electronic devices, electromobility) 

whereas stationary systems for energy storage can make perfect use of this technology.51 

Tremendous research efforts are invested in optimizing NIB technology. For example, the Chinese 

battery manufacturer CATL (Contemporary Amperex Technology) has even announced the production 

of NIBs for mobile use in 2023. CATL is relying on an analogue of Prussian blue, Prussian white, as the 

positive electrode material while hard carbon serves as the negative electrode.52 Compared to Prussian 

blue (iron hexacyanoferrate (II/III)), which is mainly known for its use as an inorganic color pigment 

that gives jeans their characteristic blue color, Prussian white has some iron atoms replaced by sodium 

atoms. Therefore, Prussian white cathodes exhibit high-speed rate kinetics for sodium ion 

insertion/de-insertion at relatively high potentials.53  

2.2.3 Concept and mechanism 

Batteries can store chemical energy and convert it into electrical energy through electrochemical 

processes. This process is based on the exchange of electrons between two redox pairs due to 

simultaneous spontaneous reduction and oxidation reactions at the electrode.54 Classically, the 

electrochemical full cell consists of an anode and a cathode material. These two are separated by a 

microporous membrane (separator), which is permeable to electrolyte and Li+/Na+ ions but prevents a 

short circuit by introducing a physical barrier.  

Figure 2 displays the working principle of a typical alkali-ion battery full cell by the example of a 

secondary sodium-ion battery system and corresponding characteristic electrode materials (Prussian 

white as a cathode and hard carbon as an anode). The charge carriers (Na+ ions) are located in the 

electrolyte surrounding the electrodes, which usually consists of an inorganic dissolved salt 

(dissociated lithium/sodium conducting salt, depending on the battery) in an organic solvent. The 

charge storage mechanism of the sodium-ion battery is based on the migration of sodium ions back 

and forth between the electrodes during charging and discharging, accomplished by their 

intercalation/deintercalation in the host structures/materials. Due to a gradient between the two 

electrodes' chemical potentials, ions' diffusion in the electrolyte from the anode to the cathode occurs 

in the cell. This leads to a discharge of the battery whereby the electrons, as the carrier of electricity, 

simultaneously flow from the cathode via an external electrical connection (cable connection) to the 

anode (aluminum as a current collector). When the cell is charged, this process is reversed, so sodium 

ions diffuse from the cathode through the electrolyte and the separator to the anode by applying an 

external voltage as a driving force. A redox reaction takes place at the electrodes, which is divided into 

two half-reactions. During discharge, oxidation at the anode releases electrons that cause reduction 

at the cathode after passing through the external circuit.55 
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Figure 2: Working principle of alkaline ion batteries by an example of a sodium-ion battery. 

 

During charging, ions removed from the cathode are reversibly incorporated into the host lattice of an 

anode (e.g., hard carbon; Figure 2) compound, known as intercalation. The carbon lattice of the 

electrode is reduced during intercalation. During discharge, the reverse process takes place. In this 

process, the Na+ ions migrate from the anode back to the cathode and return to their original state. In 

deintercalation, the electrons migrate from the negatively charged electrode to the positively charged 

electrode via an external electrical connection.37, 55 A sodium-ion battery can store and release 

electrical energy, while the energy released by the redox reaction can be used to do electrical work. 56 

The overall reaction in a NIB anode is given by the following equation: 

 

(I) 

 

2.2.3.1 Solid-electrolyte interphase (SEI) 

The solid-electrolyte interphase (SEI) is a passivation layer formed by electrolyte reduction at the 

anode of the alkali-ion battery.57 This layer protects the active electrode material from direct 

electrolyte contact and, therefore, from further electrolyte reduction while still allowing Li+/Na+ 

transport.58 If continuous contact between electrode and electrolyte occurs, more and more parts of 

the electrolyte/electrode would slowly decompose further. In the course of the battery lifetime, 

further layers are naturally built up on the SEI by chemical processes.59  
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Once the SEI is formed well, the layer should demonstrate high ion conductivity and negligible 

electronic conductivity. Optimally the SEI layer should be strong and flexible to accommodate volume 

changes (varies strongly during the process) of the electrode material during electrochemical cycling 

providing a uniform thick surface.59 Chemically, an optimal SEI should preferably consist of stable 

components before metastable compounds to limit lithium/sodium losses to the first cycles and 

achieve full capacity.60, 61 Simultaneously, the SEI layer should be as non-dissolvable as possible since 

lower capacity retention is expected due to continuous rebuild and repair.62 Too thick SEI layers lead 

to a decrease in the battery cell capacity since some of the lithium ions dissociated in solutions are 

bound from the electrolyte, which consequently can no longer participate in the electrochemical 

reactions.63 

If the SEI layer is too thick, the alkaline ion diffusion is also slowed, the current transport resistance 

increases, and the ohmic resistance is significantly higher. In addition, the morphology and elemental 

composition of the SEI layer have a crucial impact on dendrite growth.64 A dendrite describes a 

characteristic tree-like structure of crystals that grow when the molten metal solidifies. In the battery 

context, dendritic growth is attributed to the depletion of ions near the anode interface at current 

densities higher than the limiting current density.65 Lithium dendrite growth in batteries not only 

causes capacity fading and a limited lifetime, it also causes severe safety concerns.66 To achieve stable 

and reversible cycling performance an option is to design and control the improved growth of the SEI 

layer. This can be done for example by adding electrolyte additives that have lower reductive stability 

and therefore protect the electrolyte from decomposition.67  

2.2.4 Components and active materials 

2.2.4.1 Cathode 

Cathode materials refer to the electrochemically active material in the positive electrode, each 

undergoing a redox reaction during charging and discharging (reduction while discharging and 

oxidation during the charging process). In contrast to the anode materials, the cathode materials 

should preferably have a high potential, while a high energy density is possible due to the large 

potential differences.68 Extensive study of optimized electrode materials led to layered oxide LiCoO2 

(LCO) as cathode material in the first commercialized LIB that was able to lithiate and delithiate 

reversibly and stably.36, 68 In subsequent years, other materials such as olivine-structured LiFePO4 (LFP), 

layer-structured LiNixMnyCo(1–x–y)O2 (NMC), spinel-structured LiMn2O4 (LMO), and olivine-type LiMnPO4 

and many more have been investigated.69 Since then, LCO and NMC have been widely and successfully 

used as cathode materials in commercial batteries,70 where the future focus is to increase energy 

density and reduce costs, and mainly to promote eco-friendly alternatives. 
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In NIBs, oxides such as NaMO2 (M=V, Vr, Ni, Co, and others) are frequently used in layered structures 

as cathode materials.71 The difficulty here compared to lithium metal oxides is that the oxygen is often 

not very strongly bound in the electrode, and the electrolyte can be oxidized quickly by the electrode 

material. In addition, many of the metals used, such as nickel and cobalt, are critical and scarce.71 A 

promising alternative seems to be materials such as phosphates with an olivine structure (NaFePO4).72-

74 Also successfully used are three-dimensional framework structures, polyanionic compounds, sodium 

superionic conductors (NASICON), and many other materials.71, 75-77 Prussian blue and its analogues are 

very popular in LIBs and promising materials for NIB cathodes due to their high working potential, high 

theoretical capacity, ease method of synthesis, and low toxicity. Prussian white, the completely 

reduced and sodium-containing form of Prussian blue, can deliver two electrons per formula mass, 

raising the theoretical capacity to 170 mAh g-1.78-81 In addition, bypassing the need for a reactive 

sodium-loaded anode in cell assembly could significantly ameliorate the manufacturability of 

commercial batteries.79 

2.2.4.2 Anode (Intercalation, alloying, conversion) 

A good anode material is an electrochemically active material used in the negative electrode with a 

low redox potential leading to high full-cell voltage. This is aimed to be combined with a high specific 

discharge capacity while donating alkali ions and electrons. In the early stages of lithium battery 

technology, lithium foil was initially used as the anode material, which has the highest theoretical 

capacity of 3860 mAh g-1 by batteries that rely on Li-ion storage.37, 82 However, due to the high 

reactivity and the increased dendrite formation with the associated short circuits, thermal runaway, 

and short lifetimes, multiple alternatives have been explored.37 Figure 3A presents various cathode 

and anode materials for LIBs along with their essential properties (energy density, environmental 

friendliness, safety). By using intercalation materials such as lithium titanate (Li4Ti5O12, LTO), dendrite 

formation can be prevented or significantly reduced. However, LTO has disadvantages with a high 

redox potential of 1.55 V vs. Li+/Li as well as a low theoretical capacity of 175 mAh g-1.83-85 Graphite has 

been categorized as a very important anode active material in state-of-the-art LIBs due to its 

environmental friendliness, natural occurrence, safety, low cycling life, low cost, theoretical capacity 

of 372 mAh g-1, and as a low Li-ion intercalation potential below 0.3 V vs. Li+/Li.60, 86, 87 In general, the 

anode materials should have high power and energy density and a long lifetime, while also being cost-

effective. However, graphite does not play a significant role in NIBs. Due to their twice as large ionic 

radius when comparing to Li, complicated intercalation between the tight graphite layers, intercalation 

of sodium ions into graphite is not preferred. In addition, the formation of stable sodium-hydrocarbon 

bonds is lacking due to the higher redox potential and also the generally slower kinetics with 

simultaneously significantly higher energy requirements for storage, leads to unfavorable conditions.6, 

38, 87, 88 
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Figure 3: Overview of the established electrode materials for LIB and NIB A) Representation of different 

established cathode and anode materials for LIBs characterizing their important properties (energy 

density, environmental friendliness, safety) Adapted with permission.89 Copyright 2018, Elsevier. B) 

Illustration of theoretical capacities of various anode materials for application in NIBs in a capacity vs. 

potential plot. Adapted with permission.15 Copyright 2022, John Wiley and Sons. 

 

In recent years, the application of carbonaceous anode materials, which are abundant, inexpensive, 

non-toxic, and offer high safety for NIB has played a significant role. From the beginning of NIB research 

the focus was on hard carbon, which in 2000 already had a high reversible capacity of 300 mAh g-1, but 

the cycling ability was not satisfying for practical applications.90 From 2010 on, the search for a suitable 

anode material intensified, starting from the adoption of promising LIB materials for NIB. Many 

metals/alloys, metal oxides, metal sulfides, metal phosphides, and carbonaceous materials, such as 

expanded graphite, carbon nanotubes, graphene, and hard carbon, were investigated.55 Figure 3B 

overviews various established and researched NIB anode materials. 

Due to the rapidly increasing performance requirements of the battery industry, carbon materials and 

intercalation materials with low-rate capability, limited space for ion intercalation, and moderate 

specific capacity must be replaced by next-generation electrodes. Thus, anode materials based on 

different reaction mechanisms with alkaline ions are developed in further research operations with 

the possibility of higher specific capacities. Electrode materials can be grouped into three categories 

according to the nature of their electrochemical reaction with alkaline ions (Figure 4) and their 

comparisons regarding important parameters for electrochemical application (Figure 5). The 

subdivision of the electrode material categories is valid for negative and positive electrode materials, 

respectively. 
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Figure 4: Schematic diagram of different charge storage mechanisms of electrode materials in alkaline 

ion batteries as an example of NIBs. 

 

Intercalation-type materials show electrochemical activity while intercalating Li or Na ions between 

existing layers or free lattice sites of a host material. During the intercalation process, the active 

material accepts electrons while causing a simultaneous reduction of the active material lattice.6 This 

reaction mechanism results in a limited stability range since the active material backbone is not 

changed while ion conductivity and electron conductivity are combined.91, 92 However, the large 

volume expansion/contraction associated with the introduction/extraction of alkaline ions into the 

host structure can severely damage the electrode texture, resulting in possible loss of electrical contact 

and subsequent rapid capacity degradation.93  
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Figure 5: Comparison of different parameters for intercalation, alloying, and conversion type 

materials. 

 

Alloying materials form Li/Na-rich intermetallic compounds during ion introduction. Group IVA and VA 

elements of the periodic table, such as Si, Ge, Sn, P, Sb, and Bi, can alloy with Li and Na to form alkali-

ion-rich alloy phases. High theoretical alkali ion storage capacity between 660-4200 mAh g-1 calculated 

for lithium alloying formation Li22Si5/Li15Si4 (4200 mAh g-1, 3579 mAh g-1),94, 95 Li22Ge5/Li15Ge4 

(1623 mAh g-1, 1384 mAh g-1),96 Li22Sn5 (990 mAh g-1),97 Li3P (2596 mAh g-1),98 and Li3Sb (660 mAh g-1).97 

For sodium alloying compounds with respective theoretical capacities like NaSi (954 mAh g-1),99 NaGe 

(369 mAh g-1),100 Na15Sn4 (847 mAh g-1),97 Na3P(2596 mAh g-1),101 and Na3Sb (660 mAh g-1)97 can be 

formed. The alloying reactions to produce the above alloy chemistry often take place at low potentials 

and are therefore considered for the negative electrode material. In addition, the working potentials 

of alloying-based electrode materials are suitable for application as an anode in LIB and NIB, while only 
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slightly extending the scanned potential range compared to those in typical insertion anodes (i.e., hard 

carbon and typical Ti-based compounds). 

Although alloy-based materials admittedly have several advantages, this class of materials also has to 

contend with problems that have so far kept them from practical application.102, 103 A major 

disadvantage of alloy materials in energy storage applications is the considerable loss of capacity 

during charge, and discharge cycles. The reason for this can be due to the huge volume change, over 

the course of cycling, which can lead to aggregation and subsequent pulverization of the active 

component of the electrode. As a result, the electrical contact is weakened, and the conductivity is 

reduced, slowing the reaction kinetics. In addition, the SEI layers on the surface must constantly 

reshape themselves due to the volume change during charging and discharging, which creates the risk 

of an excessively thick SEI layer on the electrode. This increasingly thick layer can act as an insulating 

layer, which also slows down charge transfer process, possibly leading to a strong capacity decline.104, 

105 Often, in addition, a low initial Coulombic efficiency can be observed during cycling, that is resulted 

from unstable, quick and easy dissolving SEI films. Furthermore, another critical point is raised by 

intrinsic low electron diffusion coefficients of these type of materials, limiting their cycle lifetime and 

provided capacities at high rates.106, 107  

The third category pertains to conversion materials, where a phase transformation conversion occurs 

during the electrochemical process. This group of materials is distinguished by minimum binary 

transition metal compounds like metal oxides, phosphides, sulfides, or fluorides which form metallic 

nanoparticles inside a matrix when reacting with alkali ions.108 In general, the redox potential increases 

with the ionicity of metal to oxide, sulfide, phosphide, and fluoride bonds resulting in a lower redox 

potential for oxides, sulfides, and phosphides. Therefore, they are suitable for negative electrodes. 

Fluorides show high redox potential with a possible application as the positive electrode.109, 110 

Generally, a conversion-type material completely transforms its structure during the cycle, creating 

new compounds with entirely new properties. Promisingly, the stored energy can be significantly 

increased while the battery weight can be reduced. However, as with all other materials, there are 

major drawbacks such as large voltage hysteresis and low energy efficiency during charging and 

discharging processes, which has hampered the commercial application of conversion materials so 

far.111, 112 Therefore, improvements of the class of high capacity alloying and conversion-type materials 

are of high research interest in the state-of-the-art literature. 
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2.2.4.2.1 MXene 

2D materials exhibit many fascinating properties not found in their bulk counterparts and therefore 

promise a wide range of applications from photocatalysts,113-115 electrocatalysts,113-115 senors,116-118 

biomedical applications, 119-121 to the fields of water remediation122, 123 and energy storage124-126. 

MXenes are a relatively new class of 2D layered transition metal carbides, nitrides, and/or 

carbonitrides with combined properties such as good electronic conductivity, flexibility, and 

hydrophilicity.127 The synthesis of the MXene structures is generally achieved by liquid etching the A-

layers from the bulk MAX phases, which are distinguished as ternary carbides or nitrides with the 

general chemical formula of Mn+1AXn (M corresponds to an early transition material such as Ti, Mo, or 

Nb; A is an A group IIIA or IVA element such as Al, Ge, P; X represents carbon and/or nitrogen and n=1, 

2, 3, 4).128 The unit cells have nearly close-packed layers of M6X octahedra intercalated between the 

A-element layers, with the X atoms occupying the octahedral sites between the M atoms.129 Thereby, 

the M6X octahedral are linked to each other via edge-sharing.130 Since the M-X bonds (ionic and 

covalent bonding’s) are much stronger than the M-A (metallic) bonds. It is possible with the use of a 

strong etchant like HF to etch the A-layer out of the compound resulting in the 2D MXene structure 

Mn+1Xn.127, 131 Through the process of etching out the A-layer, the MXene is always terminated with 

surface functional groups, such as hydroxyl (-OH), oxygen (=O), and/or fluorine (-F), completing the 

general formula of Mn+1XnTz (Tz=surface functional groups).132, 133 In Figure 6, an overview of different 

compositions of MAX and MXene phases with possible surface terminations and intercalated ions 

information is presented. 

 

Figure 6: Periodic table showing compositions of MAX and MXenes with corresponding surface 

terminations and intercalated ions specification. 
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Due to the wide range of combinations of elements and synthesis conditions, a vast spectrum of 

chemical and physical properties with potential for various applications can be obtained. Since its 

discovery in 2011, Ti3C2Tz MXene has been the most common and best-explored MXene structure 

combining high electrical conductivity (up to 24,000 S cm-1 for Ti3C2Tz),
134, 135 tunable surface 

functionality,135, 136 liquid-phase processability137 and outstanding mechanical properties.135, 138 One 

way to control the properties of MXene materials is to regulate the number of layers in the crystals 

and the film thickness. Single-layer and few-layer MXenes have advantageous properties, such as a low 

ion diffusion barrier, a low open-circuit voltage, and a high specific surface area.139 Single-layer and 

few-layer MXenes can be explored via various preparation methods, including HF etching, molten salt 

etching, electrochemical etching method, chemical vapor deposition, self-assembly, and template-

assisted growth.139 

Among various two-dimensional conductive structures that have improved the mechanical properties 

of the different electrode systems, MXenes have attracted great interest in the field of energy storage 

or electrochemical desalination with their ability to host a variety of ions and molecules through 

intercalation. Due to the large pseudocapacitance of MXenes,140 which exceeds the energy storage 

capacity of most other capacitive materials, MXene materials provide a nearly ideal intercalation 

material with rapid ion insertion between layers. After the fabrication of free-standing and binder-free 

electrodes, a high capacitance of >300 F cm-3 could be obtained in aqueous lithium or sodium sulfate 

media while successfully intercalating larger ions, such as ionic liquids or organic salts.141, 142 

For example, Srimuk et al. 2016 employed the highly capacitive and reversible intercalation and 

deintercalation of MXenes for successful application as electrode materials for water desalination via 

CDI.143 With the ion intercalation mechanism between the two-dimensional nanolamellar, stable 

performance for 30 cycles with a salt adsorption capacity of 13±2 mg g-1 while applying a cell voltage 

of 1.2 V and a 5 mM saline solution was achieved.143 During the following years, the MXene and 

combined hybrid materials were widely explored in their application as cathode and anode materials 

for capacitive deionization in different salt concentrations and ion species.144-147  

Fast energy storage benefits from the properties of tunable materials and scalable synthesis. MXenes 

can exhibit high capacitance (especially volumetric capacitance) along with metal-like conductivity, 

making them promising active materials for developing supercapacitors with high power and energy 

density. The first report of MXene as a supercapacitor electrode dates back to 2013 when Lukatskaya 

et al. showed an improved performance in basic solutions, such as KOH and NaOH combined with free-

standing binder-free Ti3C2Tz electrodes.148 Due to the high flexibility, a volumetric capacitance of up to 

350 F cm-3 could be obtained.148 Due to environmental sustainability and safety aspects, the MXene 

etching was driven towards LiF/HCl or completely fluoride-free etching, leading towards new insights 
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for supercapacitor electrode materials.149, 150 Li et al. successfully synthesized Ti3C2Tz powder with 

92 mass% purity via a 27.5 M NaOH treatment at 270 °C. The resulting F-free Ti3C2Tz film electrodes in 

1 M H2SO4 deliver a gravimetric capacity of 314 F g-1 and volumetric capacitance of 511 F cm-3 at 2 mV 

s-1.151 Thereby H2SO4 at time identifies the most promising electrolyte for MXene with extended voltage 

window of 1 V.152,153 Overall aqueous electrolytes are extremely attractive in terms of environmental 

friendliness and cost. However, the possible voltage window is limited to 1.2 V due to the electrolysis 

of water, which limits the energy density of the supercapacitor cells enormously. Therefore, organic 

electrolytes for supercapacitor application are explored. For example, Dall' Agnese et al. reported in 

2016 that EMIM-TFSI (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) in acetonitrile 

as an organic electrolyte, which boosted the electrochemical performance of the MXene/CNT 

materials to 85 F g-1 and 245 F cm-3 at 2 mV s-1.154 Further Liang et al. reported pre-intercalated Mxene 

with increased interlayer spacing of ≈2.2 nm while delivering a large 257 F g−1 (1428 mF cm−2 and 492 F 

cm−3) in neat EMIM-TFSI electrolyte leading to high energy density.155 These conditions also make the 

application of different MXene materials optimal for use in LIBs and NIBs. Initially, the material was 

used without further modification as an electrode material. In 2012, for example, layered Ti2C-based 

materials achieved a capacity of 110 mAh g-1 at 1C and 80 cycles as LIB anode material,156 and Ti3C2Tz 

achieved an increased intercalation capacity of 124 mAh g-1 at 1C after intercalation of dimethyl 

sulfoxide.157 Ti3C2Tz nanosheets can host Na-Ions in their lattice reversible via a two-phase transition 

and solid-solution reaction in sequence while delivering a long-term capacity of 69 mAh g-1after 1000 

cycles at 0.2 A g-1.158 

The intrinsic performance of MXene has so far been generally limited to the intercalation 

mechanism.159 Accordingly, the resulting discharge capacity is also limited to lower values than alloy 

or conversion materials.160 This is why over the past few years, it has become increasingly attractive to 

use the versatile MXene materials in combination with other electrode materials (mostly alloying- or 

conversion-type materials) with their complementary properties to improve the cycling behavior. The 

combination is expected to enhance the capacity of the MXenes while enhancing the structural 

stability of alloying/conversion hybrid and composites due to the minimal volume change of 2D 

materials during alkali-metal transport. Therefore, the occurring agglomeration, high volume 

expansion, and possible subsequent electrode pulverization can be avoided or reduced to improve 

long cycling life. Various promising anode materials for LIB/NIB which have been successfully processed 

with Mxene include Si, SiO, SiO2, Sn, SnO2 carbon filler, metal oxide, phosphorus, metal sulfide, and 

layered double hydroxide.161-167 

Chen et al., for example, reported a nanosized SnO2/MXene composite for application as anode 

material in NIBs which delivers a Na-storage capacity of 414 mAh g-1, proper rate capability (300 mAh g-
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1 at 0.2 A g-1) and stable cycling performance (79% capacity retention after 100 cycles).168 2021 

reported Liang et al. chemically-confined mesoporous γ-Fe2O3 nanospheres with Ti3C2Tz MXene. The 

mesoporous γ-Fe2O3 nanosphere, composed of nanocrystalline subunits, is encased by Ti3C2Tz MXene, 

which can effectively mitigate the volume change of the γ-Fe2O3 nanosphere as a shield and ensure a 

fast electron flow, resulting in a high-performance electrode for LIB. The Fe2O3@Ti3C2Tz anode provides 

a reversible capacity of 1060 mAh g-1 at 0.5 A g-1 after 400 cycles. MXene composites also play a major 

role in combination with alloying-type materials. For example, Meng et al. used a black phosphorus 

quantum dot/ Ti3C2Tz MXene nanosheet composite for application in electrochemical lithium and 

sodium ion storage which delivers a high capacity of 910 mAh g-1 at 0.1 A g-1.169 The work of Arnold et 

al. benefitted from the high electrical conductivity as well as the buffering of the volume change of the 

MXenes. Showing that through the optimized combination of antimony and MXene in a homogeneous 

distribution with optimal electrochemical addressability of all components, a specific capacity of 

450 mAh g-1 at 0.1 A g-1 and 365 mAh g-1 at 4 A g-1, with a capacity retention of 96% after 100 cycles was 

obtained.170 

MXene structures, due to their excellent tunability and favorable properties, offer the possibility of 

various applications. In particular, for energy storage, electrochemical performance can be increased 

by MXene, significantly contributing to improved conductivity or serving as a buffer volume of alloying 

or conversion materials while contributing to capacity and being electrochemically active. 

2.2.4.2.2 Antimony 

Antimony is a silvery-white, lustrous, brittle semimetal that can also be found in nature in elemental 

form. More commonly, the mineral stibnite (Sb2S3) can be found, also called antimonite, which is used 

for industrial extraction of the pure element. Due to its high theoretical capacity of 660 mAh g-1, high 

specific capacity, and easy antimony (Sb) availability, it is a promising anode candidate for high-energy 

alkali ion batteries.171-173 Sb-based anodes are advantageous in terms of electronic conductivity due to 

the intrinsic electrical conductivity of antimony and the ease of fabrication of nanostructured 

electrodes, which are essential for facilitating sluggish electrochemical kinetics mainly in NIBs and 

potassium-ion batteries. Antimony with a relatively low alloying potential while forming Na3Sb/ Li3Sb 

and K3Sb and low stacking density of puckered-layer structure is beneficial for ion diffusion and release 

of structural stress. 

Nevertheless, the vast volumetric change (~ 400%) during the alloying and de-alloying process can lead 

to tremendous stress in the electrode, which leads to possible pulverization of the electrode material 

and the loss of the electrochemical conductive path, resulting in poor electrochemical performance. 

As anode material in alkali-ion batteries, crystalline antimony first reacts with the alkali metal (AM) to 
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form various amorphous AMxSb compounds. AMSb reacts with an additional alkali metal in the next 

step and forms crystalline cubic and hexagonal (which stabilizes at the end) AM3Sb (Figure 7, Equation 

(II)). In the reverse reaction, the AM3Sb alloy converts back to elemental antimony, which is then 

present in an amorphous form.  

 

Equation (II): Reaction equation of antimony with different alkaline ions and corresponding 

electrochemical process. 

 

The volume change that occurs negatively influences the loss of the electrical paths and the SEI 

formation. Due to the constant expansion and contraction of the electrode composite, the SEI is also 

affected and repeatedly rearranged in each cycle, which can lead to the formation of a very thick SEI 

on the one hand and to constantly occurring side reactions on the other. This leads to a slowed-down 

reaction kinetics which strongly influences the electrochemical performance. In application, bulk 

antimony often results in capacity fading in the first cycles due to extensive volume extension. 

Darwiche et al. reported less than 20 cycles with stable cycling performance as a NIB anode.174 

Relatively easy developments of electrolyte systems or improvements in electrode preparation may 

strongly influence the impact on electrochemical performance. For example, using SEI-forming 

fluoroethylene carbonate as an electrolyte additive in NIB develops good cycling performance for 

Na/Sb system compared to Li/Sb.174 Thus, initial capacities of over 660 mAh g-1 can be obtained for 

Li/Sb systems that are fully lost after 140 cycles. For NIBs, however, stable capacities of 576 mAh g-1 at 

C/2 over 160 cycles have been reported. Further works have demonstrated the importance of choosing 

the right carbon additive, which not only improves the conductivity in the electrode but also serves as 

a buffering agent for volume changes during cycling. Pfeifer et al. reported that nanoscale carbon with 

round shape particles provides the best percolation in the electrode since the agglomerated Sb 

particles are homogeneously covered, and the applied current can be better distributed to all active 

material particles, resulting in improved high conductivity and superior rate performance.175 In this 

way, an optimal composition of antimony nanoparticles with onion-like carbon was obtained, resulting 
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in electrochemical performance values of 490 mAh g-1 at 0.1 A g-1 and 300 mAh g-1 at 8 A g-1 

(normalized to antimony including the carbon additive). 

 

Figure 7: Representation of the mechanism and volume expansion of antimony alloying reaction 

during the electrochemical process, including a schematic drawing of sodiation/desodiation of 

antimony showing the crystal structures. 

 

Novel designs of antimony nanostructures allow for counteracting the problem of substantial volume 

changes by shortening the alkali metal ion transport path and relieving stress-strain while the approach 

is limited.176-179 To benefit from the promising antimony system, mostly approach of composite or 

hybrid formation is used, whereby the antimony particles are integrated into a composite of mostly 

carbon, thus maintaining the contact between the antimony particles and carbon during the charging 

and discharging process and additionally buffering the volume expansion.171, 173, 176, 180, 181 The versatile 

antimony system is not only limited to elemental antimony. However, it offers the possibility of using 

other compound materials such as intermetallic antimony-based materials like Cu2Sb, SnSb, or TiSnSb 

or antimony chalcogenides like antimony oxides, antimony sulfides, antimony selenides, or antimony 

oxychlorides and many more.173, 182 

Forming Sb-based intermetallic compounds leads to an improved electrochemical performance by 

having either only the antimony or both (or >2) of the components electrochemically active and 

stabilized by a matrix of the other metal during the charging and discharging process.183, 184 For 

example, when applying SbSn nano-arrays as NIB anode, it delivered a capacity of 521 mAh g-1 at 5C 
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with a corresponding capacity retention of 82% after 800 cycles at 2C.185 He et al. reported for 

intermetallic Cu2Sb coated with amorphous carbon a reversible de-lithiation capacity of 477 mAh g-1 

at 1C with capacity retention of 87%.186 

Antimony chalcogenides (antimony oxides, sulfide, and selenide) react in a conversion-alloying 

mechanism mainly based on antimony reaction with favorable properties as anode materials for alkali-

ion batteries. The conversion reaction products can contribute to electrochemical performance while 

forming a matrix preventing massive volume changes and agglomerations of antimony and stabilizing 

the electrode.187, 188 With carboxy methyl cellulose and fumaric acid binder, Sb2O3 served as anode 

material in LIB with 611 mAh g-1 at 0.2 A g-1 after 200 cycles. Further, amorphous Sb2S3-embedded in 

the conductive graphite matrix exhibit stable 656 mAh g-1 at 1 A g-1 for 100 cycles when serving as NIB 

anode material.189 Different morphologies of antimony oxychlorides, such as Sb4O5Cl2 nanoparticles, 

Sb8O11Cl2 nanoribbons, and nanowires, can provide an option to be applied as anode material in alkali 

ion batteries. While pure antimony oxychloride as NIB anode material often needs better morphology 

regulations, a composite with Sb4O5Cl2 particles and graphene aerogel can result in an improved 

electrochemical performance with 400 mAh g-1 at-1at 0.03 A g-1 after 50 cycles.190-192 

2.2.4.2.3 Hybrids/composites 

Hybrid or composites consist of two or more types of materials forming a matrix. Composite materials 

usually have two or more constituents with significantly different physical or chemical properties. 

Faradaic charge storage materials often suffer from low electric conductivity, while introducing a 

conductive additive by physical admixing in the context of composite formation overcomes the 

drawback.193, 194 Hybrid nanomaterials, basically a subgroup of composite materials, are formed by 

combining an inorganic and organic material, often at the nanometer or molecular level, through a 

synthesis process.194, 195 Hybrid materials are often obtained via an in-situ synthesis approach. At the 

same time, individual reaction components beforehand are deposited or synthesized from precursors 

leading to a final hybrid material.196 Through the last years, tremendous efforts have been made to 

develop suitable hybrid materials by applying the nanoscopic blending of a redox-active component 

with carbon.197 Redox-active materials are used in hybrid materials for battery applications, which offer 

a faster charge/discharge rate than non-hybrid materials. 

In addition to improving electrical conductivities, and exhibiting highly efficient ion-electron transport 

properties and faster charge/discharge rates, hybrid materials also exhibit additional benefits for 

energy storage and conversion application. Carbon hybrid materials, the most popular combined 

materials for electrodes since they are cost-efficient and abundant, also shorten diffusion paths for 

ions and electrolytes through unique structures such as reticulated, hollow, porous, and vertically 
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aligned nanocomposites when well-designed. It is essential that reaction spaces in composites are 

available for the electrolyte but also feature sufficient electrical contact with other particles. This is 

typically achieved by adding conductive carbon and grinding it with the active material to create an 

electrically conductive percolation structure that permeates the composite.71 

 

Figure 8: Schematic overview of comparison bulk conversion material and composite material after 

cycling (adapted and modified from Ref. 198) 

 

Figure 8 compares bulk conversion and composite material after cycling. In the bulk material a 

pulverization of the electrode materials occurs due to the volume expansion, leading to quick capacity 

fading. In contrast, a composite/hybrid structure can be preserved after cycling even after exposure to 

volume expansion since the composite/hybrid provides a protective layer and buffers extensive 

volume expansion. The hybrid formation is not limited to carbon compounds. However, it can be 

further extended to 2D materials, which offer advanced structural stability since the volume change of 

the 2D nanomaterials during alkali metal transport/intercalation is only small (<<10% volume 

expansion/contraction).126, 141, 199-201 

2D transition metal oxides and chalcogenides, for example, offer fast ion transport, abundant ion 

storage sites, and minimal volume change during charge-discharge cycles leading to improved 

electrochemical behavior.199 At this point, for example, the class of MXenes, which stands out with 

their united properties such as good electronic conductivity, flexibility, and hydrophilicity while 
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inducing insignificant volume variation during Li+ insertion.131, 141, 202-204 In addition to acting as a 

conductive additive or a buffer for volume change during cycling, MXenes also have a reversible part 

in energy storage via an intercalation process.205, 206 

2.2.4.3 Carbon conductive additive 

A large portion of the electrochemically active materials has inherently low electronic conductivity. 

Thus, conductive additives like conductive carbons often need to be added during electrode 

formulation. A large specific surface area (~65 m2 g-1) and graphitic structure characterize such 

carbons. Usually, the conductive additive has a proportion of about 1-5 mass % based on the total mass 

of the solid in the slurry.37 The conductive additive builds up a conductive network and thus improves 

the electrode's electrical conductivity, thermal conductivity, and electrical percolation. Conductive 

carbon additives speed up the charging and discharging process, which is crucial to optimize the cell's 

power density and specific power.207, 208 The conductive additive can improve the cell's stability by 

absorbing and retaining the electrolyte to promote contact between ions and active material. 

Therefore, materials with large surface area, low mass, chemical inertness, and mostly graphitic 

structure, such as acetylene black and carbon black, carbon nanotubes, or porous carbon, are 

particularly suitable as conductive additives.209 Especially in high-capacity electrode materials such as 

alloy or conversion systems, conductive carbon is considered to play an additional important role, 

namely buffering the volume change during the charging and discharging process.210 In this way, 

aggregation of particles can be reduced, additional diffusion pathways are provided, and the electrode 

can be protected from possible subsequent pulverization, which would otherwise lead to poorer 

electrochemical behavior.171, 207, 210, 211  

2.2.4.4 Binder 

Apart from the electrochemically active materials, which are being intensively researched, the mostly 

electrochemical inactive binder is also an important component of batteries, as it ensures the 

connection between different components in the electrode like the active material, conductive 

additive, and the current collector providing mechanical flexibility. In the optimum case, the amount 

of binder in the electrode is kept low at 3-5 mass% as these polymeric materials often act as insulators 

and inhibit the charge transfer. In application, binder systems should be inert to the processes inside 

the battery and the electrode formulation process. High thermal, chemical, electrochemical, and 

mechanical stabilities are therefore required.212 Mechanical stability, subdivided into flexibility tensile, 

elasticity, strength, hardness, and adhesive strength, characterizes the most important parameters.213 

An enhanced design of the flexible polymer binder is expected to reduce electrode decomposition 

during cycling, especially for materials with a large volume change, being highly electrochemical stable 
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for the whole potential window of electrode cycling and providing improved electrochemical 

performance via good interfacial properties.214, 215 

 

Figure 9: Overview of required properties of optimal binder system for electrode preparation with the 

corresponding chemical structure of typically deployed polymers. 

 

Generally, the choice of the binder has a significant influence on the battery cost, lifetime, and the 

avoidance of organic solvents.216 During the last years of battery research, several binder systems have 

been established, among which polyvinylidene fluoride (PVdF) stands out, and has also been 

commercialized in the LIB industry. One advantage of the PVdF binder is the low number of functional 

groups, which means that few unwanted side reactions are to be expected. However, PVdF systems 

are also criticized for instability due to side reactions of the fluorine groups, especially with sodium or 

unstable or too thick formation of the SEI layer.217, 218 Figure 9 summarizes the beneficial properties of 

improved binder systems in combination with chemical structures of recently employed polymer 

binders for energy storage, mainly in organic media.  

In addition to the active material and the often-used polymer binder, the solvent is also vital for the 

slurry preparation, as it dissolves the polymer and thus guarantees a homogeneous distribution. 
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However, the solvent content should be kept as low as possible since this must be removed again after 

electrode preparation (especially coating) to create no side reactions in the electrochemical cell. In 

recent years, more effort has been put into developing environmentally friendly systems which include 

solubility in water instead of using toxic N-methyl-2-pyrrolidone (NMP) with high toxicity. The 

environmental impact of NMP, coupled with the fact that NMP can cause cancer and excessive NMP 

exposure can be linked to respiratory difficulties and severe health complications, highlighting the 

need for alternatives.219 In addition, NMP is expensive and has been added to the restricted substances 

list by the European Commission in 2018, while in total, 47% of the process energy in LIB manufacturing 

is consumed in the electrode drying process for evaporation and recovery of NMP.220, 221 Along with 

the minimization of the negative environmental impact, the cost, and safety for binder removal in the 

context of the electrode material recycling can be significantly improved when using an optional 

solvent system, especially water-based systems.220 

If organic solvents are mandatory for electrode processability, systems with reduced environmental 

hazards and lower costs can still be employed. Several works show that with dimethyl sulfoxide 

(DMSO), an equivalent and less toxic and cost-effective alternative can be found without changing the 

conventional electrode process.222, 223 By using electrode slurries with comparable rheological 

behavior, similar viscosity values, and wettability on the current collector when comparing to NMP, 

very reproducible and similar cycling performances can be obtained.222 Some water-based examples 

are carboxy methyl cellulose (CMC), sodium alginate (SA), and polyacrylic acid (PAA), which exhibit 

more hydroxyl and/or carboxylate groups and therefore be able to build van der Waals forces that lead 

to higher tensile strength and flexibility.224 The binder carboxy methyl cellulose, for example, is 

marketed as a particularly environmentally friendly and green binder mostly applied in anode materials 

with high capacity.216 The fact of water-solubility allows working with aqueous pastes.  

Over the last few years, wet slurry processing has been established throughout the industry without 

fully understanding the slurry properties, drying mechanisms, and electrode characteristics. However, 

with the increasing number of battery productions, it is imperative to keep an eye on the cost reduction 

of electrode production.225 Opportunities lie in the reduction of inactive components and the 

development of solvent-free processing. This is usually done in a dry mixture of various powders, 

consisting of the active material, conductive additive, and binder. These are printed directly onto the 

current conductor and form independent electrodes with controllable electrode thickness and density 

by calendaring or hot rolling.226, 227 By eliminating the drying process, it is possible to work at room 

temperature and low pressure, which means that less energy is required and the process is less time-

consuming. At the same time, the microstructures of the resulting electrodes are easier to control due 

to the simplified process. 
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2.2.4.5 Electrolyte 

The main role of an electrolyte in an electrochemical cell is to provide ionic conduction between the 

electrodes to ensure the electroneutrality of the two half-cells during both the charging and 

discharging of the cell. The electrolyte (solution) provides the ions, which are transported by the action 

of the applied electric field. The most typical electrolyte nowadays consists of salt solutions in solvents, 

with new concepts like the solid electrolyte setup and polymer electrolytes. An ideal electrolyte is 

characterized by a high level of chemical, and electrochemical stability (high electrochemical stability 

window), chemical inertness to avoid side reactions, high operating temperature range, low 

flammability, low costs, and environmentally friendly characteristics. The properties of the salt and the 

solvent strongly influence the electrochemical behavior, while the viscosity contributes to the fast ion 

conduction. Very fundamentally, the choice of electrolyte also determines the formation of the SEI, 

which characterizes a passivation layer at the surface of the anode material and is a direct consequence 

of the lack of stability of all organic electrolytes at very low potentials, which get reduced. It follows 

that the choice of electrolyte significantly affects the lifetime of an electrochemical cell, as well as the 

specific power and energy, and consequently plays a vital role in the electrochemical system.43 

2.2.4.5.1 Salts 

The most commonly used inorganic electrolyte salts require several properties suitable for use. These 

include good solubility in the electrolyte solvent, thermal stability, formation of a stable SEI layer, 

passivation of the current collector, and stability against hydrolysis.228-232 Figure 10 shows an overview 

of different lithium and sodium salts with their molecular structures. For LIBs, lithium 

hexafluorophosphate (LiPF6) has emerged over several decades as the most suitable salt 

demonstrating a balance of the discussed properties. Sodium salts can often be chosen as equivalents, 

generally having a higher melting point than lithium salts, making it easier to remove moisture harmful 

to electrochemical applications compared to their Li equivalents, while the larger thermal stability 

present is also of benefit in terms of safety-related aspects required for application. In contrast to LIBs 

in which the PF6 ion dominates application, they show serious safety issues, especially at higher 

temperatures and in the presence of humidity, suffering hydrolysis. For NIBs, sodium perchlorate 

(NaClO4) has emerged as the most commonly used salt, likely due to a combination of previous 

experience and cost reasons.232, 233 However, analogous to the LIB technology, NaPF6 salts are the 

second most successfully used electrolyte salts for NIB.234, 235 Further non-toxic electrolyte salts for NIB 

are sodium tetrafluoroborate (NaBF4) and sodium trifluoromethanesulfonimide (NaTFSI) among 

others.236 
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Figure 10: Chemical structures of different electrolyte salts for LIB and NIB. 

2.2.4.5.2 Organic solvents  

Organic solvents should exhibit high chemical and electrochemical stability while being suitable for 

applying a wide operating temperature range and high flame retardancy.229, 230, 237 Figure 11 shows 

electrolyte solvents with corresponding chemical structures. Organic esters and carbonates have been 

widely used as solvents for alkali-ion batteries and have been established until today.  

 

Figure 11: Overview of established electrolyte solvents with chemical structures for LIB and NIB. 
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Most frequently, carbonates, such as open-chain carbonates, include ethylmethyl carbonate C4H8O3 

(EMC), diethyl carbonate C5H10O3 (DEC), and dimethyl carbonate C3H6O3 (DMC) or cyclic carbonates 

like ethylene carbonate C3H4O3 (EC) and propylene carbonate C4H6O3 (PC) are applied.72, 238, 239 Open-

chain carbonates are known for their low viscosity and moderate dipole moments, and cyclic 

carbonates feature higher viscosity and high dipole moments. 

Cyclic carbonates are often mixed with open-chain carbonates in electrolyte solutions.240 Despite 

possible issues on fertility expected for glymes with lower chain lengths but with more straightforward 

and more environmentally friendly production routes, glyme-based electrolyte solvents, especially 

with longer chain lengths, are characterized by higher safety, lower flammability, improved cell 

performances, and economic impact and are emerging as an alternative to carbonate solvents.241 For 

Na+ storage, it was reported that ether-based electrolytes, especially bis(2-methoxyethyl) ether 

(diglyme), show superior electrochemical performance and thus represent a promising alternative to 

state-of-the-art literature.187, 242, 243 Glyme-based electrolytes are a good alternative in LIBs by 

stabilizing the lithium metal anode, suppressing the lithium dendrite growth, and forming a more 

robust SEI layer.244-246 

Further, carbonates like γ-butyrolactone (GBL) have also been used as a pure electrolyte system, 

providing higher boiling points, low freezing points, a high dielectric constant, and a low viscosity.247-

249 Further reports of combining with ionic liquids as GBL can significantly improve conductivity are 

outlined.250 A significant disadvantage of GBL is that the solvent quickly decomposes on the surface of 

the negative electrode, mainly forming butylate and cyclic alkoxy-β-keto ester lithium salt, thus 

forming an SEI layer with very high resistance, leading to the deterioration of battery performance.251 

The same applies to the property-related γ-valerolactone (GVL).252, 253 This problem can be somewhat 

counteracted by adding electrolyte additives in small quantities to the electrolyte solution. 

2.2.4.5.3 Electrolyte additives 

Often the obtained electrolyte formulations still need that specific last step to show a perfect 

performance. At this point, electrolyte additives which are solid or liquid compounds, are added in 

small amounts (i.e., 2-10 vol%) to the electrolyte solution. In most cases, electrolyte additives increase 

safety, adjust physical properties such as electrical conductivity or viscosity, or significantly improve 

SEI or cathode electrolyte interphase (CEI) formation. Figure 12 displays the most commonly used 

additives for NIB and LIB electrolytes. 
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Figure 12: Overview of different electrolyte additives with the chemical structures for LIB and NIB. 

 

The concept of additives capitalized off of a higher reduction potential than the electrolyte solvents 

used. Thus the decomposition/reduction of the solvents is reduced, and the SEI layer consists mainly 

of additive products.254 For NIB, in addition to the reasons already mentioned for the need to use 

additives, it can also counteract the corroding that occurs with metallic sodium anode systems when 

organic electrolytes are used. Originally, vinylene carbonate (VC) was reported as one of the most 

promising additives in LIBs, reducing graphite anodes at a higher potential than 1 V vs. Li+/Li.255 

However, NIB is also reported to be successfully used with hard carbon electrodes in ether-based 

electrolytes, which can positively influence storage performance.256 Fluoroethylene carbonate (FEC) is 

an additive for NIBs, often used in literature as it improves the stability of the cells.257, 258 Adding FEC 

can increase the stability of the formed SEI layer on top of the sodium metal electrode.259 On the other 

hand, it also prevents the decomposition of the typically used solvents (EC/DMC) to by-products such 

as ethylene glycol bis-(methyl carbonate) since FEC has a higher oxidation potential than EC and 

DMC.259 

Practically, during the electrochemical characterization, a first reduction potential of FEC at 0.7 V vs. 

Na+/Na is obtained. A high-quality SEI layer is formed on the electrode, which can increase the 

electrochemical stability. The exact nature of the formed compound is still under debate. At the same 

time, it can be assumed that a polymer layer is formed during FEC reduction.260, 261 This polymeric layer 

on top of the sodium metal can protect the electrode and guarantee reliable three-electrode 

measurements using a metallic sodium counter and reference electrode. Adding FEC may not only 

significantly improve the SEI properties of the working electrode, as reported in detail in the state-of-

the-art literature174, 257, 262, but also significantly protects the elemental sodium electrode against any 
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side reactions with the electrolyte.175, 263 FEC is also used very successfully in LIB electrolytes as an 

additive,264-266 but its effectiveness as a high voltage additive is still controversial, and FEC is still 

accused of causing dissolution of transition metals from the cathode while depositing at the anode.267 

Lithium difluorophosphate (LiDFP) has proven to be very effective in suppressing cross-talk and 

improves the Coulombic efficiency and cycle lifetime, and reduces parasitic heat flow.267-269 Other 

established LIB additives are, for example, 1,2,6-oxadithiane 2,2,6,6-tetraoxide (ODTO), further C-F 

bond additives like 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) or lithium borate 

based additives like lithium difluoro(oxalate)borate (LiDFOB). This should improve the CEI properties 

at higher potentials and higher temperatures and stabilize the high capacity of spinel materials.254, 270-

273 Vinyl ethylene carbonate, which has electron-rich double bonds compared to VC, has improved 

chemical properties because the compound is less reactive towards other double bonds.274 For NIB, 

many of the practices already researched also related to electrolyte technology were once again taken 

over from LIB technology. In addition to FEC and VC, sulfur-containing additives like propene sulfone 

(PST) and 1,3,2-dioxathiolane-2,2-dioxide (DTD), and tris(trimethylsilyl) phosphite (TMSP) or the flame 

retardant additives ethoxy(pentafluoro)cyclotriphosphazene (EFPN) or succinic anhydride (SA), have 

shown a positive effect on the electrochemical performance.275-279 

2.2.4.6 Separator 

The separator is an electrically insulating and ionically conductive film utilized to avoid physical contact 

between the negative and positive electrodes and, therefore, a short-circuit of the electrochemical 

cell.280 The separator generally consists of a microporous membrane consisting of cellulose fibers, glass 

fibers, or polymers permeable to electrolyte and alkali ions.281 Commercially, microporous polymer 

membranes made of polyolefins such as polyethylene (PE), polypropylene (PP), and their blends (PE-

PP) are commonly used. An optimal separator ideally features infinite electronic but zero ionic 

resistance while being mechanically stable and temperature stable during the battery lifetime.282 

Porosity, mean pore size, tortuosity, permeability, and wettability are additional important to 

consider.282 

Further types of separators include non-woven mats made of fiber materials such as PVdF and 

celluloses with high porosity and low cost or glass fibers such as borosilicate microfibers with high 

porosity, excellent wettability, and thermal stability.283-285 Another possibility for a thermal stable (zero 

shrinkage) separator with excellent wettability is offered by nanoscale inorganic particles such as Al2O3, 

MgO, or SiO2 mixed with a small number of polymeric binders.285 
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2.2.4.7 Current collector 

Electrons released (invested) during the electrochemical process (intercalation and extraction of alkali 

metal ions) are practically discharged (charged) using a current collector. The current collector consists 

of aluminum or copper, depending on the applied potential strength, used electrolyte, and alkali metal 

so that no undesirable reactions can occur with the alkali metal or the electrolyte.286 Aluminum offers 

a cost-effective alternative to copper in NIBs because it does not form alloys with sodium.42 Stable 

electrochemical performance combined with enhanced power handling was reported when using 

sputtered sub-µm aluminum layers as a current collector.287 For LIB anodes, aluminum is an unsuitable 

current collector, as aluminum reacts with lithium ions at lower potentials of 0.6 V vs. Li+/Li, forming 

alloying products.288 When going to higher potentials, aluminum must be used as a current collector 

since starting from a potential of 3.2 V vs. Li+/Li, copper starts to dissolve, thus would not be applicable 

for cathode material coatings.229  

2.2.5 Key parameters for batteries 

2.2.5.1 Battery capacity and Faradays’ law 

Capacity is usually defined as the charge storage capacity of an electrochemical energy storage device. 

It describes the amount of electrical charge Q stored or delivered by the cell or battery. The typical 

capacity unit is usually expressed in ampere-hours (Ah) and can be normalized to the volume or mass 

(Ah cm-3 or Ah g-1) to give volumetric or specific capacity. The capacity depends on the active material's 

type/quantity/morphology, the respective charge/discharge current, the final discharge voltage, and 

the temperature.37 By specifying the capacity, it is possible to calculate how long a certain current or 

how much current can be drawn over a certain time. 

Faraday's law gives a quantitative relationship between the amount of charge flowing and the chemical 

conversion at the electrodes.289 Faraday's law describes the limit of charge storage, resulting in the so-

called theoretical capacity of the material. Therefore, to electrolytically deposit any amount of material 

n of a z valent ion, the charge Q is required. 

𝑄 = 𝐼 ∗ 𝑡 = 𝐹 ∗ 𝑛 ∗ 𝑧 (III) 

In this equation, n characterizes the maximum amount of insertable or extractable charge carriers with 

valence number z, I the electric current, t the time, and F the Faraday constant, composed of the 

Avogadro constant NA and the elementary charge e0. 

𝐹 = 𝑒0 ∗ 𝑁𝐴 (IV) 
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The molar mass is the charge needed to deposit one mole of a monovalent ion. From 𝑚 = 𝑀 ∗ 𝑛 with 

the molar mass M follows the maximum capacity a material with molecular mass M can theoretically 

achieve: 

𝑄𝑡ℎ =
𝑚 ∗ 𝑧 ∗ 𝐹

𝑀
 (V) 

Thus, the charge required to deposit a given mass of the substance by electrolysis can be 

determined.236, 290  

2.2.5.2 Rate capability and C-rate 

[𝐶] =
𝐼

𝑄
=

1

𝑡
 (VI) 

Currents are often specified as C-rates. The C-rate of a battery describes the charge or discharge 

current relative to the theoretical capacity of the material. In practical applications, theoretical 

capacity is not achieved due to polarization effects or capacity losses caused by material defects or 

side reactions. If the theoretical capacity is divided by one hour, the obtained current will correspond 

to a C rate of 1C. A coefficient of 1C indicates that a battery is completely charged or discharged within 

1 h. For new systems, which lack the theoretical capacity information, C-rates are often not suitable. 

These systems are distinguished by the comparison of the specific currents and current density. 

2.2.5.3 Coulombic efficiency (CE) 

Coulombic efficiency (CE) is the relative ratio of the amount of charge (Qdischarge) that can be extracted 

from the battery to the total inserted charge (Qcharge) within a full cycle. The Coulombic efficiency 

characterizes the charge efficiency of the electron transfer and is expressed as a percentage (%). It is 

favored if the standard potential of the cell at the beginning of the charging process corresponds to 

the lower end-of-charge voltage during the subsequent discharge. Normally, the value of the 

Coulombic efficiency is reduced by irreversible charge losses, such as SEI formation and aging effects. 

Therefore, it remains below 100%. Commercially applied LIBs provide a CE, which commonly exceeds 

99%. 

𝑛𝑐 =
𝑄 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄 𝑐ℎ𝑎𝑟𝑔𝑒
∗ 100% 

(VII) 

2.2.5.4 Cycling stability, capacity retention, and cycle life 

Charging and discharging a battery in a certain voltage range with a particular current is called 

galvanostatic cycling. To evaluate the cell performance, the charge/discharge capacity is recorded as a 

function of the number of cycles. In general, a safely decreasing capacity value is expected during 
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cycling, which is strongly dependent on applied cycling conditions (charge/discharge rate, voltage 

range, electrode material, as well as its mechanism, temperature, electrolyte stability, etc.). One of the 

main objectives for optimizing battery cells is their lifetime. The cycle life of a rechargeable battery, for 

which cycle stability is a key parameter, is defined by the number of charge or discharge cycles until 

the capacity is reduced to a certain amount of the nominal capacity (typically 50% to 80% capacity 

retention).291, 292 The cycling stability of LIBs is mainly characterized by the SEI layer, as long as the 

electrochemical stability of the applied salt and solvent is appropriate.62, 291, 293 The capacity retention 

is therefore also an important metric to evaluate the battery performance, especially to define the 

longevity of real devices, with describing the ratio of the delivered capacity in a specific cycle compared 

to the initial discharge capacity.294  

2.2.5.5 Electrochemical signature 

There exist well-established methods to characterize energy storage processes. For example, 

characterization via cyclic voltammetry (CV) and galvanostatic cycling with potential limitation (GCPL) 

provides access to a variety of properties such as capacity, capacitance, operating voltage, cell kinetics, 

rate stability, redox reactions, cyclability and equivalent series resistance (ESR). 

Information about the reduction and oxidation processes, as well as electron transfer-initiated 

chemical reactions, can be obtained with the CV technique.295 From a starting potential, preferably 

currentless, CV begins with a triangular voltage with a speed of potential change of 𝑣 = 𝑑φdt between 

working electrode and counter electrode (Figure 13A). Usually, the maximum upper and lower limits 

of this triangle voltage are defined by the redox pair as well as the employed electrolyte solvent so 

that optimally all redox reactions of the electrode material can be recorded without triggering a 

decomposition reaction of different cell components.296 Practically, a current flow is generated by 

applying a voltage ramp 𝑣 =
𝑑𝑈

𝑑𝑡
 on the cell. A current flow is generated by the applied voltage resulting 

in a plot consisting of the current between the counter electrode and the working electrode as a 

function of the applied potential (Figure 13B). After reaching a certain target potential, the potential 

is ramped in the reverse direction to return to a defined potential or the initial state. Peaks seen in a 

cyclic voltammogram commonly signal the charge transfer (Faradaic redox potential) between the 

electrode and the redox-active species at a certain potential whereby a current occurs as soon as the 

applied voltage reaches or exceeds the redox potential. 
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Figure 13: Potential-time excitation signal of CV experiment and typical voltammogram. 

 

Galvanostatic cycling with potential limitation studies the behavior of battery calls upon cycling while 

applying a constant external charge/discharge current between the working and counter electrode 

(Figure 14). The constant current pulses lead to potential changes inside the battery. The potential 

limitation is needed to avoid irreversible processes such as electrolyte decomposition. The obtained 

potential is evaluated as a function of time in a certain voltage range to obtain information about the 

electrode processes and their changes. In addition, information about the amount of charge used 

during a discharge and charge cycle is obtained. Usually, this factor is related to the mass of the active 

material and referred to as specific capacity. Overall GCPL technique is the test that most closely 

resembles how a battery is mostly used in real-world practice (i.e., it is charged up and then discharged, 

usually at relatively constant rates). 

 

Figure 14: The change of the current with time in GCPL and typical charge and discharge curve in the 

GCPL experiment.  
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2.3 Seawater batteries 

The global shift toward greater sustainability and time-sensitive pressures for more renewable energy 

use is steadily driving the development of promising new materials and technologies, continuous 

improvement, and creative redesign.297, 298 Because of their versatile advantages, interesting energy 

storage systems beyond lithium have attracted much attention and have been studied scientifically 

more frequently in recent years.299-302 One such post-lithium or beyond-lithium technology relates to 

NIB (chapter 2.2.2), which technology has seen a steady increase in interest since 2011, especially since 

sodium is one of the most abundant elements in the earth's crust, offers similar intercalation chemistry 

to LIBs, and manifests the potential for low-cost energy storage systems.42, 43 A battery form that also 

relies on sodium ion transport is the seawater battery, which can simultaneously store energy and 

desalinate water due to its unique configuration (operation principle is displayed in Figure 15). Sodium-

rich seawater, which occupies about two-thirds of the earth and has a sodium concentration of about 

470 mM, is a nearly inexhaustible source of sodium ions and presents the electrolyte in seawater 

batteries.303 

The first primary, non-rechargeable seawater battery was developed as early as 1943.304 In 2014, the 

research field was revived and focused on secondary (rechargeable) seawater batteries.305, 306 

Rechargeable aqueous NIBs are an environmentally friendly and promising method of storing 

electrochemical energy, with seawater circulating as a low-cost electrolyte in the electrochemical cell. 

Seawater electrolytes eliminate or reduce many safety problems that organic electrolytes can cause.6 

Conventional seawater batteries provide electrochemical energy storage through a combination of a 

sodiation/de-sodation anode and an electrolysis cathode. This concept requires an open cell 

architecture to ensure a constant supply of fresh seawater as catholyte during the cell operation. The 

major components of a seawater battery are electrode materials (cathode and anode), electrolytes 

(anolyte, catholyte), current collectors, (ceramic) membranes, electrocatalysts, and common cell 

types. 

A typical rechargeable seawater battery consists of two electrode compartments, one of which can be 

with an organic electrolyte side, and the other compartment usually contains an aqueous electrolyte. 

The cell compartments are separated by a solid diffusion membrane (such as the widely-used sodium 

superionic conductor (NASICON)) to ensure selective ion flow (Figure 15A). The organic part resembles 

a typical NIB cell, which can contain an elemental sodium anode. When seawater cells come in contact 

with seawater, free and abundant sodium ions in the catholyte can migrate to the anodic compartment 

during the charging process. They are finally stored as elemental sodium metal. On the cathode side, 

the oxygen evolution reaction (OER, 4OH- ↔ O2 + 2H2O + 4e- E = 0.77 V vs. SHE) leads to a theoretical 
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cell voltage of 3.48 V.305 During the subsequent discharge, sodium ions are again released and 

delivered to seawater, accompanying the oxygen reduction reaction (ORR) at the cathodic 

compartment. Since introducing rechargeable seawater batteries in 2014,306 most studies have 

optimized performance, including cathode and anode materials, catholyte and anolyte, and cell 

structure. The dual function of seawater batteries at the critical interface between water and energy 

research can help to simultaneously store intermittently available renewable energy and provide clean 

drinking water for residential areas and agriculture. The possibility of significantly increasing the 

technological desalination of seawater will also considerably advance the large-scale production of 

green hydrogen. 

 

Figure 15: Schematical representation of the working principle of a seawater battery A) for energy 

storage purposes and B) for water desalination. Copyright 2022, Wiley.15 
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2.4 Electrochemical water treatment 

Water is one of the resources that humanity needs to live, along with food, energy, and medicine. Due 

to the ever-increasing population, the progress of climate change, and the accompanying deterioration 

of environmental conditions, obtaining clean potable water has become a severe problem of the 21st 

century, especially in arid regions.307 The worldwide oceans account for about 97% of the Earth's water, 

which has, in principle, the great potential to be the drinking, agricultural, and industrial water 

resources, while naturally, it contains a specific amount of salts. Researchers have been developing 

various desalination methods for many years to address the problem of drinking water out of salt-

containing liquid media. These methods can be divided into membrane-based processes like reverse 

osmosis308 or thermal processes like multi-effect distillation309 or multistage flash distillation.310 So far, 

reverse osmosis technology is the most widespread application, while plants require high energy 

consumption of 2-5 kWh m-3.311, 312 Another steadily growing research area is electrochemical 

desalination methods such as electrodialysis,313 desalination fuel cells,314, 315 desalination batteries316, 

317 or capacitive deionization.318 

2.4.1 Capacitive deionization (CDI) 

Besides suitable electrochemical desalination technologies mentioned above, capacitive deionization 

(CDI) is a highly energy-efficient method.319, 320 The concept of CDI is based on an ion flow immobilized 

at the liquid/solid interface of nanoporous carbon by reversible ion electrosorption.321 The first 

generation CDI cell consisted of two nanoporous carbon electrodes and a separator (open channel or 

porous dielectric material) that prevents the two electrodes from short-circuiting.318 Figure 16 

provides a schematic drawing of a first-generation CDI cell. The constant electrical voltage or current 

applied to the cell creates a potential gradient whereby the salt ions present in the feed water migrate 

into the electrical double layer of the electrode material, thus removing salt from the effluent water 

stream by ionic electrosorption.318, 322 During the subsequent discharge process, the electro adsorbed 

ions are rereleased and, the previously invested charge can be recovered unlikely other mostly 

desalination methods like thermal distillation, reverse osmosis or electrodialysis. Due to the use of 

typically aqueous media, the applied voltage is typically at a maximum of 1.2 V to satisfy the 

overpotential determinations of the water splitting. Although the origins of CDI date back about 60 

years, it is only in the last decade that this method has gained importance and scientific progress.323, 

324 In particular, research has been conducted to develop new high-performance electrode systems for 

the CDI cell,325-330 to design new cell configurations,331-335, and to characterize better and elucidate the 

underlying mechanisms of ion adsorption. Furthermore, supporting computer-based studies to 

simulate different interactions were studied to advance the technology further.336-338 
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Co-ions and counter-ions would occupy the carbon electrodes and their corresponding nanopores 

during the electrochemical process.339, 340 This means that the electrode pores are populated with ions 

of positive as well as negative charge, respectively. By applying an external current and the resulting 

polarization of the electrodes, co-ions are released from the electrochemical double layer to the same 

extent as counter ions are attracted (named co-ion effect). CDI technology is thus mainly limited to 

low molar concentrations since perm-selective ion removal only starts when the co-ion population is 

exhausted at higher charge states.341, 342 In some cases, conditions can be changed by using pore 

diameters well below 1 nm.343 An important exception, except for water molecules, is that the pores 

are empty in the uncharged state if they are smaller than the size of the hydrated ions.344 Furthermore, 

the EDL that forms in carbon is limited to a charge storage capacity of about 0.1 F m-2.345, 346 With the 

storage mechanism via the electrical double layer of the nanoporous electrode, the desalination 

capacity achieves rather low values (ca. 10-30 mgNaCl gelectrode
-1)347 and effective remediation in brackish 

water with low to medium salinity.348 

In 2012, Pasta et al. first used Faradaic materials (sodium manganese oxides and silver) to successfully 

desalinate sea water while thereby overcoming the typical desalination limitations of carbon-based 

materials.317 Other possibilities besides using Faradaic material as both electrodes is the possibility of 

pairing proven carbon with charge-transfer electrodes. Using sodium manganese oxides to capture 

sodium and carbon to store chloride 2014, Lee et al. exhibit a desalination capacity of about 31 mgNaCl 

gelectrode
-1.349 So far, two different kinds of Faradaic materials have been successfully employed as 

electrodes for desalination. The first type relates to intercalation materials distinguished by ion 

intercalation into a host structure, such as sodium manganese oxides,350 nickel hexacyanoferrate351, or 

titanium disulfide.352 On the other hand, analogous to the development of electrode materials for 

primary energy storage, high-performance conversion type electrode materials like silver353 or 

bismuth354 can also be introduced, which show desalination capacities between 85-115 mgNaCl gelectrode
-

1.355-357 

 

Figure 16: Structure of a typical first-generation CDI cell. 
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2.4.2 Membrane-based capacitive deionization (MCDI) 

Membrane capacitive deionization (MCDI) is a modification of the original CDI technology. Like in a CDI 

cell, an electrical potential difference is applied to an aqueous solution. However, the electrode pair is 

additionally shielded with one or two ion exchange membranes on the surface so that more selective 

ion uptake (cation or anion uptake) can take place.358 The first attempts to incorporate a charge barrier 

into the system to block co-ions and improve desalination was pioneered by Andelman and Walker in 

2004.359 In 2006, Lee et al. reported a 19% increase in desalination efficiency in wastewater 

desalination with his developed MCDI in which an anion exchange membrane (AEM) and a cation 

exchange membrane (CEM) were placed on the anode and cathode surfaces, respectively.360 

Figure 17 a schematic drawing of a typical MCDI is displayed. The use of additional ion exchange 

membranes has several advantages. For example, the co-ions, which would otherwise always leave 

the electrode when a counter-ion is adsorbed during the cell charging process, can no longer leave the 

electrode area, thereby increasing the efficiency of the salt removal process.358 On the other hand, the 

counter-ions released when the reverse voltage is applied can be flushed entirely directly from the 

electrode region, which can increase the driving force of the electrode for subsequent cycles.361 An 

additional advantage of MCDI is the prevention of co-ion adsorption in the electrode and the ability to 

reverse the voltage during the desorption process, which can significantly improve the kinetics and 

adsorption capacity of MCDI.362, 363 By preventing ions from leaving the electrode region, the 

interparticle porosity (electrode pore space) is available as a reservoir for salt ion storage, increasing 

the porous electrode's total ion storage capacity.364  

As a sodium-ion-removal electrode, the experience with NIB electrode materials could significantly 

bring high-performance systems into the field. However, most of the high-capacity materials studied 

for battery research are not suitable for direct contact with aqueous media, or the expected oxidation 

and reduction reactions occur outside the stability range of water, making their direct use in CDI 

challenging. To lift the requirement to expose the electrode to the feedwater stream, for example, the 

concept of membrane-based CDI can support shielding one or both electrodes from direct contact to 

flowing through an aqueous medium. Considering the advantages mentioned above for various 

applications, the MCDI reduces the loss of desalination capacity and the additional energy 

consumption.365 In particular, the MCDI offers the prospect of lower energy consumption than, for 

example, reverse osmosis, mainly for desalination of low-concentration brines.340, 363, 366 
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Figure 17: Schematic overview of an MCDI cell showing flow channel, ion-selective membranes as well 

as electrode materials. 

 

Membranes that were initially mainly used for this technology consisted of polymers with functional 

groups serving as a fixes charge on the polymer backbones.367, 368 In this way, the membranes can be 

designed very specifically by, for example, fixing the cation charge so that anions can be easily 

transported between the backbone. This characterizes the so-called anion exchange membrane. On 

the other hand, cations can be transported between the backbone if an anionic charge has been 

anchored to the membrane beforehand, leading to a cation exchange membrane. The ion transport 

through the specific membranes is related to the electrostatic interactions of the bound charge groups 

and the transported ions.369-371 While in some studies it is assumed that polymer-based ion-selective 

membranes have partially limited ion permeability, the class of ceramic superionic conductors 

(NASICON), lithium superionic conductor (LISICON), which has already been extensively investigated 

in the field of battery research, seawater batteries, and fuel cells,303, 372, 373 offers a promising 

alternative also with a focus on the use in electrochemical water desalination. Owing to its crystal 

structures, Na+ or Li+ ions can hop directly from one lattice site to another, resulting in high ionic 

conductivity and high selective ion permeability for specific ions (NASICON→ Na+ ions and LISICON→ 

Li+ ions).374 
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2.4.2.1 Sodium superionic conductors (NASICON) 

Besides using NASICON as electrode material or as a solid electrolyte in NIBs, NASICON also shows 

increasing interest in its application as a membrane in seawater batteries and desalination. Typically, 

NASICON represents a family of solids with the chemical formula Na1+x Zr2P3−x Six O12 (x= 0-3).375 In a 

broader sense, however, it is also used with various similar compounds based on the NASICON 

structure, in which isovalent elements replace elements such as Na, Zr, and/or Si.375 Hong investigated 

that solids of the general formula with 0<x<3 as one of the first by heating to a temperature of 1200 °C 

obtain a crystallization in a NASICON structure.376 Rhombohedral symmetry, except in the interval 

1.8<x<2.2, was exhibited with this structure while a small distortion to monoclinic symmetry occurs.376 

Later, Von Alpen et al. reported a different general NASICON formula of Na1+xZr2−x/3SixP3−xO12 to obtain 

zirconia-free material while still resulting in multiple phase compositions.377 Comparing the most 

common Hong-tape NASICON with the Alpen-type, it offers the advantage that it can be produced at 

lower temperatures (1250 °C; ≥1300 °C Alpen-type NASICON) while still achieving very high 

densification, which is extremely important for application in seawater batterie as well as some 

desalination mechanism in which the membrane also serves as a barrier between the aqueous media 

as well as some water sensitive electrode materials (e.g., elemental sodium). Go et al. recently 

presented a vA-NASICON (Na3.1Zr1.55Si2.3P0.7O11) with promising and suitable properties in competition 

with the established Hong-type NASICON.378 Due to the changed composition and the microstructure, 

lower grain boundary resistance and higher ionic conductivity can be obtained. NASICON are promising 

candidates for various electrochemical devices and media attributed to their high ion mobility and 

chemical stability. In general, NASICON-structured materials offer, by their suitable tunnel size for 

sodium ion migration in a 3D framework, the possibility of highly selective Na ion uptake with a 

combination of high structural stability and fast ionic conductivity (10-3 S cm-1). Low thermal expansion 

behavior, stability in different media, and large surface area complete the portrait of the ceramic 

material.375  

2.4.2.2 Lithium superionic conductor (LISICON) 

Lithium superionic conductors (LISICON) characterize a family of solid ceramic compounds with the 

chemical formula of Li2+2xZn1−xGeO4.379 The first discovery of the LISICON structure dates back to 1977 

when the first structural investigation of Li14Zn(GeO4)4 was also reported by Hong.380 The underlying 

crystal structure consists of a network of [Li11Zn(GeO4)4]3- and 3 loosely bound Li+-Ions. Loose bonds of 

the lithium ions allow simplified ion transport without breaking strong bonds. Free ions occupy 

interstitial sites, which are close to each other and thus energetically favored. As with NASICON 

structures, a tunnel-like channel is formed through which lithium ions can selectively, rapidly, and 

easily diffuse. LISICON structures are also promising for wide application due to their relatively high 

ionic conductivity of about 10-6 S cm-1 at room temperature.380-383 
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In the following years, many LISICON-like materials were discovered and developed, increasing 

properties such as ionic conductivity (Li(3+x)GexV(1-x)O4; Li(4-x)Si(1-x)PxO4).381, 384-386 Some of the advantages 

of LISICON for an electrochemical application are the possibility to use it in a wide electrochemical 

stability window and thermal stability, which allows safe use.387 Other important features, especially 

for the use in LIBs, characterize the stability against chemical reactions with electrode material (mainly 

elemental lithium or lithium alloys) as well as the expansion coefficient during ion transport and ion 

storage (depending on the use as solid electrolyte or as electrode material).387 When using LISICON as 

a membrane, mainly in an aqueous medium, the density of the obtained ceramic membrane plays a 

significant role in separating different compartments and allowing selective ion transport. 

Furthermore, environmental compatibility, toxicity, and cost efficiency are generally essential. 

Recently Wang et al. reported the investigation of LISICON membranes (LiGe2(PO4)3) in the context of 

lithium recovery from lithium-containing water.388 A continuous and energy-efficient selective lithium 

recovery from an aqueous solution was obtained by combining a redox flow battery, a polymer 

membrane for anion exchange, and two lithium-selective ceramic LISICON membranes.388 

2.4.3 Bi-electrolyte 

In addition to many modification possibilities of the cell structures to provide the appropriate reaction 

space for each system, a bi-electrolyte system has also become established. The original form of the 

CDI was limited to the stable voltage window of water, which is 1.2 V. In this way, the resulting 

desalination capacity was limited accordingly. Furthermore, the selection of suitable sodium-extracting 

electrodes for efficient electrochemical desalination is limited by their compatibility with water and 

their redox potentials in the stability window of water. A variety of promising new materials could be 

used for electrochemical desalination, especially NIB anode materials, if the requirement to expose 

the electrode to feedwater flow was removed. Approaches to find a solution to this problem were 

initially to use a cell that was operated only in organic electrolyte. Porada et al. 2016 first reported 

widening the CDI voltage window to 2.5 V and conducted a study of experimental ion removal at 

voltages beyond the water electrolysis window, showing that higher salt adsorption is possible when 

using CDI in organic electrolytes.389 However, to continue to drive the desalination of the 

predominantly aqueous saline solutions, the bi-electrolyte system was then proposed by Kim et al. in 

2018.390 

The bi-electrode concept makes it possible to divide the desalination cell into two different 

compartments, in which an aqueous atmosphere prevails in the central channel. Figure 18 gives an 

overview of different setups of the bi-electrolyte cell. An organic electrolyte is used in the side channel. 

The compartments were separated by using a polymer-based ion exchange membrane. This way, with 
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an extension of the stable cell voltage to 2.4 V, an excellent desalination capacity of 63 mgNaCl g
-1 and 

a charge efficiency of 95% were obtained. Thus, the choice of electrode materials is no longer limited 

to compatibility with water and the redox potential within the stable potential range of water. This 

opens the door for using many high-performance electrode materials, which have already successfully 

demonstrated Na+ ion uptake capability, for example, in NIBs. Arnold et al. in 2021 reported a bi-

electrolyte membrane capacitive deionization in which a typical alloying material (antimony) was used 

in 1 M NaClO4 in EC/DMC + 5% FEC organic electrolyte.391 Using a selective sodium permeable 

membrane (NASICON) to separate the organic from the aqueous flowing compartment, an optimized 

desalination capacity of 294 mgNA gSb
-1 in a voltage range of -2 V to +2 V with a charge efficiency of 74% 

in 600 mM was achieved.391  

 

Figure 18: Overview of different types of bi-electrolyte Faradaic deionization cells. A) Two separated 

electrolyte compartments with different electrolytes in addition to the salinated water flow, B) one 

electrode can be operated in salinated water.  
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2.5 Recycling 

All raw materials are found only in limited quantities on our planet. Only careful and fairer use of the 

earth's natural resources can help us sustainably protect our environment. In times of booming battery 

industry, it becomes increasingly important to have a recycling concept at hand for all the batteries 

that have come to their end of life and to design a sustainable concept. In addition, regulations ensure 

the obligation of battery recycling with set minimum recycling rates for individual battery materials, 

which are tightened over time. Furthermore, minimum values for the use of recyclates in the 

production of new batteries are prescribed. In the EU, the latest regulations call for about 73% of 

portable batteries to be collected by 2030 and minimum levels of cobalt (16%), lead (85%), lithium 

(6%), and nickel (6%) from manufacturing and consumer waste to be recycled in new batteries.392, 393 

Recycling makes waste that becomes unusable after a process is usable again and returns it to the 

economic cycle. In the best case, this is done multiple times. Figure 19 presents an overview of the 

different recycling path of LIB components.  

 

Figure 19: Overview of different recycling routes for LIBs components. Adapted with permission.394 

Copyright 2019, Argonne National Laboratory. 
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On the one hand, this can be done by reusing the material in its original form. However, it is also 

possible to recycle waste products through a chemical recycling process, in which the material is 

broken down into its basic components. In this way, responsible use of resources can be maintained, 

and a significant amount of CO2 can be saved, significantly advancing battery research. The complexity 

of LIBs with different active and inactive material chemistries is an obstacle to the desire to introduce 

a robust recycling process for all types of LIBs. Therefore, the current state-of-the-art needs to be 

analyzed, improved, and adapted to upcoming cell chemistries and components. In addition, many 

recycling methods within the battery guidelines for different cell components have already been 

proposed and optimized. 

2.5.1 Battery material recycling 

Given sustainable development, the obligation to recycle certain shares, and the growing number of 

large-scale battery production factories, recycling spent batteries and valorizing the valuable 

components has never been more important. Since most of the battery (cathode) materials have a 

considerable percentage in the battery cell cost, finding a suitable way to recycle these materials or 

find a second-life application is becoming more attractive. Current recycling technologies, usually 

based on chemical leaching methods, have critical aspects such as massive consumption of various 

chemicals and secondary pollution and generally involve lengthy procedures. Therefore, developing 

cost-effective and environmentally friendly methods has been and continues to be necessary. In 

general, a distinction can be made between direct regeneration of the material and chemical 

processing (breaking down into different precursor compounds, oxidation, annealing, etc.). Often, 

however, all approaches require a relatively large amount of energy and costs in the form of chemicals 

to restore the materials' capacity. Therefore, the demand for improved methods is currently as high 

as ever. 

The state-of-the-art literature already includes an approach to efficiently recycle LiFePO4 (a 

widespread cathode material in commercial LIBs). Following a redox targeting-based approach of 

LiFePO4 with [Fe(CN)6]
3-, the material could be rapidly degraded to solid FePO4 and soluble Li+ ions in 

the electrolyte, where the Fe(CN)6]
3- is immediately regenerated in a connected oxygen flow cell.395 At 

the same time, Li+ ions are collected as LiOH. Highly pure LiOH and FePO4 (<99.90%) could be obtained 

with a high Li removal efficiency (99.8%) without secondary contamination.395 Other sustainable 

recovery processes of the individual elements have also been successfully carried out. By leaching with 

citric acid or tea waste, up to 99% of Co and 93% of Li were recovered from a LiCoO2 cathode, whereby 

the citric acid can also be recycled.396 Recently developed pyrometallurgical processes are well 

established for processing primary materials and can achieve high recovery yields concerning the 

metals cobalt, copper, and nickel, but they are challenging for lithium recovery.397 
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2.5.2 Lithium recycling 

Exploiting lithium sources is expected to increase the metal's price due to increased electrification. In 

addition, there are geopolitical restrictions and social and ecological concerns, as the raw materials are 

often mined in politically unstable regions under questionable working conditions and using 

ecologically doubtful methods. In addition to the limited resources, environmental protection and the 

concept of sustainability are increasingly important in the overall consideration of raw material 

extraction. As an essential raw material and a strategic key element for electromobility, lithium 

requires research and profitability analysis of new recycling processes, especially for batteries. The 

anode material used in commercial LIBs is typically graphite. 

In contrast, the cathode material often contains a considerable proportion of essential and scarce 

metals such as manganese, lithium, cobalt, and nickel. It thus also takes a larger overall percentage of 

the battery in terms of cost and mass. So far, hydro- and pyrometallurgical approaches dominate the 

recycling of cathode materials.398-402 Occasionally, bioleaching, for example, by bacteria, is also 

reported.403-405 A promising technology, both from an economic and an ecological point of view, that 

ties in with hydrometallurgical processes and enables lithium recovery represents ion-selective 

electrochemistry. Based on a desalination battery and technology, Pasta et al. proposed a new energy-

efficient electrochemical method for recovering lithium from brines in 2012.406 After wet chemical 

digestion, the obtained lithium-rich electrolyte was continuously pumped through the flow channel of 

the cell passing the two electrodes. By applying an external negative current (charging) to the cathode, 

lithium cations and chloride anions are selectively extracted from the solution by being captured by 

the electrode materials. In the subsequent discharging step, the ions can be mobilized again, resulting 

in a concentration of LiCl in the recovery solution (Figure 20). 

 

Figure 20: Compilation of the schematic sequence of an electrochemical recycling process of lithium 

on old used battery cells.
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3 APPROACH AND OVERVIEW 

Society's pursuit of renewable energy and environmentally friendly technologies has brought the 

battery industry a colossal mandate.407-409 At the same time, it has increased the demands and 

requirements on these systems. LIBs are still one of the most important energy storage systems with 

high power density, large energy density, and high output voltage after their first commercialization 

by Sony in 1991.3 However; alternative battery technologies are of great interest due to the ever-

increasing demand for batteries and the expected sharp rise in price. No less important are the often 

precarious conditions of still mining some raw materials in politically and ecologically sensitive areas 

to extract electrode material for LIBs. The electrode materials are often limiting factors for a low 

lifetime, low energy density, and power density. Advanced electrode design often involves hybrid 

architecture (typically in conjunction with carbon), which leads to improved electrochemical 

performance due to the synergetic effects of carbon with the active material and other physical 

improvements of the electrode (electrical conductivity, buffering of volume change, etc.). 

My work is motivated by the quest for next-generation electrode materials for electrochemical 

applications at the water/energy/recycling nexus. Thereby, the publications within my thesis work 

cluster in these three categories. 

Segment 1: Energy nexus. Motivated by this, the present work explores hybrid materials for energy 

storage systems, including carbon and carbide hybrids. Carbon, usually in the form of carbon black, is 

the most common conductive additive. However, physical mixing to obtain (nano)composites is less 

potent in achieving a maximized performance than chemical co-synthesis (hybridization).194 In this 

sense, Section 4.1 explores nanohybrids of LTO and carbon onions toward LIB and NIB application. 

Compared to the bulk material, the hybridization of nanosized LTO with nanosized carbon enables 

improved rate stability and cycling stability. For lithium ion intercalation, LTO carbon onion hybrid 

electrodes achieve a specific capacity of 188 mAh g−1 at a specific current of 10 mA g−1, which maintains 

100 mAh g−1 at 1 A g−1 with a capacity retention of 96% after 400 cycles. Optimized hybrid material also 

shows improved electrochemical performance in NIBs with maximum capacity values of 102 mAh g-1 

while retaining 96% of initial capacity after 500 cycles. 

Carbon may be the most common conductive additive, but it is not the only promising material for 

hybridization strategies. Due to their unique physical and chemical natures, two-dimensional materials 

like MXenes are promising for forming interesting hybrids and heterostructures with other materials. 

MXenes alone also show good electrochemical addressability, but the capacity is limited to moderate 

values due to the limited storage sides for cations between the layers. Section 4.2 shows the ability to 

significantly increase the interlayer spacing (1.75 nm) of Ti3C2Tz MXenes by silica-pillaring. This design 
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resulted in a dramatically enhanced electrochemical performance, with superior capacities, rate 

capability (over 150 mAh g-1at 1 A g-1), and cycling stability (71% capacity retention after 500 cycles) 

compared to the non-pillared material. In addition, an in situ electrochemical dilatometry supported 

by further X-ray diffraction measurements showed the interplay between structural changes and 

electrochemical performance. Through this, silica-pillared Ti3C2Tz MXene exhibits superior cycling 

performance with 314 mAh g-1(at 0.2 mA g-1) despite a larger volume change and a decrease in 

crystallinity was obtained, indicating an inhomogeneous expansion of the interlayers. Yet, the capacity 

remained limited by the predominance of ion intercalation as the charge storage mechanism. 

To reach a capacity beyond the limitation of intercalation materials, one can hybridize MXene with 

conversion or alloying materials. In Section 4.3, antimony, a well-known alloying material with a 

theoretical capacity of 660 mAh g-1, is combined with Ti3C2Tz MXenes showing different morphologies 

and surface functional groups. Optimized synthesis protocol leads to materials with a high reversible 

capacity of 450 mAh g-1at 0.1 A g-1 with a capacity retention of 96% after 100 cycles while also 

exhibiting high rate capability with 365 mAh g-1at 4 A g-1. This work illustrates the strong influence of 

the electrode material design on electrochemical performance. The best performance is not seen for 

the sample with the highest amount of antimony, the smallest particle size, or the largest interlayer 

distance of MXene. Instead, the best performance is seen for a homogeneous distribution of antimony 

and MXene particles. 

Motivated by the promising results from MXene and an alloying material (Sb), my work explored the 

combination of MXene with a conversion material (SnO2). While Sb is the 63rd most abundant element 

on Earth (crust; annual mining capacity about 147 kt [2018]),410, 411 Sn is much more abundant (rank 

45th; annual mining capacity 318 kt [2018]).412 The challenge, like alloying materials, is for conversion 

materials to maintain a high charge storage capacity despite severe structural changes during cyclic 

charging and discharging. Section 4.4 combines SnO2 with MXenes as an anode material in LIB. 

Through the optimized composition of 1:1 (SnO2:Ti3C2Tz), a stable de-lithiation capacity of 525 mAh g- 1 

for 700 cycles and high rate stability of 340 mAh g-1at 8 A g-1 was achieved. At the same time, the 

reversibility and kinetics of the electrochemical reactions are due to the synergistic interaction 

between the tin oxide and MXenes, where the latter can act as a buffer for the conversion reaction as 

well as improve the charge transport properties in the electrode. In order to investigate the 

electrochemical mechanism of this material as well as to obtain further chemical, morphological and 

structural data of the system, XPS and STEM were used, among others. 

Segment 2: Water nexus. NIBs are a promising LIB alternative, combining low cost, similar redox 

potential, and similar intercalation chemistry to lithium. Considering the abundance of sodium in 

seawater, NIB is an interesting model system for dual-use applications in electrochemical desalination. 
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Section 4.5 introduces seawater batteries as a unique energy storage system for the sustainable 

storage of renewable energy through the direct use of seawater as a source for converting electrical 

energy and chemical energy. Some technological challenges for seawater batteries, such as shortened 

lifetime, unsafe battery operation, low efficiencies, and low stabilities, have not yet been fully 

overcome. However, the advantages of seawater batteries offer a perspective for sustainable, 

environmentally friendly, performance-oriented, and cost-efficient applications at the interface 

between energy and water. 

Seawater batteries, namely having one sodium ion removal electrode separated from seawater by a 

ceramic membrane, can also be translated to battery desalination. Section 4.6 paired, for the first 

time, an Sb-based electrode (shielded by a sodium-selective ceramic membrane) with nanoporous 

carbon (capable of electrosorbing anions) to form an electrochemical desalination system. To this end, 

we developed a multi-channel bi-electrolyte cell. By optimizing the cell design, the application of a bi-

electrolyte and using a selective sodium permeable membrane (NASICON) allows operating the system 

at ±2 V. At the same time, a desalination capacity of 294 mgNa gSb
-1 could be achieved. 

It is attractive to use a fast pseudocapacitive material to accomplish water desalination with a high 

rate and high capacity instead of a rather sluggish alloying process. Section 4.7 reports cuboid cobalt 

hydroxide with a hollow architecture synthesized via template etching. The hollow structure allows 

rapid ion transport inside the material and thus keeps the electrode intact by mitigating volume 

expansion during cycling, as confirmed by in situ electrochemical dilatometry. Therefore the hollow 

electrode achieves an outstanding desalination capacity of 1176 mgNaCl g(Co(OH)2)
-1 with a high 

desalination rate of 3.3 mgNaCl g(Co(OH)2)
-1 min-1. 

Segment 3: Recycling nexus. In the context of diminishing Li resources for energy storage and the 

continuously increasing demands for batteries, which at present mostly rely on LIB technology, it is 

also indispensable to extract lithium from aqueous media. For the challenge of accessing the enormous 

amount of lithium from low-concentrated sources, which has been a huge challenge so far, a redox 

flow battery for continuous and energy-efficient recovery from aqueous solutions is reported in 

Section 4.8. Using A green redox par and a solid-state lithium superionic conductor (LISICON) 

membrane for the selective uptake and release of Li+, a technology has been proposed to extract 

dissolved lithium with a purity of 93.5% from simulated seawater. 

The previous section dealt with ion recovery from artificial solutions (hydrometallurgical LIB recycling). 

Yet, avoiding the need to dissolve electrodes altogether and directly recycling LIB electrodes would be 

far more sustainable. The last part of my thesis, Section 4.9, therefore, focuses on the battery recycling 

of MXene. This unique 2D material allows assembly, disassembly, and re-assembly for a closed-loop 
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use/recycling/reuse process. This work also shows that the second life as an electrocatalytic material 

of oxidized MXene electrodes can be achieved. Specifically, free-standing MXene electrodes free of 

binder and conductive additives were used in the context of application in LIBs- and NIBs and 

underwent a direct recycling process. The electrode material exhibits good recyclability with capacity 

recovery rates above 90%. The spent end-of-life MXene materials were oxidized in the second step in 

controlled conditions to TiO2/C materials, which have a great potential for application of second life in 

the field of batteries and further in electrochemical oxygen revolution, photocatalytic hydrogen 

evolution, or photodegradation. 

 

Figure 21: Overview of the different segments of this thesis. All chapters refer to peer-reviewed 

publications. 
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4 RESULTS AND DISCUSSION 

This thesis includes the following peer-reviewed research papers as subchapters of the results and 

discussion section 

4.1  Hybrid anodes of lithium titanium oxide and carbon onions for lithium-ion and 

sodium-ion energy storage 

4.2  In situ investigation of expansion during the lithiation of pillared MXenes with 

ultralarge interlayer distance 

4.3  Design of high-performance antimony/MXene hybrid electrodes for sodium-

ion batteries 

4.4  Unravelling the electrochemical mechanism in tin oxide/MXene composites as 

highly reversible negative electrodes for lithium-ion batteries 

4.5  Dual-use of seawater batteries for energy storage and water desalination 

4.6  Antimony alloying electrode for high-performance sodium removal: how to 

use a battery material not stable in aqueous media for saline water 

remediation 
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5 CONCLUSION AND OUTLOOK 

The global drive towards an environmentally friendly society and the associated steady growth of the 

renewable energy sector requires the continuous further development and optimization of a wide 

range of energy storage systems. In order to be able to guarantee the supply of energy independent 

of environmental influences, energy-efficient and safe energy storage technologies must be applied. 

In this context, there is an extreme need for technologies that exceed the performance characteristics 

of today's commercial storage modules in terms of energy and power density while at the same time 

conserving critical material resources and being highly recyclable. Improving established systems such 

as LIBs plays just as important a role as advancing equivalent alternatives that conserve diminished 

resources, like the NIB technology. In addition, electrochemical processes explored in this context offer 

an attractive opportunity to develop energy-efficient water treatment technologies that can address 

water scarcity resulting from global climate change and the ever-growing world population. At the end 

of the lifetime of successfully deployed electrochemical modules is the successful return to the 

economic process, which must be realized concerning highly depleted resources such as lithium. 

This thesis explores the (hybrid) electrode materials at the intersection of the energy/water/recycling 

nexus and their continuous optimization and reorientation. It is widely recognized that the carbon 

substrate plays a critical role in determining the homogenous distribution and physical properties of 

electrodes, which can strongly impact energy storage performance. To improve performance, carbon 

onions - with their small size and graphitic order - were used in combination with the well-studied LTO 

material as a hybrid electrode material in the initial stage of the experiment. After manufacturing two 

different types of carbon onion, one obtained from annealing in argon at 1300 °C (with a lower degree 

of graphitic ordering, and which is constructed of both carbon onions and graphene nanoribbons), and 

one from annealing under vacuum conditions at 1700 °C (with a higher degree of graphitic ordering) 

their electrochemical performance in combination with synthesized nano-sized LTO was investigated 

as anode material in LIBs and NIBs. The best performance was yielded with the LTO hybridized with 

carbon onions treated under argon atmosphere which resulted in a specific capacity of 188 mAh g-1 

with a capacity retention of 95.8% after 400 cycles. When applied as NIB anode material, the 

performance demonstrated an excellent longevity of 96% capacity retention after 500 cycles. The 

selection of the right carbon substrate plays a vital role in the electrochemical performance. The 

carbon structure seems less relevant compared to the nanoscale distribution and homogeneity within 

the hybrid and the electrode. 

MXene, a powerful 2D material class in different parts applications, is also widely explored in 

electrochemical energy storage devices such as alkali-ion batteries. With multilayered stacked MXene 

lacking high rate capabilities and cycling stabilities in addition to the limited uptake capacity, further 

improvements have increased the focus on open architectures. Therefore, in this work, silica-pillared 
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Ti3C2Tz MXene was synthesized using tetraethylortho silicate as the silica source and dodecylamine 

(DDA) as the co-pillar amine. Obtained improved MXene structure with enlarged interlayer spacing 

significantly enhanced performance as anode material of LIB. Thereby at a specific current of 1 A g-1 

the silica silica-pillared MXene achieved over 4 times the capacity of the non-pillared material 

(<150 mAh g–1) while showing capacity retention of 71% after 500 consecutive cycles. Subsequent in 

situ dilatometry, in combination with XRD data, revealed that during lithiation, a constant relative 

expansion of 3-4% occurred while the non-pillared MXene expanded continuously with increasing cycle 

number. This work provides key insights into the design of MXene electrodes, demonstrating that 

significantly enhanced electrochemical performance along with consistent volume changes can be 

achieved by a simple pillaring method. This makes MXenes become increasingly important for different 

energy storage systems.  

Also benefiting from the excellent properties of the MXene material class, including their high electrical 

conductivity and accessible interlayer space, can be conversion or alloying type materials which suffer 

extremely from volume expansion and subsequent electrode pulverization resulting in poor cycling 

stability. Based on only the intercalation process, the specific capacity of pure MXene remains limited, 

but the exploration of combinations with other materials makes it a promising additive. Antimony, an 

alloying material with a high theoretical capacity of 660 mAh g-1 suffers from a volume expansion of 

up to 300% when alloying with sodium to form Na3Sb. By synthesizing different antimony MXene 

hybrid materials, the influence of different MXenes, and different hybrid synthesis routes, resulting in 

different morphologies and electrode compositions, were explored by the electrochemical 

performance in NIB half cells. Thereof an initial expansion of the MXene layers to allow for the 

subsequent antimony intercalation during the synthesis seems not advantageous since parts of the 

active materials lose their electrochemical accessibility. Optimized synthesis conditions with a ratio of 

60 mass% antimony and 40 mass% MXene accommodate volume expansion while delivering a specific 

capacity of 450 mAh g−1 at 0.1 A g−1 and 365 mAh g−1 at 4 A g−1, with a capacity retention of around 

96% after 100 cycles.  

Overall, the best performance is not triggered by the smallest nanoparticles, the largest interlayer 

distance of the MXene, or the highest amount of antimony particles but by the most homogeneous 

distribution of antimony and MXene while both components remain electrochemically addressable. 

While confirming via in situ XRD that the alloying mechanism is not to be changed, this work gives 

inside into a promising combination exploiting positive features of different material classes resulting 

in synergistic electrochemical performance improvement. 

In the adjacent work, a conversion material, which exhibits a promising high theoretical capacity of 

1493 mAh g-1 and benefits from a relatively large natural occurrence, was also investigated in more 

detail in the hybrid with MXene. After successfully fabricating the SnO2 nanoparticles in the presence 
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of Ti3C2Tz MXene in a composition of 50/50 mass%, the obtained hybrid was used as an anode in a LIB 

half-cell, and the performance was evaluated in detail. Stable high specific capacities of 525 mAh g-1 

were obtained for more than 700 cycles. Promising kinetic properties were also achieved, showing a 

capacity of 340 mAh g-1 at a specific current of high 8 A g-1. Through various XPS and STEM 

investigations, the electrode reaction, which finally turned out to be Sn+Li2O ⇄ SnO + 2e- + 2 Li+, was 

established. The obtained reversible and kinetically preferred electrochemical performance results 

from the synergistic interaction between tin oxide and MXene. In contrast, tin oxide provides the main 

charge storage property, and MXene is a buffer for the volume change during the electrochemical 

reaction as well as to improve the charge transport properties of the electrode. 

In general, hybrid materials also exhibit additional benefits for alkali-ion batteries in addition to 

improving electrical conductivities, exhibiting highly efficient ion-electron transport properties, and 

faster charge/discharge rates. Thereby carbon hybrid materials, the most popular combined materials 

for electrodes, deliver a variety of possible combinations and designs while being cost-efficient, 

abundant, and supporting short diffusion paths for ions and electrolytes. When extending the 

possibilities of composite materials to the class of 2D materials, such as MXenes, further promising 

materials for use in the energy storage sector could be obtained, which can be used both as pure 

materials and in combination with other material classes. In addition, MXenes provide outstanding 

conductivity and offer the possibility of buffering the volume changes of alloys and conversion 

reactions. Thus, outstanding electrochemical performances could be obtained for both the LIB 

technology and the NIB application, giving a booster to applying high-performance alloying and 

conversion-type materials. 

A bridge between the energy storage sector and water treatment is built by the seawater battery, 

which introduces the direct use of seawater as a source for converting electrical energy and chemical 

energy, providing an option for sustainable renewable energy storage. State-of-the-art seawater 

batteries are still challenged by technological drawbacks like a shortened lifetime, unsafe battery 

operation, low efficiencies, and low stabilities, which hinder the commercial application. However, the 

advantages of seawater batteries offer a perspective for sustainable, environmentally friendly, 

performance-oriented, and cost-efficient applications at the interface between energy and water. 

Expanding the concept of hybrid materials to the application as an electrode in water remediation 

offers the possibility for energy-efficient drinking water processing.  

Antimony as a lithium/sodium alloy material, a promising and high-performance electrode for NIBs, 

can, for example, provide stable desalination performance at a more extended cell voltage than 

conventional capacitive deionization technology allows (1.0-1.2 V) using a bi-electrolyte system 

(organic and aqueous part). The Sb/C electrode in a combination of a selective sodium permeable 

membrane (NASICON) provides discharge capacities of initially 669 mAh g-1 (395 mAh g-1 after 40 
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cycles) at a specific current of 200 mA g-1 and a cut-off cell voltage of ±2.0 V. Therefore, operation in 

hybrid CDI cell provides a desalination capacity of an average of 294 mgNa gSb
-1 (748 mgNaCl gSb

-1) with a 

charge efficiency of about 74% in a 600 mM NaCl. Future work on optimizing the cell design and 

reducing the thickness of the ceramic membrane, can provide a promising technology for water 

desalination. 

Another promising Faradaic material for effective desalination to generate fresh water is the three-

dimensional cobalt hydroxide hollow cube, which can be prepared under simple synthesis conditions 

via template etching. By allowing fast ion transport, large surface area, and mitigation of volume 

expansion during cycling, a high desalination rate of 3.3 mgNaCl g(Co(OH)2)
-1 min-1 with a corresponding 

desalination capacity of 1176 mgNaCl g(Co(OH)2)
-1 can be obtained. 

Faradaic materials in the context of water desalination deliver a promising approach for future 

developments for energy-efficient and high-performance ion removal providing the chance to offer 

the majority of the population access to clean drinking water. Approaches have been delivered by 

using aqueous solutions in combination with Faradaic materials, while also battery materials, which 

electrochemical potential window would not be suitable with the electrochemical stable voltage 

window of water, can be deployed in the context of water desalination by simply using a bi-electrolyte 

cell set up in combination with a selective ion exchange membrane.  

The use of a selective membrane can also play an indispensable role in another application. Lithium, 

for example, is currently one of the most sought-after raw materials, and its demand will continue to 

rise in the foreseeable future. The development from combustion engines to electric drives for vehicles 

alone will make lithium a scarce resource. The development of further lithium sources, such as 

seawater, mine waters, or recycling solutions for old batteries, is thus inevitable. Regional lithium 

sources are ideal, as the CO2 footprint of lithium technologies can be significantly improved by 

shortening transport distances. However, the problem of relatively low concentrations, usually 

present, is still a major challenge. One approach to counteract this could be a redox flow battery for 

continuous and energy-efficient recovery from aqueous solutions. Using a green redox battery and a 

LISICON membrane for selective uptake and release of Li+-ions, a technology was proposed to recover 

dissolved lithium with a purity of 93.5% from simulated seawater. 

When more and more batteries reach the end of their life in the future, multi-layered recycling 

approaches will be required in order to be able to return a large part of the resources directly to the 

economic cycle in an energy-efficient way. In addition to the threateningly depleted Li resources, many 

other metals, such as cobalt and nickel, which are used in many commercial battery cells, play a major 

role. As a case study, it has even been demonstrated that electrode materials can deliver near-initial 

capacities at the end of their life by simply washing the electrode and replacing the separator and 

lithium or sodium counter electrode. MXene (Ti3C2Tz) was employed as a pure electrode without 
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additional conductive additive to evaluate the recycling performance of LIBs and NIBs. Freestanding 

delaminated and annealed MXene electrodes deliver superior stability with a capacity retention of 

94 % at 1 A g-1 after 2000 cycles when applied as negative electrodes in LIBs. For NIBs, capacities of 

108 mAh g-1 and 71 mAh g-1 at 0.02 A g-1 and 2 A g-1 could be obtained, respectively. After the MXene 

electrode reached the end of its battery life, simple direct recycling processes were used to recover 

the electrodes, and the capacity recovery rate exceeded 90%. After reaching two times the end of life, 

the material was transformed into a metal oxide/carbon/carbide nanohybrid for alternative use, 

delivering a promising second-life application.  

This study focused on developing (hybrid) electrode materials for various applications in energy 

storage, water treatment, and recycling. Different intercalation, conversion, and alloying materials 

were synthesized and incorporated into hybrid materials, and their electrochemical performance was 

tested and optimized in LIB and NIB. Optimized electrode materials with sodium ion storage 

performance were used in water desalination in a unique cell configuration to realize high-

performance sodium removal. Other Faradaic materials were applied in the aqueous medium for 

capacitive deionization with high desalination capacity and long-term performance stability. Various 

recycling processes were also investigated, starting from electrode material, which could be reused 

after reaching the end of life by simple reprocessing steps, as well as finding an alternative application 

as converted material after finally reaching the end of life. For example, heavily depleted lithium 

resources can be relieved using an environmentally friendly redox flow battery for continuous and 

energy-efficient lithium recovery from aqueous solution by recovering lithium from low-concentration 

sources such as seawater, mine water, or dissolved spent battery. 

Easy synthesis methods towards more sustainability could guide designing more hybrid materials for 

different energy storage applications at the energy/water/recycling nexus. For next-generation energy 

storage technology, it should be considered to improve all aspects of electrode material design and 

electrolyte choice while improving energy and power density next to recyclability. Applying battery 

electrode materials in water desalination could open more opportunities for further high-capacity 

developments, even in flow-electrode CDI. Essential for all aspects will be the possibility to recycle 

different cell parts. Approaches for electrode material recycling and element recovery show this topic's 

relatively simple handling. Further progress can be achieved through further simplification and 

research on suitable free-standing electrodes, which can be returned to the economic cycle. In 

addition, lithium recovery can be extended to other key elements of the energy storage sector that do 

not neglect future-oriented technologies such as NIB.
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Maibach and W. R. Brant, ACS applied materials & interfaces, 2021, 13, 10054-10063. 
81. Z. Shen, S. Guo, C. Liu, Y. Sun, Z. Chen, J. Tu, S. Liu, J. Cheng, J. Xie and G. Cao, ACS Sustainable 

Chemistry & Engineering, 2018, 6, 16121-16129. 
82. K. Abraham, Electrochimica Acta, 1993, 38, 1233-1248. 
83. T. Ohzuku, A. Ueda and N. Yamamoto, Journal of the Electrochemical Society, 1995, 142, 1431. 
84. X. Han, M. Ouyang, L. Lu and J. Li, Energies, 2014, 7, 4895-4909. 
85. G. Wang, J. Gao, L. Fu, N. Zhao, Y. Wu and T. Takamura, Journal of Power Sources, 2007, 174, 

1109-1112. 
86. C.-H. Yim, S. Niketic, N. Salem, O. Naboka and Y. Abu-Lebdeh, Journal of The Electrochemical 

Society, 2016, 164, A6294. 
87. Y. Okamoto, The Journal of Physical Chemistry C, 2014, 118, 16-19. 
88. H. Moriwake, A. Kuwabara, C. Fisher and Y. Ikuhara, Journal, 2017. 
89. D. Bresser, K. Hosoi, D. Howell, H. Li, H. Zeisel, K. Amine and S. Passerini, Journal of Power 

Sources, 2018, 382, 176-178. 
90. D. Stevens and J. Dahn, Journal of the Electrochemical Society, 2000, 147, 1271. 
91. M. D. Slater, D. Kim, E. Lee and C. S. Johnson, Advanced Functional Materials, 2013, 23, 947-

958. 
92. M. Winter, J. O. Besenhard, M. E. Spahr and P. Novak, Advanced materials, 1998, 10, 725-763. 
93. G. Qin, X. Zhang and C. Wang, Journal of Materials Chemistry A, 2014, 2, 12449-12458. 
94. Y. Jin, B. Zhu, Z. Lu, N. Liu and J. Zhu, Advanced Energy Materials, 2017, 7, 1700715. 
95. K. Feng, M. Li, W. Liu, A. G. Kashkooli, X. Xiao, M. Cai and Z. Chen, Small, 2018, 14, 1702737. 
96. T. Kennedy, M. Brandon and K. M. Ryan, Advanced Materials, 2016, 28, 5696-5704. 
97. S. Y. Hong, Y. Kim, Y. Park, A. Choi, N.-S. Choi and K. T. Lee, Energy & Environmental Science, 

2013, 6, 2067-2081. 
98. S. Mukherjee, Z. Ren and G. Singh, Nano-Micro Letters, 2018, 10, 70. 
99. Y. Han, N. Lin, T. Xu, T. Li, J. Tian, Y. Zhu and Y. Qian, Nanoscale, 2018, 10, 3153-3158. 
100. C. Nithya and S. Gopukumar, WIREs Energy and Environment, 2015, 4, 253-278. 
101. G.-L. Xu, R. Amine, A. Abouimrane, H. Che, M. Dahbi, Z.-F. Ma, I. Saadoune, J. Alami, W. L. 

Mattis, F. Pan, Z. Chen and K. Amine, Advanced Energy Materials, 2018, 8, 1702403. 
102. M. Wang, F. Zhang, C. S. Lee and Y. Tang, Advanced Energy Materials, 2017, 7, 1700536. 
103. Y. Kim, K.-H. Ha, S. M. Oh and K. T. Lee, Chemistry – A European Journal, 2014, 20, 11980-

11992. 



REFERENCES 

268 

104. A. Darwiche, L. Bodenes, L. Madec, L. Monconduit and H. Martinez, Electrochimica Acta, 2016, 
207, 284-292. 

105. L. Bodenes, A. Darwiche, L. Monconduit and H. Martinez, Journal of Power Sources, 2015, 273, 
14-24. 

106. W. Luo, F. Shen, C. Bommier, H. Zhu, X. Ji and L. Hu, Accounts of Chemical Research, 2016, 49, 
231-240. 

107. Y. Zhang, H. Wang, Z. Luo, H. T. Tan, B. Li, S. Sun, Z. Li, Y. Zong, Z. J. Xu, Y. Yang, K. A. Khor and 
Q. Yan, Advanced Energy Materials, 2016, 6, 1600453. 

108. M. R. Palacin, Chemical Society Reviews, 2009, 38, 2565-2575. 
109. C. Fang, Y. Huang, W. Zhang, J. Han, Z. Deng, Y. Cao and H. Yang, Advanced Energy Materials, 

2016, 6, 1501727. 
110. F. Klein, B. Jache, A. Bhide and P. Adelhelm, Physical Chemistry Chemical Physics, 2013, 15, 

15876-15887. 
111. S.-H. Yu, X. Feng, N. Zhang, J. Seok and H. D. Abruña, Accounts of Chemical Research, 2018, 51, 

273-281. 
112. L. Wang, J. Światowska, S. Dai, M. Cao, Z. Zhong, Y. Shen and M. Wang, Materials Today Energy, 

2019, 11, 46-60. 
113. P. Kuang, J. Low, B. Cheng, J. Yu and J. Fan, Journal of Materials Science & Technology, 2020, 

56, 18-44. 
114. Q. Zhong, Y. Li and G. Zhang, Chemical Engineering Journal, 2021, 409, 128099. 
115. J. K. Im, E. J. Sohn, S. Kim, M. Jang, A. Son, K.-D. Zoh and Y. Yoon, Chemosphere, 2021, 270, 

129478. 
116. H. Wang and J.-M. Lee, Journal of Materials Chemistry A, 2020, 8, 10604-10624. 
117. A. Liu, X. Liang, X. Ren, W. Guan, M. Gao, Y. Yang, Q. Yang, L. Gao, Y. Li and T. Ma, Advanced 

Functional Materials, 2020, 30, 2003437. 
118. Z. W. Seh, K. D. Fredrickson, B. Anasori, J. Kibsgaard, A. L. Strickler, M. R. Lukatskaya, Y. Gogotsi, 

T. F. Jaramillo and A. Vojvodic, ACS Energy Letters, 2016, 1, 589-594. 
119. K. Rasool, M. Helal, A. Ali, C. E. Ren, Y. Gogotsi and K. A. Mahmoud, ACS Nano, 2016, 10, 3674-

3684. 
120. G. Liu, J. Zou, Q. Tang, X. Yang, Y. Zhang, Q. Zhang, W. Huang, P. Chen, J. Shao and X. Dong, ACS 

applied materials & interfaces, 2017, 9, 40077-40086. 
121. C. Xing, S. Chen, X. Liang, Q. Liu, M. Qu, Q. Zou, J. Li, H. Tan, L. Liu and D. Fan, ACS applied 

materials & interfaces, 2018, 10, 27631-27643. 
122. S. Yu, H. Tang, D. Zhang, S. Wang, M. Qiu, G. Song, D. Fu, B. Hu and X. Wang, Science of The 

Total Environment, 2021, 152280. 
123. K. Rasool, R. P. Pandey, P. A. Rasheed, S. Buczek, Y. Gogotsi and K. A. Mahmoud, Materials 

Today, 2019, 30, 80-102. 
124. D. Xiong, X. Li, Z. Bai and S. Lu, Small, 2018, 14, 1703419. 
125. X. Zhang, Z. Zhang and Z. Zhou, Journal of energy chemistry, 2018, 27, 73-85. 
126. J. Nan, X. Guo, J. Xiao, X. Li, W. Chen, W. Wu, H. Liu, Y. Wang, M. Wu and G. Wang, Small, 2021, 

17, 1902085. 
127. M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu, M. Heon, L. Hultman, Y. Gogotsi and M. W. 

Barsoum, Advanced Materials, 2011, 23, 4248-4253. 
128. G. Deysher, C. E. Shuck, K. Hantanasirisakul, N. C. Frey, A. C. Foucher, K. Maleski, A. Sarycheva, 

V. B. Shenoy, E. A. Stach, B. Anasori and Y. Gogotsi, ACS Nano, 2020, 14, 204-217. 
129. K. Deshmukh, A. Muzaffar, T. Kovářík, M. B. Ahamed and S. K. K. Pasha, in Mxenes and their 

Composites, eds. K. K. Sadasivuni, K. Deshmukh, S. K. K. Pasha and T. Kovářík, Elsevier, 2022, 
DOI: https://doi.org/10.1016/B978-0-12-823361-0.00009-5, pp. 1-47. 

130. L. E. Toth, W. Jeitschko and C. M. Yen, Journal of the Less Common Metals, 1966, 10, 29-32. 
131. B. Anasori, M. R. Lukatskaya and Y. Gogotsi, Nature Reviews Materials, 2017, 2, 1-17. 
132. Y. Bai, K. Zhou, N. Srikanth, J. H. Pang, X. He and R. Wang, RSC advances, 2016, 6, 35731-35739. 
133. D. Magne, V. Mauchamp, S. Célérier, P. Chartier and T. Cabioc'h, Physical Review B, 2015, 91, 

201409. 

https://doi.org/10.1016/B978-0-12-823361-0.00009-5


  REFERENCES 

269 

134. A. S. Zeraati, S. A. Mirkhani, P. Sun, M. Naguib, P. V. Braun and U. Sundararaj, Nanoscale, 2021, 
13, 3572-3580. 

135. K. R. G. Lim, M. Shekhirev, B. C. Wyatt, B. Anasori, Y. Gogotsi and Z. W. Seh, Nature Synthesis, 
2022, 1, 601-614. 

136. V. Kamysbayev, A. S. Filatov, H. Hu, X. Rui, F. Lagunas, D. Wang, R. F. Klie and D. V. Talapin, 
Science, 2020, 369, 979-983. 

137. R. Zhao, M. Wang, D. Zhao, H. Li, C. Wang and L. Yin, ACS Energy Letters, 2017, 3, 132-140. 
138. Q. Guo, X. Zhang, F. Zhao, Q. Song, G. Su, Y. Tan, Q. Tao, T. Zhou, Y. Yu and Z. Zhou, ACS nano, 

2020, 14, 2788-2797. 
139. L. Jiang, D. Zhou, J. Yang, S. Zhou, H. Wang, X. Yuan, J. Liang, X. Li, Y. Chen and H. Li, Journal of 

Materials Chemistry A, 2022, 10, 13651-13672. 
140. M. D. Levi, M. R. Lukatskaya, S. Sigalov, M. Beidaghi, N. Shpigel, L. Daikhin, D. Aurbach, M. W. 

Barsoum and Y. Gogotsi, Advanced Energy Materials, 2015, 5, 1400815. 
141. J. Come, J. M. Black, M. R. Lukatskaya, M. Naguib, M. Beidaghi, A. J. Rondinone, S. V. Kalinin, 

D. J. Wesolowski, Y. Gogotsi and N. Balke, Nano Energy, 2015, 17, 27-35. 
142. Z. Lin, D. Barbara, P.-L. Taberna, K. L. Van Aken, B. Anasori, Y. Gogotsi and P. Simon, Journal of 

Power Sources, 2016, 326, 575-579. 
143. P. Srimuk, F. Kaasik, B. Krüner, A. Tolosa, S. Fleischmann, N. Jäckel, M. C. Tekeli, M. Aslan, M. 

E. Suss and V. Presser, Journal of Materials Chemistry A, 2016, 4, 18265-18271. 
144. F. Dixit, K. Zimmermann, R. Dutta, N. J. Prakash, B. Barbeau, M. Mohseni and B. 

Kandasubramanian, Journal of Hazardous Materials, 2022, 423, 127050. 
145. M. Liang, L. Wang, V. Presser, X. Dai, F. Yu and J. Ma, Advanced Science, 2020, 7, 2000621. 
146. J. Ma, Y. Cheng, L. Wang, X. Dai and F. Yu, Chemical Engineering Journal, 2020, 384, 123329. 
147. L. Chen, X. Xu, L. Wan, G. Zhu, Y. Li, T. Lu, M. D. Albaqami, L. Pan and Y. Yamauchi, Materials 

Chemistry Frontiers, 2021, 5, 3480-3488. 
148. M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y. Dall’Agnese, P. Rozier, P. L. Taberna, M. Naguib, P. 

Simon, M. W. Barsoum and Y. Gogotsi, Science, 2013, 341, 1502-1505. 
149. M. Ghidiu, M. R. Lukatskaya, M.-Q. Zhao, Y. Gogotsi and M. W. Barsoum, Nature, 2014, 516, 

78-81. 
150. O. Mashtalir, M. R. Lukatskaya, A. I. Kolesnikov, E. Raymundo-Pinero, M. Naguib, M. Barsoum 

and Y. Gogotsi, Nanoscale, 2016, 8, 9128-9133. 
151. T. Li, L. Yao, Q. Liu, J. Gu, R. Luo, J. Li, X. Yan, W. Wang, P. Liu, B. Chen, W. Zhang, W. Abbas, R. 

Naz and D. Zhang, Angewandte Chemie International Edition, 2018, 57, 6115-6119. 
152. M. R. Lukatskaya, S. Kota, Z. Lin, M.-Q. Zhao, N. Shpigel, M. D. Levi, J. Halim, P.-L. Taberna, M. 

W. Barsoum, P. Simon and Y. Gogotsi, Nature Energy, 2017, 2, 17105. 
153. K. Prenger, Y. Sun, K. Ganeshan, A. Al-Temimy, K. Liang, C. Dun, J. J. Urban, J. Xiao, T. Petit, A. 

C. T. van Duin, D.-e. Jiang and M. Naguib, ACS Applied Energy Materials, 2022, 5, 9373-9382. 
154. Y. Dall’Agnese, P. Rozier, P.-L. Taberna, Y. Gogotsi and P. Simon, Journal of Power Sources, 

2016, 306, 510-515. 
155. K. Liang, R. A. Matsumoto, W. Zhao, N. C. Osti, I. Popov, B. P. Thapaliya, S. Fleischmann, S. 

Misra, K. Prenger, M. Tyagi, E. Mamontov, V. Augustyn, R. R. Unocic, A. P. Sokolov, S. Dai, P. T. 
Cummings and M. Naguib, Advanced Functional Materials, 2021, 31, 2104007. 

156. M. Naguib, J. Come, B. Dyatkin, V. Presser, P.-L. Taberna, P. Simon, M. W. Barsoum and Y. 
Gogotsi, Electrochemistry Communications, 2012, 16, 61-64. 

157. D. Sun, M. Wang, Z. Li, G. Fan, L.-Z. Fan and A. Zhou, Electrochemistry communications, 2014, 
47, 80-83. 

158. X. Wang, X. Shen, Y. Gao, Z. Wang, R. Yu and L. Chen, Journal of the American Chemical Society, 
2015, 137, 2715-2721. 

159. M. K. Aslam, T. S. AlGarni, M. S. Javed, S. S. A. Shah, S. Hussain and M. Xu, Journal of Energy 
Storage, 2021, 37, 102478. 

160. M. K. Aslam, Y. Niu and M. Xu, Advanced Energy Materials, 2021, 11, 2000681. 
161. J. Meng, F. Zhang, L. Zhang, L. Liu, J. Chen, B. Yang and X. Yan, Journal of Energy Chemistry, 

2020, 46, 256-263. 



REFERENCES 

270 

162. H. Zhang, P. Zhang, W. Zheng, W. Tian, J. Chen, Y. Zhang and Z. Sun, Electrochimica Acta, 2018, 
285, 94-102. 

163. Y. Liu, W. Wang, Y. Ying, Y. Wang and X. Peng, Dalton transactions, 2015, 44, 7123-7126. 
164. Y. An, Y. Tian, H. Wei, B. Xi, S. Xiong, J. Feng and Y. Qian, Advanced Functional Materials, 2020, 

30, 1908721. 
165. J. Huang, R. Meng, L. Zu, Z. Wang, N. Feng, Z. Yang, Y. Yu and J. Yang, Nano Energy, 2018, 46, 

20-28. 
166. P. Wang, Y. Yan, C. Cheng, W. Zhang, D. Zhou, L. Li, X. Yang, X.-Z. Liao, Z.-F. Ma and Y.-S. He, 

CrystEngComm, 2021, 23, 368-377. 
167. S. Zhang, H. Ying, R. Guo, W. Yang and W.-Q. Han, The Journal of Physical Chemistry Letters, 

2019, 10, 6446-6454. 
168. Y. Chen, Y. Sun, M. Geng, W. Shao, Y. Chen, X. Liu and M. Ou, Materials Letters, 2021, 304, 

130704. 
169. R. Meng, J. Huang, Y. Feng, L. Zu, C. Peng, L. Zheng, L. Zheng, Z. Chen, G. Liu, B. Chen, Y. Mi and 

J. Yang, Advanced Energy Materials, 2018, 8, 1801514. 
170. S. Arnold, A. Gentile, Y. Li, Q. Wang, S. Marchionna, R. Ruffo and V. Presser, Journal of Materials 

Chemistry A, 2022, 10, 10569-10585. 
171. H. Hou, M. Jing, Y. Yang, Y. Zhang, W. Song, X. Yang, J. Chen, Q. Chen and X. Ji, Journal of Power 

Sources, 2015, 284, 227-235. 
172. J. Zheng, Y. Yang, X. Fan, G. Ji, X. Ji, H. Wang, S. Hou, M. R. Zachariah and C. Wang, Energy & 

Environmental Science, 2019, 12, 615-623. 
173. J. He, Y. Wei, T. Zhai and H. Li, Materials Chemistry Frontiers, 2018, 2, 437-455. 
174. A. Darwiche, C. Marino, M. T. Sougrati, B. Fraisse, L. Stievano and L. Monconduit, Journal of 

the American Chemical Society, 2012, 134, 20805-20811. 
175. K. Pfeifer, S. Arnold, Ö. Budak, X. Luo, V. Presser, H. Ehrenberg and S. Dsoke, Journal of 

Materials Chemistry A, 2020, 8, 6092-6104. 
176. W. Wang, J. Xu, Z. Xu, W. Zheng, Y. Wang, Y. Jia, J. Ma, C. Wang and W. Xie, Nanotechnology, 

2020, 31, 215403. 
177. J. Qian, Y. Xiong, Y. Cao, X. Ai and H. Yang, Nano letters, 2014, 14, 1865-1869. 
178. Y. G. Guo, J. S. Hu and L. J. Wan, Advanced Materials, 2008, 20, 2878-2887. 
179. P. G. Bruce, B. Scrosati and J. M. Tarascon, Angewandte Chemie International Edition, 2008, 

47, 2930-2946. 
180. L. Hu, X. Zhu, Y. Du, Y. Li, X. Zhou and J. Bao, Chemistry of Materials, 2015, 27, 8138-8145. 
181. H. Lv, S. Qiu, G. Lu, Y. Fu, X. Li, C. Hu and J. Liu, Electrochimica Acta, 2015, 151, 214-221. 
182. W. Luo, J. Ren, W. Feng, X. Chen, Y. Yan and N. Zahir, Coatings, 2021, 11, 1233. 
183. M. Morcrette, D. Larcher, J. Tarascon, K. Edström, J. Vaughey and M. Thackeray, Electrochimica 

acta, 2007, 52, 5339-5345. 
184. L. M. Fransson, J. Vaughey, R. Benedek, K. Edström, J. O. Thomas and M. Thackeray, 

Electrochemistry Communications, 2001, 3, 317-323. 
185. X. Li, S. Xiao, X. Niu, J. S. Chen and Y. Yu, Advanced Functional Materials, 2021, 31, 2104798. 
186. Y. He and W. Sun, Journal of Alloys and Compounds, 2018, 753, 371-377. 
187. M. Hu, Y. Jiang, W. Sun, H. Wang, C. Jin and M. Yan, ACS applied materials & interfaces, 2014, 

6, 19449-19455. 
188. X. Xie, D. Su, J. Zhang, S. Chen, A. K. Mondal and G. Wang, Nanoscale, 2015, 7, 3164-3172. 
189. Y. Zhao and A. Manthiram, Chemical Communications, 2015, 51, 13205-13208. 
190. Y. Lin, W. Feng, Z. Li, T. Xu and H. Fei, Ionics, 2017, 23, 3197-3202. 
191. J. Xie, Y. Pei, L. Liu, S. Guo, J. Xia, M. Li, Y. Ouyang, X. Zhang and X. Wang, Electrochimica Acta, 

2017, 254, 246-254. 
192. K. P. Lakshmi, K. J. Janas and M. M. Shaijumon, Carbon, 2018, 131, 86-93. 
193. S. Huang, Z. Wen, J. Zhang, Z. Gu and X. Xu, Solid State Ionics, 2006, 177, 851-855. 
194. S. Fleischmann, A. Tolosa and V. Presser, Chemistry–A European Journal, 2018, 24, 12143-

12153. 



  REFERENCES 

271 

195. K. Naoi, S. Ishimoto, J.-i. Miyamoto and W. Naoi, Energy & Environmental Science, 2012, 5, 
9363-9373. 

196. G. Kickelbick, Hybrid materials, 2007, 1, 2. 
197. W. L. Wang, B.-Y. Oh, J.-Y. Park, H. Ki, J. Jang, G.-Y. Lee, H.-B. Gu and M.-H. Ham, Journal of 

Power Sources, 2015, 300, 272-278. 
198. M. Walter, R. Erni and M. V. Kovalenko, Scientific Reports, 2015, 5, 8418. 
199. Z. Hai and S. Zhuiykov, Advanced Materials Interfaces, 2018, 5, 1701385. 
200. Q. Yun, L. Li, Z. Hu, Q. Lu, B. Chen and H. Zhang, Advanced Materials, 2020, 32, 1903826. 
201. S. Schweidler, L. de Biasi, A. Schiele, P. Hartmann, T. Brezesinski and J. r. Janek, The Journal of 

Physical Chemistry C, 2018, 122, 8829-8835. 
202. M. Naguib, M. W. Barsoum and Y. Gogotsi, Advanced Materials, 2021, 33, 2103393. 
203. M. R. Lukatskaya, S.-M. Bak, X. Yu, X.-Q. Yang, M. W. Barsoum and Y. Gogotsi, Advanced Energy 

Materials, 2015, 10. 
204. Y. Li, H. Shao, Z. Lin, J. Lu, L. Liu, B. Duployer, P. O. Persson, P. Eklund, L. Hultman and M. Li, 

Nature Materials, 2020, 19, 894-899. 
205. E. Yang, H. Ji, J. Kim, H. Kim and Y. Jung, Physical Chemistry Chemical Physics, 2015, 17, 5000-

5005. 
206. D. Er, J. Li, M. Naguib, Y. Gogotsi and V. B. Shenoy, ACS applied materials & interfaces, 2014, 6, 

11173-11179. 
207. M. Widmaier, N. Jäckel, M. Zeiger, M. Abuzarli, C. Engel, L. Bommer and V. Presser, 

Electrochimica Acta, 2017, 247, 1006-1018. 
208. M. E. Spahr, D. Goers, A. Leone, S. Stallone and E. Grivei, Journal of Power Sources, 2011, 196, 

3404-3413. 
209. Q. Zhang, Z. Yu, P. Du and C. Su, Recent Patents on Nanotechnology, 2010, 4, 100-110. 
210. M. Lao, Y. Zhang, W. Luo, Q. Yan, W. Sun and S. X. Dou, Advanced Materials, 2017, 29, 1700622. 
211. C. Li, A. Sarapulova, K. Pfeifer and S. Dsoke, ChemSusChem, 2020, 13, 986-995. 
212. A. Saal, T. Hagemann and U. S. Schubert, Advanced Energy Materials, 2021, 11, 2001984. 
213. R. W. Nunes, J. R. Martin and J. F. Johnson, Polymer Engineering & Science, 1982, 22, 205-228. 
214. G. Ceder, A. Van der Ven and M. K. Aydinol, JOM, 1998, 50, 35-40. 
215. H. Zheng, R. Yang, G. Liu, X. Song and V. S. Battaglia, The Journal of Physical Chemistry C, 2012, 

116, 4875-4882. 
216. S.-L. Chou, J.-Z. Wang, H.-K. Liu and S.-X. Dou, The Journal of Physical Chemistry C, 2011, 115, 

16220-16227. 
217. T. Nakajima and H. Groult, Fluorinated materials for energy conversion, Elsevier, 2005. 
218. C. C. Nguyen, T. Yoon, D. M. Seo, P. Guduru and B. L. Lucht, ACS applied materials & interfaces, 

2016, 8, 12211-12220. 
219. K. Lee, N. Chromey, R. Culik, J. Barnes and P. Schneider, Fundamental and Applied Toxicology, 

1987, 9, 222-235. 
220. D. L. Wood, J. D. Quass, J. Li, S. Ahmed, D. Ventola and C. Daniel, Drying Technology, 2018, 36, 

234-244. 
221. J. Li, Y. Lu, T. Yang, D. Ge, D. L. Wood and Z. Li, IScience, 2020, 23. 
222. M. Wang, X. Dong, I. C. Escobar and Y.-T. Cheng, ACS Sustainable Chemistry & Engineering, 

2020, 8, 11046-11051. 
223. O. Chernysh, V. Khomenko, I. Makyeyeva and V. Barsukov, Materials Today: Proceedings, 2019, 

6, 42-47. 
224. H. Chen, M. Ling, L. Hencz, H. Y. Ling, G. Li, Z. Lin, G. Liu and S. Zhang, Chemical reviews, 2018, 

118, 8936-8982. 
225. W. B. Hawley and J. Li, Journal of Energy Storage, 2019, 25, 100862. 
226. H. Liu, X. Cheng, Y. Chong, H. Yuan, J.-Q. Huang and Q. Zhang, Particuology, 2021, 57, 56-71. 
227. B. Ludwig, Z. Zheng, W. Shou, Y. Wang and H. Pan, Scientific reports, 2016, 6, 1-10. 
228. J. B. Goodenough and Y. Kim, Chemistry of Materials, 2010, 22, 587-603. 
229. K. Xu, Chemical Reviews, 2004, 104, 4303-4418. 



REFERENCES 

272 

230. D. Aurbach, Y. Talyosef, B. Markovsky, E. Markevich, E. Zinigrad, L. Asraf, J. S. Gnanaraj and H.-
J. Kim, Electrochimica Acta, 2004, 50, 247-254. 

231. V. Aravindan, J. Gnanaraj, S. Madhavi and H.-K. Liu, Chemistry – A European Journal, 2011, 17, 
14326-14346. 

232. A. Ponrouch, D. Monti, A. Boschin, B. Steen, P. Johansson and M. R. Palacín, Journal of 
Materials Chemistry A, 2015, 3, 22-42. 

233. C. Bommier and X. Ji, Small, 2018, 14, 1703576. 
234. A. Ponrouch, E. Marchante, M. Courty, J.-M. Tarascon and M. R. Palacin, Energy & 

Environmental Science, 2012, 5, 8572-8583. 
235. A. Ponrouch, R. Dedryvère, D. Monti, A. E. Demet, J. M. A. Mba, L. Croguennec, C. Masquelier, 

P. Johansson and M. R. Palacín, Energy & Environmental Science, 2013, 6, 2361-2369. 
236. C. Hamann and W. Vielstich, 1998. 
237. K. X. T. Richard Jow, Oleg Borodin, Makoto Ue, Electrolytes for Lithium and Lithium-Ion 

Batteries, Springer New York, NY, Springer New York, NY, 2014. 
238. J. Qian, X. Wu, Y. Cao, X. Ai and H. Yang, Angewandte Chemie, 2013, 125, 4731-4734. 
239. S. Komaba, W. Murata, T. Ishikawa, N. Yabuuchi, T. Ozeki, T. Nakayama, A. Ogata, K. Gotoh and 

K. Fujiwara, Advanced Functional Materials, 2011, 21, 3859-3867. 
240. T. M. Knoche, Elektrolytbefüllung prismatischer Lithium-Ionen-Zellen, Herbert Utz Verlag, 

2018. 
241. D. Di Lecce, V. Marangon, H.-G. Jung, Y. Tominaga, S. Greenbaum and J. Hassoun, Green 

Chemistry, 2022, 24, 1021-1048. 
242. K. Li, J. Zhang, D. Lin, D.-W. Wang, B. Li, W. Lv, S. Sun, Y.-B. He, F. Kang and Q.-H. Yang, Nature 

communications, 2019, 10, 1-10. 
243. K. Westman, R. Dugas, P. Jankowski, W. Wieczorek, G. Gachot, M. Morcrette, E. Irisarri, A. 

Ponrouch, M. R. Palacín and J.-M. Tarascon, ACS Applied Energy Materials, 2018, 1, 2671-2680. 
244. M. S. Park, S. B. Ma, D. J. Lee, D. Im, S.-G. Doo and O. Yamamoto, Scientific reports, 2014, 4, 1-

8. 
245. X. Ren, S. Chen, H. Lee, D. Mei, M. H. Engelhard, S. D. Burton, W. Zhao, J. Zheng, Q. Li and M. 

S. Ding, Chem, 2018, 4, 1877-1892. 
246. G. Yang, S. Frisco, R. Tao, N. Philip, T. H. Bennett, C. Stetson, J.-G. Zhang, S.-D. Han, G. Teeter, 

S. P. Harvey, Y. Zhang, G. M. Veith and J. Nanda, ACS Energy Letters, 2021, 6, 1684-1693. 
247. N. Takami, T. Ohsaki, H. Hasebe and M. Yamamoto, Journal of the Electrochemical Society, 

2001, 149, A9. 
248. A. Chagnes, B. Carré, P. Willmann, R. Dedryvère, D. Gonbeau and D. Lemordant, Journal of The 

Electrochemical Society, 2003, 150, A1255. 
249. S.-c. Kinoshita, M. Kotato, Y. Sakata, M. Ue, Y. Watanabe, H. Morimoto and S.-i. Tobishima, 

Journal of Power Sources, 2008, 183, 755-760. 
250. Y. Gu, S. Fang, L. Yang and S.-i. Hirano, Journal of Materials Chemistry A, 2021, 9, 15363-15372. 
251. D. Aurbach, Journal of the Electrochemical Society, 1989, 136, 1606. 
252. R. Mogensen, S. Colbin and R. Younesi, Batteries & Supercaps, 2021, 4, 791-814. 
253. S. Hess, M. Wohlfahrt-Mehrens and M. Wachtler, Journal of The Electrochemical Society, 2015, 

162, A3084. 
254. P. Jankowski, N. Lindahl, J. Weidow, W. Wieczorek and P. Johansson, ACS Applied Energy 

Materials, 2018, 1, 2582-2591. 
255. K. Abe, in Electrolytes for Lithium and Lithium-Ion Batteries, Springer, 2014, pp. 167-207. 
256. P. Bai, X. Han, Y. He, P. Xiong, Y. Zhao, J. Sun and Y. Xu, Energy Storage Materials, 2020, 25, 

324-333. 
257. J. Qian, Y. Chen, L. Wu, Y. Cao, X. Ai and H. Yang, Chemical Communications, 2012, 48, 7070-

7072. 
258. A. Ponrouch, A. Goñi and M. R. Palacín, Electrochemistry communications, 2013, 27, 85-88. 
259. V. Simone, L. Lecarme, L. Simonin and S. Martinet, Journal of The Electrochemical Society, 

2016, 164, A145. 



  REFERENCES 

273 

260. R. Jung, M. Metzger, D. Haering, S. Solchenbach, C. Marino, N. Tsiouvaras, C. Stinner and H. A. 
Gasteiger, Journal of The Electrochemical Society, 2016, 163, A1705. 

261. V. Etacheri, O. Haik, Y. Goffer, G. A. Roberts, I. C. Stefan, R. Fasching and D. Aurbach, Langmuir, 
2012, 28, 965-976. 

262. H. Lu, L. Wu, L. Xiao, X. Ai, H. Yang and Y. Cao, Electrochimica Acta, 2016, 190, 402-408. 
263. Y. Lee, J. Lee, J. Lee, K. Kim, A. Cha, S. Kang, T. Wi, S. J. Kang, H.-W. Lee and N.-S. Choi, ACS 

applied materials & interfaces, 2018, 10, 15270-15280. 
264. X. Zhao, Q.-C. Zhuang, S.-D. Xu, Y.-X. Xu, Y.-L. Shi and X.-X. Zhang, Int. J. Electrochem. Sci, 2015, 

10, 2515-2534. 
265. Z. Yang, A. A. Gewirth and L. Trahey, ACS Applied Materials & Interfaces, 2015, 7, 6557-6566. 
266. K. U. Schwenke, S. Solchenbach, J. Demeaux, B. L. Lucht and H. A. Gasteiger, Journal of The 

Electrochemical Society, 2019, 166, A2035. 
267. S. Klein, P. Harte, S. van Wickeren, K. Borzutzki, S. Röser, P. Bärmann, S. Nowak, M. Winter, T. 

Placke and J. Kasnatscheew, Cell Reports Physical Science, 2021, 2, 100521. 
268. L. Ma, L. Ellis, S. Glazier, X. Ma, Q. Liu, J. Li and J. Dahn, Journal of the electrochemical society, 

2018, 165, A891. 
269. S. Hong, B. Hong, W. Song, Z. Qin, B. Duan, Y. Lai and F. Jiang, Journal of The Electrochemical 

Society, 2018, 165, A368. 
270. X. Ma, R. Young, L. Ellis, L. Ma, J. Li and J. Dahn, Journal of The Electrochemical Society, 2019, 

166, A2665. 
271. S. Wang, H. Hu, P. Yu, H. Yang, X. Cai and X. Wang, Journal of Applied Electrochemistry, 2018, 

48, 1221-1230. 
272. Z. Wu, S. Li, Y. Zheng, Z. Zhang, E. Umesh, B. Zheng, X. Zheng and Y. Yang, Journal of The 

Electrochemical Society, 2018, 165, A2792. 
273. L. Xia, S. Lee, Y. Jiang, S. Li, Z. Liu, L. Yu, D. Hu, S. Wang, Y. Liu and G. Z. Chen, ChemElectroChem, 

2019, 6, 3747-3755. 
274. Y. Yang, J. Xiong, S. Lai, R. Zhou, M. Zhao, H. Geng, Y. Zhang, Y. Fang, C. Li and J. Zhao, ACS 

applied materials & interfaces, 2019, 11, 6118-6125. 
275. B. Mosallanejad, S. S. Malek, M. Ershadi, A. A. Daryakenari, Q. Cao, F. Boorboor Ajdari and S. 

Ramakrishna, Journal of Electroanalytical Chemistry, 2021, 895, 115505. 
276. D.-H. Kim, B. Kang and H. Lee, Journal of Power Sources, 2019, 423, 137-143. 
277. H. Che, X. Yang, H. Wang, X.-Z. Liao, S. S. Zhang, C. Wang and Z.-F. Ma, Journal of Power Sources, 

2018, 407, 173-179. 
278. Y.-K. Han, J. Yoo and T. Yim, Journal of Materials Chemistry A, 2015, 3, 10900-10909. 
279. J. Feng, Y. An, L. Ci and S. Xiong, Journal of Materials Chemistry A, 2015, 3, 14539-14544. 
280. X. Yuan, H. Liu and J. Zhang, Lithium-ion batteries: advanced materials and technologies, CRC 

press, 2011. 
281. P. Kritzer and J. A. Cook, Journal of the Electrochemical Society, 2007, 154, A481. 
282. X. Huang, Journal of Solid State Electrochemistry, 2011, 15, 649-662. 
283. J. Kim, S. Choi, S. Jo, W. Lee and B. Kim, Journal of the Electrochemical Society, 2004, 152, A295. 
284. S. S. Zhang, Journal of power sources, 2007, 164, 351-364. 
285. J. Zhu, M. Yanilmaz, K. Fu, C. Chen, Y. Lu, Y. Ge, D. Kim and X. Zhang, Journal of membrane 

science, 2016, 504, 89-96. 
286. P. Zhu, D. Gastol, J. Marshall, R. Sommerville, V. Goodship and E. Kendrick, Journal of Power 

Sources, 2021, 485, 229321. 
287. J. Busom, A. Schreiber, A. Tolosa, N. Jäckel, I. Grobelsek, N. J. Peter and V. Presser, Journal of 

Power Sources, 2016, 329, 432-440. 
288. S.-T. Myung, Y. Hitoshi and Y.-K. Sun, Journal of Materials Chemistry, 2011, 21, 9891-9911. 
289. P. W. Atkins and J. De Paula, Physikalische chemie, John Wiley & Sons, 2013. 
290. M. Winter and R. J. Brodd, Chemical reviews, 2004, 104, 4245-4270. 
291. J. O. Besenhard, Handbook of battery materials, John Wiley & Sons, 2008. 
292. V. S. Bagotsky, A. M. Skundin and Y. M. Volfkovich, Electrochemical power sources: batteries, 

fuel cells, and supercapacitors, John Wiley & Sons, 2015. 



REFERENCES 

274 

293. H.-G. Schweiger, M. Multerer, M. Schweizer-Berberich and H. Gores, International Journal of 
Electrochemical Science, 2008, 3, 427-443. 

294. A. Tornheim and D. C. O’Hanlon, Journal of The Electrochemical Society, 2020, 167, 110520. 
295. N. Elgrishi, K. J. Rountree, B. D. McCarthy, E. S. Rountree, T. T. Eisenhart and J. L. Dempsey, 

Journal of chemical education, 2018, 95, 197-206. 
296. J. Heinze, Angewandte Chemie, 1984, 96, 823-840. 
297. K. G. Cassman and P. Grassini, Nature Sustainability, 2020, 3, 262-268. 
298. S. Mitchell, R. Qin, N. Zheng and J. Pérez-Ramírez, Nature Nanotechnology, 2021, 16, 129-139. 
299. G. Crabtree, E. Kócs and L. Trahey, Mrs Bulletin, 2015, 40, 1067-1078. 
300. M. M. Thackeray, C. Wolverton and E. D. Isaacs, Energy & Environmental Science, 2012, 5, 

7854-7863. 
301. A. Luntz, Journal, 2015, 6, 300-301. 
302. J. Sun, T. Wang, Y. Gao, Z. Pan, R. Hu and J. Wang, InfoMat, 2022, 4, e12359. 
303. S. M. Hwang, J. S. Park, Y. Kim, W. Go, J. Han, Y. Kim and Y. Kim, Advanced Materials, 2019, 31, 

1804936. 
304. I. C. Blake, Journal of The Electrochemical Society, 1952, 99, 202C. 
305. S. Senthilkumar, W. Go, J. Han, L. P. T. Thuy, K. Kishor, Y. Kim and Y. Kim, Journal of Materials 

Chemistry A, 2019, 7, 22803-22825. 
306. J. K. Kim, E. Lee, H. Kim, C. Johnson, J. Cho and Y. Kim, ChemElectroChem, 2015, 2, 328-332. 
307. N. C. Darre and G. S. Toor, Current Pollution Reports, 2018, 4, 104-111. 
308. Y. J. Lim, K. Goh, M. Kurihara and R. Wang, Journal of Membrane Science, 2021, 629, 119292. 
309. M. Al-Obaidi, G. Filippini, F. Manenti and I. M. Mujtaba, Desalination, 2019, 456, 136-149. 
310. O. A. Hamed, M. A. Al-Sofi, M. Imam, G. M. Mustafa, K. B. Mardouf and H. Al-Washmi, 

Desalination, 2000, 128, 281-292. 
311. F. A. AlMarzooqi, A. A. Al Ghaferi, I. Saadat and N. Hilal, Desalination, 2014, 342, 3-15. 
312. H. Nassrullah, S. F. Anis, R. Hashaikeh and N. Hilal, Desalination, 2020, 491, 114569. 
313. M. Sadrzadeh and T. Mohammadi, Desalination, 2008, 221, 440-447. 
314. M. E. Suss, Y. Zhang, I. Atlas, Y. Gendel, E. Ruck and V. Presser, Electrochemistry 

Communications, 2022, 136, 107211. 
315. Y. Zhang, L. Wang and V. Presser, Cell Reports Physical Science, 2021, 2, 100416. 
316. P. Srimuk, X. Su, J. Yoon, D. Aurbach and V. Presser, Nature Reviews Materials, 2020, 5, 517-

538. 
317. M. Pasta, C. D. Wessells, Y. Cui and F. La Mantia, Nano letters, 2012, 12, 839-843. 
318. M. E. Suss, S. Porada, X. Sun, P. M. Biesheuvel, J. Yoon and V. Presser, Energy & Environmental 

Science, 2015, 8, 2296-2319. 
319. Y. Mandri, A. Rich, D. Mangin, S. Abderafi, C. Bebon, N. Semlali, J.-P. Klein, T. Bounahmidi and 

A. Bouhaouss, Desalination, 2011, 269, 142-147. 
320. L. Wang, J. E. Dykstra and S. Lin, Environmental Science & Technology, 2019, 53, 3366-3378. 
321. S. Porada, R. Zhao, A. van der Wal, V. Presser and P. M. Biesheuvel, Progress in Materials 

Science, 2013, 58, 1388-1442. 
322. G. Amy, N. Ghaffour, Z. Li, L. Francis, R. V. Linares, T. Missimer and S. Lattemann, Desalination, 

2017, 401, 16-21. 
323. B. B. Arnold and G. W. Murphy, The Journal of Physical Chemistry, 1961, 65, 135-138. 
324. G. Murphy and D. Caudle, Electrochimica Acta, 1967, 12, 1655-1664. 
325. J. Ma, D. He, W. Tang, P. Kovalsky, C. He, C. Zhang and T. D. Waite, Environmental Science & 

Technology, 2016, 50, 13495-13501. 
326. S. Porada, L. Weinstein, R. Dash, A. van der Wal, M. Bryjak, Y. Gogotsi and P. M. Biesheuvel, 

ACS Applied Materials & Interfaces, 2012, 4, 1194-1199. 
327. B. Krüner, P. Srimuk, S. Fleischmann, M. Zeiger, A. Schreiber, M. Aslan, A. Quade and V. Presser, 

Carbon, 2017, 117, 46-54. 
328. P. Srimuk, J. Lee, S. Fleischmann, S. Choudhury, N. Jäckel, M. Zeiger, C. Kim, M. Aslan and V. 

Presser, Journal of Materials Chemistry A, 2017, 5, 15640-15649. 



  REFERENCES 

275 

329. C. Tsouris, R. Mayes, J. Kiggans, K. Sharma, S. Yiacoumi, D. DePaoli and S. Dai, Environmental 
Science & Technology, 2011, 45, 10243-10249. 

330. S. Ahualli, G. R. Iglesias, M. M. Fernández, M. L. Jiménez and Á. V. Delgado, Environmental 
Science & Technology, 2017, 51, 5326-5333. 

331. S. Porada, D. Weingarth, H. V. M. Hamelers, M. Bryjak, V. Presser and P. M. Biesheuvel, Journal 
of Materials Chemistry A, 2014, 2, 9313-9321. 

332. K. B. Hatzell, L. Fan, M. Beidaghi, M. Boota, E. Pomerantseva, E. C. Kumbur and Y. Gogotsi, ACS 
Applied Materials & Interfaces, 2014, 6, 8886-8893. 

333. M. E. Suss, T. F. Baumann, W. L. Bourcier, C. M. Spadaccini, K. A. Rose, J. G. Santiago and M. 
Stadermann, Energy & Environmental Science, 2012, 5, 9511-9519. 

334. E. García-Quismondo, C. Santos, J. Soria, J. Palma and M. A. Anderson, Environmental Science 
& Technology, 2016, 50, 6053-6060. 

335. C. Kim, P. Srimuk, J. Lee, M. Aslan and V. Presser, Desalination, 2018, 425, 104-110. 
336. B. Lian, Y. Zhu, D. Branchaud, Y. Wang, C. Bales, T. Bednarz and T. D. Waite, Desalination, 2022, 

525, 115482. 
337. T. D. Hasseler, A. Ramachandran, W. A. Tarpeh, M. Stadermann and J. G. Santiago, Water 

Research, 2020, 183, 116034. 
338. J.-H. Ryu, T.-J. Kim, T.-Y. Lee and I.-B. Lee, Journal of the Taiwan Institute of Chemical Engineers, 

2010, 41, 506-511. 
339. R. Zhao, S. Porada, P. M. Biesheuvel and A. van der Wal, Desalination, 2013, 330, 35-41. 
340. S. Porada, L. Zhang and J. E. Dykstra, Desalination, 2020, 488, 114383. 
341. P. M. Biesheuvel, S. Porada, M. Levi and M. Z. Bazant, Journal of Solid State Electrochemistry, 

2014, 18, 1365-1376. 
342. C. Prehal, C. Koczwara, H. Amenitsch, V. Presser and O. Paris, Nature Communications, 2018, 

9, 4145. 
343. S. Bi, Y. Zhang, L. Cervini, T. Mo, J. M. Griffin, V. Presser and G. Feng, Sustainable Energy & 

Fuels, 2020, 4, 1285-1295. 
344. Y. Zhang, C. Prehal, H. Jiang, Y. Liu, G. Feng and V. Presser, Cell Reports Physical Science, 2022, 

3, 100689. 
345. N. Jäckel, P. Simon, Y. Gogotsi and V. Presser, ACS Energy Letters, 2016, 1, 1262-1265. 
346. F. Stoeckli and T. A. Centeno, Physical Chemistry Chemical Physics, 2012, 14, 11589-11591. 
347. Z.-H. Huang, Z. Yang, F. Kang and M. Inagaki, Journal of Materials Chemistry A, 2017, 5, 470-

496. 
348. C. Zhang, D. He, J. Ma, W. Tang and T. D. Waite, Water Research, 2018, 128, 314-330. 
349. J. Lee, S. Kim, C. Kim and J. Yoon, Energy & Environmental Science, 2014, 7, 3683-3689. 
350. P. Srimuk, J. Lee, Ö. Budak, J. Choi, M. Chen, G. Feng, C. Prehal and V. Presser, Langmuir, 2018, 

34, 13132-13143. 
351. S. Porada, A. Shrivastava, P. Bukowska, P. M. Biesheuvel and K. C. Smith, Electrochimica Acta, 

2017, 255, 369-378. 
352. P. Srimuk, J. Lee, A. Tolosa, C. Kim, M. Aslan and V. Presser, Chemistry of Materials, 2017, 29, 

9964-9973. 
353. P. Srimuk, S. Husmann and V. Presser, RSC Advances, 2019, 9, 14849-14858. 
354. D.-H. Nam and K.-S. Choi, Journal of the American Chemical Society, 2017, 139, 11055-11063. 
355. E. Grygolowicz-Pawlak, M. Sohail, M. Pawlak, B. Neel, A. Shvarev, R. de Marco and E. Bakker, 

Analytical Chemistry, 2012, 84, 6158-6165. 
356. J. Ahn, J. Lee, S. Kim, C. Kim, J. Lee, P. M. Biesheuvel and J. Yoon, Desalination, 2020, 476, 

114216. 
357. F. Yu, L. Wang, Y. Wang, X. Shen, Y. Cheng and J. Ma, Journal of Materials Chemistry A, 2019, 

7, 15999-16027. 
358. P. M. Biesheuvel and A. van der Wal, Journal of Membrane Science, 2010, 346, 256-262. 
359. M. D. Andelman and G. S. Walker, Journal, 2004. 
360. J.-B. Lee, K.-K. Park, H.-M. Eum and C.-W. Lee, Desalination, 2006, 196, 125-134. 
361. Y. Zhao, Y. Wang, R. Wang, Y. Wu, S. Xu and J. Wang, Desalination, 2013, 324, 127-133. 



REFERENCES 

276 

362. B. M. Asquith, J. Meier-Haack and B. P. Ladewig, Desalination, 2014, 345, 94-100. 
363. R. Zhao, P. M. Biesheuvel and A. van der Wal, Energy & Environmental Science, 2012, 5, 9520-

9527. 
364. P. M. Biesheuvel, R. Zhao, S. Porada and A. van der Wal, Journal of Colloid and Interface 

Science, 2011, 360, 239-248. 
365. P. Długołecki and A. van der Wal, Environmental science & technology, 2013, 47, 4904-4910. 
366. K. Mitko, A. Rosiński and M. Turek, Desalin. Water Treat, 2021, 214, 294-301. 
367. J. Zhou, P. Zuo, Y. Liu, Z. Yang and T. Xu, Science China Chemistry, 2018, 61, 1062-1087. 
368. J. Ran, L. Wu, Y. He, Z. Yang, Y. Wang, C. Jiang, L. Ge, E. Bakangura and T. Xu, Journal of 

Membrane Science, 2017, 522, 267-291. 
369. J. Kamcev, D. R. Paul and B. D. Freeman, Journal of Materials Chemistry A, 2017, 5, 4638-4650. 
370. J. Kamcev and B. D. Freeman, Annual review of chemical and biomolecular engineering, 2016, 

7, 111-133. 
371. G. M. Geise, D. R. Paul and B. D. Freeman, Progress in Polymer Science, 2014, 39, 1-42. 
372. W. D. Richards, T. Tsujimura, L. J. Miara, Y. Wang, J. C. Kim, S. P. Ong, I. Uechi, N. Suzuki and G. 

Ceder, Nature communications, 2016, 7, 1-8. 
373. J. Janek and W. G. Zeier, Nature Energy, 2016, 1, 1-4. 
374. X. He, Y. Zhu and Y. Mo, Nature communications, 2017, 8, 1-7. 
375. N. Anantharamulu, K. Koteswara Rao, G. Rambabu, B. Vijaya Kumar, V. Radha and M. Vithal, 

Journal of materials science, 2011, 46, 2821-2837. 
376. H.-P. Hong, Materials Research Bulletin, 1976, 11, 173-182. 
377. U. Von Alpen, M. Bell and H. Höfer, Solid State Ionics, 1981, 3, 215-218. 
378. W. Go, J. Kim, J. Pyo, J. B. Wolfenstine and Y. Kim, ACS Applied Materials & Interfaces, 2021, 

13, 52727-52735. 
379. M. Avdeev, V. B. Nalbandyan and I. L. Shukaev, in Solid State Electrochemistry I, 2009, DOI: 

https://doi.org/10.1002/9783527627868.ch7, pp. 227-278. 
380. H. Y. P. Hong, Materials Research Bulletin, 1978, 13, 117-124. 
381. F. Zheng, M. Kotobuki, S. Song, M. O. Lai and L. Lu, Journal of Power Sources, 2018, 389, 198-

213. 
382. U. v. Alpen, M. F. Bell, W. Wichelhaus, K. Y. Cheung and G. J. Dudley, Electrochimica Acta, 1978, 

23, 1395-1397. 
383. D. Mazumdar, D. N. Bose and M. L. Mukherjee, Solid State Ionics, 1984, 14, 143-147. 
384. J. Kuwano and A. R. West, Materials Research Bulletin, 1980, 15, 1661-1667. 
385. Y. W. Hu, I. D. Raistrick and R. A. Huggins, Journal of The Electrochemical Society, 1977, 124, 

1240. 
386. S. Song, J. Lu, F. Zheng, H. M. Duong and L. Lu, RSC Advances, 2015, 5, 6588-6594. 
387. P. Knauth, Solid State Ionics, 2009, 180, 911-916. 
388. L. Wang, S. Arnold, P. Ren, Q. Wang, J. Jin, Z. Wen and V. Presser, ACS Energy Letters, 2022, 

DOI: 10.1021/acsenergylett.2c01746, 3539-3544. 
389. S. Porada, G. Feng, M. E. Suss and V. Presser, RSC Advances, 2016, 6, 5865-5870. 
390. C. Kim, P. Srimuk, J. Lee and V. Presser, Desalination, 2018, 443, 56-61. 
391. S. Arnold, L. Wang, Ö. Budak, M. Aslan, P. Srimuk and V. Presser, Journal of Materials Chemistry 

A, 2021, 9, 585-596. 
392. E. Parliament, New EU rules for more sustainable and ethical batteries 

https://www.europarl.europa.eu/news/en/headlines/economy/20220228STO24218/new-
eu-rules-for-more-sustainable-and-ethical-batteries, (accessed 08.12.2022). 

393. E. Comission, Green Deal: EU agrees new law on more sustainable and circular batteries to 
support EU's energy transition and competitive industry, 
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_7588, (accessed 02.01.2023). 

394. J. Spangenberger, ReCell Center, USD o. E., Ed, 2019. 
395. J. Yu, X. Wang, M. Zhou and Q. Wang, Energy & Environmental Science, 2019, 12, 2672-2677. 
396. X. Chen, C. Luo, J. Zhang, J. Kong and T. Zhou, ACS Sustainable Chemistry & Engineering, 2015, 

3, 3104-3113. 

https://doi.org/10.1002/9783527627868.ch7
https://www.europarl.europa.eu/news/en/headlines/economy/20220228STO24218/new-eu-rules-for-more-sustainable-and-ethical-batteries
https://www.europarl.europa.eu/news/en/headlines/economy/20220228STO24218/new-eu-rules-for-more-sustainable-and-ethical-batteries
https://ec.europa.eu/commission/presscorner/detail/en/ip_22_7588


  REFERENCES 

277 

397. B. Makuza, Q. Tian, X. Guo, K. Chattopadhyay and D. Yu, Journal of Power Sources, 2021, 491, 
229622. 

398. A. Porvali, M. Aaltonen, S. Ojanen, O. Velazquez-Martinez, E. Eronen, F. Liu, B. P. Wilson, R. 
Serna-Guerrero and M. Lundström, Resources, Conservation and Recycling, 2019, 142, 257-
266. 

399. S. Virolainen, T. Wesselborg, A. Kaukinen and T. Sainio, Hydrometallurgy, 2021, 202, 105602. 
400. W. Wang, W. Chen and H. Liu, Hydrometallurgy, 2019, 185, 88-92. 
401. X. Zheng, Z. Zhu, X. Lin, Y. Zhang, Y. He, H. Cao and Z. Sun, Engineering, 2018, 4, 361-370. 
402. V. Goodship, A. Stevels and J. Huisman, Waste electrical and electronic equipment (WEEE) 

handbook, Woodhead Publishing, 2019. 
403. J. Jegan Roy, M. Srinivasan and B. Cao, ACS Sustainable Chemistry & Engineering, 2021, 9, 3060-

3069. 
404. N. B. Horeh, S. Mousavi and S. Shojaosadati, Journal of power sources, 2016, 320, 257-266. 
405. Y. Xin, X. Guo, S. Chen, J. Wang, F. Wu and B. Xin, Journal of cleaner production, 2016, 116, 

249-258. 
406. M. Pasta, A. Battistel and F. La Mantia, Energy & Environmental Science, 2012, 5, 9487-9491. 
407. Y. Liu, R. Zhang, J. Wang and Y. Wang, iScience, 2021, 24, 102332. 
408. E. Karden, in Lead-Acid Batteries for Future Automobiles, eds. J. Garche, E. Karden, P. T. 

Moseley and D. A. J. Rand, Elsevier, Amsterdam, 2017, DOI: https://doi.org/10.1016/B978-0-
444-63700-0.00001-5, pp. 3-25. 

409. M. Fichtner, K. Edström, E. Ayerbe, M. Berecibar, A. Bhowmik, I. E. Castelli, S. Clark, R. 
Dominko, M. Erakca, A. A. Franco, A. Grimaud, B. Horstmann, A. Latz, H. Lorrmann, M. Meeus, 
R. Narayan, F. Pammer, J. Ruhland, H. Stein, T. Vegge and M. Weil, Advanced Energy Materials, 
2022, 12, 2102904. 

410. U. S. G. Survey, Journal, 2020. 
411. S. v. d. Brink, R. Kleijn, B. Sprecher, N. Mancheri and A. Tukker, Resources, Conservation and 

Recycling, 2022, 186, 106586. 
412. U. S. G. Survey, Journal, 2020. 

 

https://doi.org/10.1016/B978-0-444-63700-0.00001-5
https://doi.org/10.1016/B978-0-444-63700-0.00001-5


  ABBREVIATIONS 

278 

7 ABBREVIATIONS 

A.1. Abbreviations 

AEM anion exchange membrane 
CDI capacitive deionization 
CE  Coulombic efficiency 
CEI cathode electrolyte interphase 
CEM cation exchange membrane 
CMC carboxymethyl cellulose 
CV cyclic voltammetry 
CV cyclic voltammetry 
DEC diethyl carbonate 
DMC dimethyl carbonate 
DMC dimethylcarbonate 
DMSO dimethyl sulfoxide 
DTD 1,3,2-dioxathiolane-2,2-dioxide 
e.g. exempli gratia → for example 
EC ethylene carbonate 
EES electrochemical energy storage 
EFPN ethoxy(pentafluoro)cyclotriphosphazene 
EMC ethylmethyl carbonate 
ESR equivalent series resistance 
et al. et alii → and others 
FEC fluoroethylene carbonate 
GBL γ-butyrolactone 
GCPL galvanostatic cycling with potential limitation 
GVL γ-valerolactone 
i.e. id est → for example 
LCO lithium cobalt oxide 
LFP lithium iron phosphate 
LIB lithium-ion battery 
LiDFOB lithium difluoro(oxalato)borate 
LiDFP lithium difluorophosphate 
LISICON lithium superionic conductor 
LMO lithium manganese oxide 
LTO  lithium titanoxide (Li4Ti5O12) 
MCDI membrane-based capacitive deionization 
Na sodium 
NASICON sodium superionic conductors 
NaTFSI sodium trifluoromethanesulfonimide 
NIB sodium-ion battery 
NMC lithium nickel manganese cobalt oxide 
NMP N-methyl-2-pyrrolidone 
ODTO 1,2,6-oxadithiane 2,2,6,6-tetraoxide 
OER oxygen evolution reaction 
OLC onion-like carbon 
ORR oxygen reduction reaction 
PAA poly acrylic acid 
PC propylene carbonate 
PC propylene carbonate 
PE polyethylene  
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PP polypropylene 
PST propene sulfone 
PVdF  polyvinylidenefluoride 
SA sodium alginate 
SA succinic anhydride 
Sb antimony 
SEI solid electrolyte Interphase 
SEM scanning electron microscope 
SHE standard hydrogen electrode 
TMSP tris(trimethylsilyl) phosphite 
TTE 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether 
VC vinylene carbonate 
XRD  X-ray diffraction 
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A.2. Symbols and Constants  

% percent 
°C degree Celsius 
A Ampere 
A g-1 Ampere per gram 
C C-rate 
cm2 square centimeter 
e0 elementary charge 
Eo redox potential 
F Farad 
F Faraday constant 
g gram 
g gram 
h hours 
I electric current 
kt kiloton 
M molar 
M molar mass 
m mass 
m2 g-1 square meter per gram 
mAh g-1 milli-ampere-hour per gram 
min minutes 
mm millimeter 
n amount of substance (mol) 
NA Avogadro constant 
nm nanometer 
Q charge 
t time 
TWh terawatt hour 
U Voltage in volt 
V Volt 
Wh g-1 Watt-hour per gram 
μm micrometers 

 


