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“If it disagrees with experiment – it’s wrong. In that simple 
statement is the key to science. It doesn’t make a differ-

ence how beautiful your guess is. It doesn’t make a differ-
ence how smart you are who made the guess or what his 

name is. If it disagrees with experiment, it’s wrong.” 
(Richard Feynman, The Feynman Lectures on Physics) 
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Abstract 
 

Lithium-ion batteries have dominated battery technologies for portable electronic de-

vices for decades, commanded by intercalation chemistry for electrochemical energy 

storage while pushing the limits of storage capacity worldwide to the terawatt-hour 

level. State-of-the-art intercalation cathodes for Li-ion batteries operate within the limits 

of transition metal oxide electrochemistry. However, conversion-redox processes have 

rich opportunities for substantially increasing energy densities. Due to the limitations 

of both the Li content and the extraction of one electron per transition metal, the target 

energy density of 500 Wh kg-1 of classical layered oxides at the cell level remains elu-

sive. The diversity of compositions that exhibit high reversible capacities following a 

conversion redox reaction in the solid state has inspired the exploration of new mate-

rials for next-generation cathodes for lithium batteries and beyond. While thinking be-

yond, the electrification of the aviation sector is a game-changer for future transport. 

Therefore, the requirements on battery technologies must focus even more on high 

power density, high energy density with fast-charging capability and having low weight 

and compacted cell design. In addition, battery safety aspects and sustainability of 

energy materials are key challenges. 

To address some of the challenges, synthesis and surface engineering of high energy 

density and fast-charging materials, as well as the development and comprehensive 

characterization of metal-sulfur batteries for Li-S, Mg-S, and hybrid Li/Mg-S systems, 

were studied in this thesis. 

In terms of fast-charging electrode materials, TiNb2O7 was modified by a carbon-coat-

ing to improve the charge conduction and specific capacity at high current rates. Fur-

ther, novel concepts towards photoresponsive cathode materials, such as vanadium 

pentoxide were investigated in a lithium-ion photo battery. This study reports on the 

optimization of dual functionality by chemical surface engineering of electrospun vana-

dium pentoxide fibers as photoresponsive cathodes in lithium-ion batteries. To meet 

the demand for high energy density in metal-sulfur batteries, lithium-sulfur and mag-

nesium-sulfur batteries were explored. For Li-S system, a synthetic approach based 

on a new molecular precursor [(LiSC2H4)2NCH3] to form lithium sulfide/carbon nano-

fibers as cathode was pursued. Suitable cathode materials based on metal sulfides, 

mainly copper, iron, and copper-iron-sulfides, were investigated in terms of their 
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suitability for rechargeable magnesium batteries due to their high theoretical capacities 

(Mg: 3,833 mAh/cm3; 2,205 mAh/g) and high abundance in the earth’s crust 

(23,300 ppm). The influence of their crystal structures, particle morphologies, and 

nano-sized effects were tested to elucidate and further understand the electrochemical 

behavior with Mg2+ as the active ion. Introducing a small amount of Li-containing salts 

to the magnesium electrolyte, resulted in a hybrid electrolyte that showed great poten-

tial to improve the electrochemical behavior in combination with metal sulfides follow-

ing a conversion reaction mechanism.   
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Kurzzusammenfassung 
 

Lithium-Ionen-Batterien dominieren seit Jahrzehnten die Batterietechnologien für mo-

bile elektronische Geräte, die dem Mechanismus der Interkalationschemie zur elekt-

rochemischen Energiespeicherung folgen. Moderne Interkalationskathoden für Li-Io-

nen-Batterien arbeiten innerhalb der Grenzen der Übergangsmetalloxid Elektroche-

mie. Aufgrund der Beschränkungen sowohl des Li-Gehalts als auch der Extraktion von 

nur einem Elektron pro Übergangsmetall, bleibt die angestrebte Energiedichte von 

500 Wh kg-1 klassischer Übergangsmetalloxide auf Zellebene schwer zu erreichen. 

Die Vielfalt der Verbindungen, die eine Umwandlungs-Redox-Reaktion im Festkörper 

aufweisen, hat die Erforschung neuer Materialien für Kathoden der nächsten Genera-

tion durch hohe reversible Kapazitäten inspiriert. Darüber hinaus ist die Elektrifizierung 

des Luftfahrtsektors ein entscheidender Faktor für den Verkehr der Zukunft. Daraus 

ergeben sich veränderte Anforderungen an die Batterietechnologien, da die Zellen 

eine hohe Leistungsdichte, eine hohe Energiedichte, Schnellladefähigkeit, ein gerin-

ges Gewicht, eine kompakte Zellkonstruktion, hohe Batteriesicherheit und das Ver-

wenden von nachhaltigen Ressourcen aufweisen müssen.  

Aus diesem Grund wurden in der vorliegenden Arbeit die Synthese und Oberflächen-

chemie von energiedichten und schnellladenden Materialien sowie die Entwicklung 

und umfassende Charakterisierung von Metall-Schwefel-Batterien für z.B. Li-S, Mg-S 

und hybride Li/Mg-S Systeme durchgeführt.  

In Bezug auf schnell ladende Materialien wurde TiNb2O7 durch Modifikationen aus 

Kohlenstoff-Verbundwerkstoffen weiterentwickelt, um die spezifische Kapazität bei ho-

hen Lade- und Entladeströmen zu verbessern. Weiterhin standen neuartige Konzepte 

von photoempfindlichen Kathodenmaterialien wie beispielsweise Vanadiumpentoxid 

für den Einsatz in einer Lithium-Ionen-Solarbatterie im Fokus. Ausgehend von elektro-

versponnenen Vanadiumpentoxid-Fasern als photoempfindliches Kathodenmaterial 

konnte durch gezielte modifizierte Oberflächen einer Kohlenstoffbeschichtung eine 

verbesserte Leistungsfähigkeit erreicht werden. Zum Erreichen einer höheren Ener-

giedichte in Batterien wurden Metall-Schwefel-Systeme für Lithium-Schwefel und Mag-

nesium-Schwefel Batterien untersucht. Für Li-S-Systeme wurde ein synthetischer An-

satz zur einfachen Herstellung von Lithiumsulfid/Kohlenstoff-Fasern durch die Verwen-

dung eines neuartigen molekularen ‘Single-Source-Präkursors‘ [(LiSC2H4)2NCH3] ge-

wählt. Geeignete Kathodenmaterialien basierend auf Übergangsmetallsulfiden, 
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hauptsächlich Kupfersulfiden, Eisensulfiden und Kupfer-Eisensulfiden, wurden auf-

grund ihrer hohen theoretischen Kapazitäten (Mg: 3.833 mAh/cm3; 2.205 mAh/g) und 

der hohen Verfügbarkeit in der Erdkruste (23.300 ppm) für wiederaufladbare Magne-

siumbatterien untersucht. Der Einfluss ihrer Kristallstrukturen und Morphologie sowie 

nanoskalige Effekte wurden untersucht, um das elektrochemische Verhalten in Wech-

selwirkung mit Mg2+ als aktivem Ion besser zu verstehen. Das Einbringen einer gerin-

gen Menge von Li-haltigen Salzen in den Magnesium-Elektrolyten (Hybrid-Elektroly-

ten) besitzt großes Potenzial, das elektrochemische Verhalten in Kombination mit 

Übergangssulfiden für Umwandlungskathoden zu verbessern.  
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1 Motivation 
 

“Building Better Batteries” was the central message in a publication used by Armand 

and Tarascon in 2008 that was an appeal to motivate researchers from a range of 

disciplines to cross-fertilize solutions for addressing the remaining challenges of reach-

ing the application demands, the further development of battery-driven cars and the 

rethinking of sustainable technology for the future.1 This is almost supplied by the most 

commercialized lithium-ion battery (LIB), although LIBs are not necessarily sustainable 

by today's standards.2,3 The predominant use of the technology in areas such as e-

mobility, mobile electronic devices, or home batteries, cannot hide the fact that it is 

questionable whether the technology will also be able to meet the requirements in 

terms of energy demand.2,4 It is only a matter of time before battery-driven trucks and 

airplanes reach market maturity.5,6 Some leading companies, e.g., CUSTOM-

SCELLS®, are already developing serial production of state-of-the-art lithium-ion bat-

tery cells to let their battery technology become viable for the aviation sector. With their 

article “High Voltage in the Clouds”, published in Master of Batteries end of 2022, it 

became clear that the electrification of the aviation sector is going to be a game-

changer for future transport.7  

 

 
Figure 1: Illustration of battery requirements for the electrification of the aviation sector. 
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Thinking about battery technology for the aviation sector, the requirements in design 

and cell chemistry are entirely different from current standards, as illustrated in  

Figure 1. While high power density is required for a quick take-off (1), a high energy 

density is highly consequential for the actual flight distance (2). Low weight and com-

pacted cell design are decisive in securing energy during the flight. In addition, battery 

safety and the use of sustainable resources (3) to meet the demand for materials for 

such batteries are of crucial importance. Finally, fast-charging capability after a flight 

or alternative ways of charging the batteries, such as solar power (4) during a flight, 

are essential for the frequent schedules of airlines.  

 
Figure 2: Average amount of minerals in a 2020 Li-ion battery of an EV car, its cell architecture, and its general 
working mechanism.  

A brief look at the number of minerals currently used in a battery for an electric-driven 

passenger car (Figure 2) demonstrates how much material is needed to satisfy the 

upcoming demand, not only in the field of electric vehicles (Figure 3). Stationary bat-

teries will emerge in the growing market continuously, which will be challenging with 

limited availability and accessibility of raw materials (e.g., lithium or cobalt).8  

However, the requirements for mobile and stationary battery technologies are slightly 

different. Light weight and compact cell design are the main requirements for mobile 

applications. This is a challenge when thinking about increasing the capacity of the cell 

without increasing the weight or volume of the battery. Light weight and compact cell 

design is desirable but not mandatory for stationary battery systems. Instead, high en-

ergy density and constant power supply are key when other power sources are not 

usable. Therefore, Li-ion batteries are dominating the global market for mobile appli-

cations due to light weight and small cell design. The need for technologies beyond Li-

ion batteries opens for the future of stationary electrochemical energy storage systems. 

Additionally, the rechargeability of the cells depends on the application’s requirements. 
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It is to be considered that not every material has the capability for being suitable for 

fast charging. 

To date, there is a need for optimization in the lifetime, cost, weight, and sustainability 

of battery powered electrical devices. Although some progress has been made since 

the “BBB” call in 2008, especially with regard to the energy density of the electrochem-

ical cell, there is still room for improvement.9,10 In 2014, Richard van Noorden in his 

publication entitled  “The Rechargeable Revolution - a Better Battery” discussed the 

importance of chemists reinventing rechargeable batteries to lower the costs and boost 

the capacity.11 Comparing Li-ion batteries with other cell technologies, there is plenty 

of room for improvement, which, e.g., begins with a radical redesign of the battery cell 

(Figure 2). Examples of these redesigns could be solid-state electrolytes, lithium-sul-

fur, lithium-oxygen, or rechargeable magnesium batteries (RMB).11 

 
Figure 3: Battery weights and energies for different types of applications.  

In addition, the nanotechnology revolution also played a significant role in the improve-

ments of the battery sector regarding capacity, power, cost, and materials sustainabil-

ity.1,12 For instance, high-surface areas and nanosized materials of metal oxides, metal 

sulfides, or carbon-based materials can improve the electrochemical performances of 

the batteries. This effect can be adapted to the next generation of battery technol-

ogy.13,14 
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Figure 4: Transition from today’s battery inner life towards beyond lithium-ion batteries.  

High performance and efficiency are of high importance for future batteries. Battery 

powered mobile devices are indispensable nowadays. One needs to imagine, would 

be impossible without batteries: Starting a car or carrying portable devices such as 

mobile phones, laptops, watches, and many more. By default, they would become im-

mobile. Further, storing energy from renewables, both on and off-grid, such as solar, 

wind, or water, to recall it at a later stage when no renewable energy sources are 

available is prime for energy sustainability. For example, stationary applications ensure 

backup power in case of power outages in critical facilities such as hospitals and tele-

com installations.  

Increased CO2 emissions have led to global warming with rising risks for humanity and 

nature. Batteries are seen as one of the key enablers of a low-carbon society. Batteries 

also help reduce greenhouse gas emissions by efficiently storing electricity generated 

from both conventional and renewable energy sources and providing a power source 

for different mobile electrical applications. Batteries ensure a stable and sustainable 

energy supply and support the creation of a net-zero emission society by 2050.15 
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2 Scientific objectives 
 

The primary aim of this work was the development of electrode materials for the next 

generation of batteries considering the demands of high power and energy density, 

safety, enhanced charging ability, and sustainable resources (Figure 5). 

Based on fundamental concepts applied in the battery sector, the improvement of elec-

trode materials by chemically engineered surface modifications was the first target of 

this study. Advanced characterization techniques were applied, allowing precise anal-

ysis of electrochemical properties and mechanisms. Different synthesis routes of 

TiNb2O7 – carbon composites were tested to investigate their influence on the charging 

performance and cyclic stability of the electrode materials for lithium-ion batteries.  

Moreover, the establishment of new concepts for synergistic harvesting and storing of 

energy from solar power was targeted. Further, optimization by surface engineering of 

vanadium pentoxide as photoresponsive cathode material in lithium-ion batteries was 

another scientific objective of this work. 

 

 
Figure 5: The future of electrode materials for the next generation of batteries. 

Furthermore, metal-sulfur systems for lithium-sulfur and magnesium-sulfur batteries 

were targeted to meet the demand for high energy density for application in the electric 

vehicle market. For Li-S systems, a new synthetic approach for improving material 

production needed to be investigated. To employ sustainable and safe electrode ma-

terials, research beyond lithium-ion batteries was among the primary goals. Recharge-

able magnesium batteries are promising candidates to replace lithium due to their 
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comparable standard redox potential (-2.37 V vs. SHE) and higher theoretical volumet-

ric capacity (3,833 mAh g-1). Suitable cathode materials based on transition metal sul-

fides, their crystal structures, morphology, and nano-sized effects, were to be studied 

to elucidate and further understand the electrochemical behavior in interaction with 

Mg2+ as the active ion. 

The primary goal and structure of this work can be summarized as the following:  

• Synthesis of new active materials for Li-ion batteries and beyond 

• Optimization of active materials by surface engineering and additive manufac-

turing for electrode materials in batteries 

• Development of new synthetic approaches for an improved battery manufactur-

ing 

• Advanced characterization of the electrode materials for an enhanced applica-

tion in energy storage systems  
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3 Introduction 
 

3.1 Know-how on batteries  
 

The history of electrochemical reactions is embossed by the finding of Frederic Daniell 

in 1836 with the famous Daniell-cell.16 In the typical setup, two electrodes of copper 

and zinc are placed in their corresponding sulfate salt solutions, which are divided by 

a diaphragm (Figure 6). By closing the circuit between the electrodes, Zn2+ dissolves 

in the ZnSO4 solution while its electrons are conducted around the circuit to the positive 

electrode. The two electrons are consumed by the Cu2+, which is dissolved in the elec-

trolyte, to form the reduced state (Cu0) at the copper electrode. This conversion redox 

reaction could achieve an operating voltage of 1.1 V and a max current of 100 mA.  

Since this system only applies to primary batteries due to its irreversible reaction, a 

different approach had to be made for secondary batteries. TiS2 – a transition metal 

chalcogenide – was found to have a 2D structure, which can store and release ions 

between the interlayers reversibly without changing its crystal structure. Whittingham 

employed this technique of intercalation/deintercalation of Li+ in TiS2 for the use as 

cathode material for LIBs, which was honored together with Goodenough and Yoshino 

with the Nobel prize in chemistry in 2019.17–19 

 

 
 

Figure 6: Daniell-cell represents an electrochemical cell of a copper/copper sulfate solution and a zinc/zinc sulfate 

solution connected by a salt bridge and an external circuit.   
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A battery is a source of energy that primary can convert chemical energy into electrical 

energy consisting of one or more electrochemical cells with external connections that 

provides power for electrical devices. During the operation of a galvanic cell, the elec-

trical energy is supplied by the chemical redox reactions at the electrodes. In the sim-

plest term of a battery, the cell consists of three parts: the cathode, the anode, and the 

electrolyte. When a battery is connected to an external electric load, ions are trans-

ported from the anode to the cathode supported by the electrolyte. In redox reactions, 

high-energy reactants are converted to lower-energy products, while the free-energy 

difference is delivered via an external circuit as electrical energy.  

Batteries can be mainly categorized into two groups: primary and secondary batteries. 

A primary or ‘single-use’ cell can be only discharged once since the redox reactions 

on the electrodes are irreversible. These cells are designed to be used until exhausted 

of energy before they are discarded. The most common examples are alkaline and 

zinc-carbon batteries. Both produce a cell voltage of around 1.5 V. 

Secondary batteries are rechargeable and can be discharged and recharged multiple 

times using an external power supply. The electrode compositions undergo reversible 

redox reactions meaning that the initial phase before and after one cycle can be re-

stored. Both battery types can be connected in parallel or series to higher the cell volt-

age or the current output. Batteries can be further categorized by their performance 

depending on the cells' architecture, materials, and cell types. Within the field of sec-

ondary batteries are ternary batteries, which are batterie using three transition metal 

oxides as positive electrode. The most prominent electrodes are nickel, cobalt, and 

manganese, which combine the good cycle performance of lithium cobaltate, the high 

specific capacity of lithium nickelate, and the high safety and low cost of lithium man-

ganate. Most common used battery types are summarized, and advantages and dis-

advantages are discussed in Table 1. 
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Table 1: Most common used batteries used today.  

Battery 
Size 

Electrochemi-
cal System 

Nominal 
Voltage 

Type Advantage Disadvantage 

AA, AAA,  
C, D 

Zinc-Manganese 
Dioxide, Zinc-Car-

bon 

1.5V 
Primary 

(non-recharge-

able) 

Decent Power 

density, Low cost 

Susceptible to natural 

rupture, short lifetime 

Nickel-Metal Hy-

dride 
1.2V 

Secondary 

(rechargeable) 

High current abil-
ity, less suscepti-

ble to memory is-

sues, low costs 

Short storage life, 

Susceptible to  
overcharge 

Coin Cell 
Lithium-Manga-

nese Dioxide 
3V 

Primary 

(non-recharge-

able) 

Long-term reliabil-
ity, stable dis-

charge capability, 

Wide temperature 
range 

Susceptible to natural 
rupture 

Flat Pack 
(e.g., Cell 
phone) 

Lithium-Ion (Li-

Ion), Lithium poly-

mer (LiPo) 

3.7V 
Secondary 

(rechargeable) 

Very high energy 

density, limited 
memory effect, 

long life, 

High cost, Vulnerable 

to stress, Safety  

issues 

Car  
battery 

Lead-Acid 12V 
Secondary 

(rechargeable) 

High power  

density, Durable, 
Wide temperature 

range 

Low energy density, 

Heavy, Large size, 

Toxic 

Electro-
motive 

Li-ion with Nickel-
Manganese-Co-

balt (NMC) 

Depending 
on the 

structure 

Ternary 

(rechargeable) 

Very high energy 
density, lower 

costs, long life, 

High cost, Vulnerable 
to stress, Safety  

issues 
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3.2 Lithium-ion batteries 
 
The central part of this section is published in the following review article, which in-

cludes the preparation of the specific section related to lithium-ion batteries. For the 

reproduction in this thesis/dissertation as an author, permission is not required 20: 

 

Yang, Y., Hoang, M. T., Bhardwaj, A., Wilhelm, M., Mathur, S., & Wang, H. Perovskite 

solar cells based self-charging power packs: Fundamentals, applications and 

challenges. Nano Energy 94, 106910 (2022). 

 

A lithium-ion battery generally consists of an anode (Li metal, carbon materials, 

Li4Ti5O12, etc.), a cathode (LiFePO4, LiCoO2, LiMnO2, etc.), a separator, and a lithium-

ion conducting electrolyte (lithium salt in an organic solvent).21 The working mechanism 

of a LIB is illustrated in Figure 7a. On discharge, Li-ions and electrons flow from the 

anode to the cathode via the electrolyte carrier and the external circuit while the anode 

is getting oxidized, and the cathode is reduced. During charging, the Li-ions and elec-

trons are forced by an external power to flow from the cathode to the anode while the 

cathode is oxidized and the anode is reduced. It is worth noting that the voltage of LIBs 

is determined by the difference in chemical potential between the anode and cathode.22  

 

 
Figure 7: a) General scheme of a lithium-ion battery and b) relative energy levels LUMO-HOMO window of the 

electrolyte and the relationship between the electrochemical potentials of the anode (µA) and cathode (µC). 

Moreover, the output voltage is reduced by internal resistance to the ionic current. The 

charging voltage is increased by an overvoltage, which accounts for internal losses 

due to electrical and ionic conduction through the different components of the cell. The 

choice of the electrode and the electrolyte depends on their relationship in electro-

chemical potential values (µA = anode, µC = cathode) and energy positions of the 
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HOMO-LUMO (Eg) of the electrolyte. If the μA is higher in energy, then the LUMO of 

the electrolyte will be reduced, and on the other hand, if μC is lower in energy, then the 

HOMO of the electrolyte inhibits the oxidation of the electrolyte, as shown in Figure 

7b.23 

 
3.2.1 Intercalation vs. conversion mechanisms 

 

In intercalation cathodes (Figure 8), primarily transition metal oxides and sulfides, the 

oxidation state of the metal compensates for the charge of the guest molecules and 

ions, whereas the structural phase of the solid host is not changing.24 In general, this 

process is not different among monovalent (Li+, Na+, K+) and multivalent (Mg2+, Ca2+, 

Al3+) working ions. Depending on the charge and the size of the active ion, the inser-

tion/extraction can be inhibited, resulting in poor performance of the material. The most 

prominent candidates for the most commercially exploited cathodes for Lithium-Ion 

batteries are TiS2 and LiCoO2.25  

 
Figure 8: Illustration of a rechargeable magnesium battery with a metallic magnesium anode and an intercalation 

or conversion cathode based on a transition metal sulfide. Adapted from 19. 
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Electrode materials follow a conversion reaction mechanism involving breaking and 

creating chemical bonds. The conversion-type cathode materials react with the active 

ion to form a working ion compound by reducing the cathode material. Here, compared 

to the intercalation type materials, the active material undergoes a structural defor-

mation by mostly a change of the crystal structure.26–28 Prominent examples of ex-

plored cathode materials for use with lithium metal anodes include sulfur, oxygen, and 

metal halides.29,30 Figure 8 illustrates the working principle of a magnesium ion battery 

using a metallic magnesium anode and a transition metal sulfide cathode. Depending 

on the material, an intercalation or conversion reaction is preferred.  

Table 2 summarize timely applied cathode materials/battery types following an 

intercalation mechanism with lithium-ions in the electroautomotive sector. These 

parameters can be seen as the current state-of-the-art values. In the field of 

intercalation chemistry, the goal is to increase these, whereas the primary target for 

the conversion type materials is to meet these values to make battery manufactoring 

cheaper and more sustainable.  

 
Table 2: Timely used cathode materials/battery types of lithium-ion batteries and their current performance param-

eters. 

Type 
Voltage Window 

(Norminal Voltage) 
Specific Energy Charge Rate Cycle Life 

NCA 3-4.2V (3.6V) 200-300 Wh kg-1 0.7C 500 cycles 

NMC 3-4.2V (3.7V) 150-220 Wh kg-1 1C 1500 cycles 

LTO 1.8-2.85V (2.4V) 50-80Wh kg-1 1-10C 3500 cycles 

LMO 3-4.2V (3.7V) 100-150 Wh kg-1 0.7-1C 350 cycles 

LFP 2.5-3.65V (3.3V) 90-120 Wh kg-1 1C 2000 cycles 
NCA = Nickel-Cobalt-Aluminum, NMC = Nickel-Manganese-Cobalt, LTO = Lithium Titanate, LMO = 

Lithium Manganese Dioxide (spinel), LFP = Lithium-Iron-Phosphate 
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3.2.2 Titanium niobium oxides (TiNb2O7) as anode materials for LIB 

 

The central part of this section is published in the following article, which includes sup-

port in manuscript preparation. Further, in this study, formal XPS characterization, 

analysis, evaluation, and preparation of the scientific section related to TNBO and 

TNBO/KC, as well as their influence on the electrochemical properties of their materi-

als, were done. The chemical synthesis of the material was done by the first and co-

authors. For the reproduction in the thesis/dissertation as an author, permission is not 

required 31: 

 

Thiyagarajan, G. B., Shanmugam, V., Wilhelm, M., Mathur, S., Moodakare, S. B., & 

Kumar, R. TiNb2O7-Keratin derived carbon nanocomposites as novel anode materials 

for high-capacity lithium-ion batteries. Open Ceram. 6, 100131 (2021). 

 

The performance of conventional lithium-ion technologies with graphite as an anode 

material is limited by its low working potential (~0.1 V vs. Li/Li+), which leads to the 

formation of passivating solid-electrolyte interphase (SEI), resulting in poor cycle life 

and safety related issues (Figure 10b).32 Moreover, graphite-based anode chemistry 

requires a formation cycle prior to the application, which directly impacts the cost and 

time of the production line. Owing to the challenges posed by graphite anodes, explor-

ing alternative anode materials with high energy storage capabilities is in order. 

 
Figure 9: Crystal structure of monoclinic TiNb2O7 (Blue = Ti/Nb, red =O). 

Recently, monoclinic TiNb2O7 (Figure 9) was proposed as potential alternative anode 

material for LIB owing to its large theoretical capacity of 387 mAh g-1 and high working 

potential of ~1.6 V, preventing the formation of SEI layers and lithium dendrites.33–37 

Albeit the aforementioned advantages, TNO possesses low electronic (< 10-9 S cm-1) 

and ionic conductivity.38 It also suffers from a low Li+-ion diffusion coefficient (DLi in TNO 
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= 10-12 cm2 s-1), resulting in poor rate capability (DLi graphite between planes = 10-12 cm2 s-1 

and DLi in plane = 10-6 cm2 s-1). The enhancement of the rate capability of TNO has been 

explored through nano-structured forms of TNO (particles, fibers, rods, and porous), 

doped TNO (Mo, V), and TNO carbon composites (CNT, graphene, and graphene ox-

ide) which are reported widely in the literature.34,39–46 The nano-structuring of TNO is 

reported to facilitate the fast diffusion of lithium-ions between the electrode-electrolyte 

interface boosting electrochemical performance. In the case of doped TNO and TNO-

carbon composites, dopants and carbon components, respectively, contribute towards 

an increase in the ionic and electronic conductivity of TNO. The comparison of the rate 

capabilities of these materials is shown in the Ragone chart (Figure 10a). The superior 

performance of TNO/carbon composites is imperative in contrast to doped TNO and 

nano-structured forms of TNO. Most of the earlier work reports the fabrication of 

TNO/carbon composites employed carbon-nanotubes, graphene, and graphene oxide 

as carbon sources which, besides being expensive, also involve complex and special-

ized preparation routes limiting their scalability for possible use in LIBs. 

 

 
Figure 10: a) Ragone chart showing rate capabilities comparison of earlier works on different forms of TiNb2O7 

materials. Reprinted and modified with permission 31. b) Illustration of the formation of a solid electrolyte interface 

upon cycling of the negative electrode at low working potentials.  

Although the presence of carbon in TNBO/carbon composites contributes towards per-

formance enhancement of LIBs via improved electrical and ionic conductivities, the 

role of nano-structuring in the improvement of the electrochemical performance and 

conversion efficiency cannot be undermined.  
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In this context, it is expected that a hybrid, nano-structured TNBO/carbon composite 

as anode materials will synergistically combine good electrochemical interactions con-

comitant with improved electronic and ionic conductivities resulting in high-performing 

LIBs.  
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3.2.3 Electrode design and preparation 

 

In the classical electrode preparation method, the active material is mixed with a 

binder, a conductive additive, and a solvent together to form a slurry. This slurry is then 

coated on a current collector, mostly copper and aluminum, and afterward dried to form 

the desired electrode. The bottleneck with these coated slurries is that the binder and 

the conductive carbon, as well as the current collectors, are inert materials for the elec-

trochemical redox reactions and just increase the weight of the cell ( 

Figure 11). Additionally, the most common solvent N-Methyl-2-pyrrolidone (NMP) has 

environmental issues and is unfavorable for human health. 

 

 
 

Figure 11: Active material suspended in a battery slurry and coated on current collectors. Allocation of material in 

the electrode preparation.  

With the increased demand for energy storage in different sectors, flexible devices are 

getting more attention.47 Therefore, it is of great interest to achieve flexible electrodes 

to enable the application of flexible batteries, as illustrated in Figure 12. With the 

achievement of flexible solid-state electrolytes, the potential for flexible all-solid-state-

batteries is rising.48,49  
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Using flexible electrodes requires thin metal current collectors, which are expensive in 

production (Cu = 8-9 €/kg, Al = 2.5-3.5 €/kg). Therefore, another advantage would be 

to waive the metal foils as current collectors and achieve directly free-standing elec-

trodes during the synthesis.  

Flexible and free-standing anode materials are already known, mainly consisting of 

graphene and graphene-like structures. The architectures have a variation of different 

dimensions of 2D and 3D electrodes. Foams of carbon allotropes or film-like structures 

have found the most application so far.50 Moreover, the deposition of active materials 

such as metal oxides and sulfides on flexible carbon fibers, e.g., carbon-clothes or 

electrospun fibers, have been investigated as flexible and binder-free electrodes for 

different types of batteries.51–56  

 

 
Figure 12: Illustration of a flexible battery in a bendable smartphone. Reprinted with permission from 56. 

Free-standing graphene-based films also have the potential to serve as free-standing, 

flexible, and binder-free electrodes. For these graphene-based films, mainly graphene 

oxide is used due to its surface functional groups, which build stable dispersions and 

have the potential to connect to giant graphene oxide films upon drying. Additional to 

the self-supported properties, it is possible to incorporate other electrochemically ac-

tive materials between or onto the graphene layers.57–62 After the reduction of the GO-

films, highly electrical conductive films can be obtained after the calcination in a reduc-

tive atmosphere. Depending on the reduction procedure, different electrical conductiv-

ities can be achieved for the free-standing films, influencing the electrochemical per-

formance of the cell.57 
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3.3 Beyond lithium-ion batteries 
 

3.3.1 Lithium-sulfur batteries 

 

The following chapter includes parts that are published in the following article, including 

the support of writing the specific part in the paper related to lithium-sulfur batteries 

and sketching of figures in this chapter. For the reproduction in the thesis/dissertation 

as an author, permission is not required 63: 

 

Brune, V., Bohr, C., Ludwig, T., Wilhelm, M., Hirt, S. D., Fischer, T., Wennig, S., 

Oberschachtsiek, B., Ichangi, A., & Mathur, S. A novel molecular synthesis route to 

Li2S loaded carbon fibers for lithium-sulfur batteries. J. Mater. Chem. A 10, 9902–9910 

(2022). 

 

The rapid global consumption of fossil fuels is directly linked to huge CO2 emissions. 

Therefore, the energy obtained from renewable sources like wind and solar is crucial 

for a sustainable energy supply.64,65 

In this context, large-scale energy storage will play a key role in future energy technol-

ogies.66 In general, batteries as electrochemical storage devices for different applica-

tions should meet several requirements of safety, high energy and power density, fast 

charging capability, sustainability, and natural abundance of raw materials.64 Among 

the innumerable energy-storage technologies, the lithium-sulfur battery has emerged 

as a promising alternative because of its high theoretical gravimetric energy density 

(about 2600 W h kg−1).67 Furthermore, sulfur is highly abundant, economically priced, 

and non-toxic.68–70 However, the low electrical conductivity of sulfur and lithium sulfide 

leads to limited high-rate capability.71 Additionally, the polysulfide shuttle effect and the 

volume change of about 80% during cell operation are further challenges of this battery 

system that have prevented its commercialization so far.72–74 The volume change leads 

to mechanical stress within the cathode, which can result in electrode cracking and 

electrode pulverization as well.75 The shuttle effect involves the dissolution of higher-

ordered polysulfides (Li2S4–Li2S8) in the electrolyte, their migration to the anode, and 

their electrochemical reduction on the anode's surface, which result in the formation of 

an additional passive layer composed of solid lithium sulfides such as Li2S and Li2S2 

(Figure 13).76 This leads to increased cell resistance. Lower-ordered lithium 
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polysulfides diffuse back to the cathode, provoking chemical reactions with the cathode 

resulting in a decreased coulombic efficiency.73 Finally, the shuttle effect causes a loss 

of the active material at the cathode, resulting in capacity fading.77,78  

 
Figure 13: Crystal structure of Li2S2 (left) and Li2S (right). Reprinted with permission from 76. 

Applying elemental sulfur as the cathode material requires the deployment of ele-

mental lithium as the anode. Lithium anodes can cause serious safety concerns since 

lithium dendrites can grow through the separator leading to short-circuits, which can 

result in a thermal runaway, as illustrated in Figure 14.79  

Recently, lithium sulfide (Li2S) has received much attention as an electrochemically 

active cathode material in lithium-sulfur batteries because a lithium-free anode can be 

used, and thus a higher level of safety can be ensured.79 Li2S also has a higher melting 

point than elemental sulfur, enabling the synthesis of advanced materials at higher 

temperatures. Therefore, Li2S establishes various strategies for the composite for-

mation and surface modification to enhance the electrical conductivity of the cathode. 

A common method for achieving this purpose is the embedding of the active material 

in a carbon matrix, as illustrated in Figure 15.80,81  

 
Figure 14: Working principle of a lithium-sulfur-battery. 
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Figure 15: Illustration of the battery configuration with I-Li/PVP fibers as cathode material in a lithium metal-free 

anode. 

The synthesis of hierarchically porous 1D structures by electrospinning methods re-

veals an alternative synthetic approach to embed the active material in a flexible, free-

standing, and conductive carbon matrix to accelerate the electronic and ionic transfer 

of the active material for improving the cycling stability.82 This synthesis enables the 

formation of 1D-fibers with varying diameters owing to the influence of changing pro-

cess parameters such as the viscosity of the spinning solution, voltage, or kind of col-

lector, among others.83–85 Porous carbon nanofibers tend to be an ideal matrix due to 

their low weight, high electronic conductivity, and adjustable structural properties, 

meaning pore volume, pore size, and specific surface area.54,80,86 Furthermore, carbon 

fibers can mitigate polysulfide dissolution by enhanced chemical adsorption of inter-

mediate species and therefore reduce the shuttle effect significantly.83,87–90 A simple 

synthetic access to lithium sulfide cathodes is hampered by the moisture sensitivity 

and reactivity of lithium.91 So far, the electrospinning of Li2S has been limited to inert 

electrospinning devices or the use of Li2SO4 as the precursor, which can be reduced 

to Li2S by a carbon source and hydrogen, respectively.55,92 Li2SO4 has the advantage 

of high stability against oxygen and moisture. As a drawback, the solubility of Li2SO4 

is almost exclusive in aqueous solutions, which is a limiting factor in the choice of pol-

ymer for the electrospinning process. 
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By using different precursors instead of Li2SO4, Ye et al. achieved Li2S/C fibers with 

high mass loading (72 wt%) by electrospinning a Li2SO4/PVP precursor solution under 

inert conditions. The disadvantage of this synthesis route is that precursor and material 

must always be under inert conditions, compared to the here presented molecular pre-

cursor.93 

 

Figure 16: Synthesis of the ligand N-Methyldiethanthiolamine I ((HSC2H4)2NMe). Reprinted with permission from94.  

Using presynthesized compounds combing lithium and sulfur already at a molecular 

level shows the advantages of preformed Li–S bonds and the opportunity to shield and 

protect the sensitive Li–S unit against oxidation by introducing a suitable ligand. This 

can be done by combining the dianionic, tridentate SNS ligand system 

((HSC2H4)2NMe) (Figure 16) with a suitable lithium source (e.g., butyllithium). The sta-

bilizing properties and clear thermal decomposition of this ligand system have already 

been reported before in molecular precursor synthesis of transition metal dichalcogen-

ides (TMDCs).94,95 To overcome the current limitations in the synthesis of Li2S electro-

spun fibers, a molecular approach towards a stable synthesized precursor can poten-

tially guide the way to a successful composition. This molecular precursor enables the 

electrospinning of lithium sulfide-based fibers under ambient conditions from a single 

precursor solution, which is not limited to only aqueous solutions, ensuring a simple 

preparation of Li2S/C nanofibers.  
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3.3.2 Sodium-ion batteries 

 

The central part of this section is published in the following review article, which in-

cludes the writing of the following specific section and compilation of the graphics re-

lated to graphene-based anodes for sodium and potassium-ion batteries. For the re-

production in the thesis/dissertation as an author, permission is not required 13: 

 

Hong, Z., Maleki, H., Ludwig, T., Zhen, Y., Wilhelm, M., Lee, D., Kim, K.-H., & Mathur, 

S. New insights into carbon-based and MXene anodes for Na and K-ion storage: A 

review. J. Energy Chem. 62, 660–691 (2021). 

 

Na-ion batteries and K-ion batteries are promising alternatives to vastly used lithium-

ion batteries mainly due to the larger natural abundance of sodium and potassium re-

sources. Carbon-based and MXene materials have received increasing attention due 

to their unique layered structure to accommodate the larger sodium and potassium 

ions. It’s proposed that ionic size disparity (K+: 1.38 Å; Na+: 0.97 Å; Li+: 0.76 Å) leads 

to sluggish intercalation and extraction kinetics in larger alkali metal ions. Neverthe-

less, the electrochemical inactivity of sodium intercalation in graphite suggests that 

different chemical properties of active materials and their interactions with carbon host 

and electrolytes are crucial for interfacial instability and irreversible capacity loss. 

Structural modifications by expanding interlayer spacing and defect engineering ena-

ble reduced diffusion barriers and enhanced insertion of sodium or potassium, but it 

blurs the electrochemical performance between the battery and capacitor.  

The formation of thermodynamically unstable NaC6 in graphite inhibits its potential Na-

ion storage ability. The discrepancy of Na-ion size with respect to interlayer distance 

also reflects the poor efficiency of graphite as an anode material in sodium-ion batter-

ies. Compared to the intercalation of Li-ions into a graphite host, the benefit of using 

few-layer graphene is mainly the larger interlayer distance between the individual car-

bon layers as the van der Waals interactions are weaker in few-layered graphene, also 

due to the presence of functional groups and defects. Furthermore, graphene-based 

materials have witnessed growing interest manly due to a higher gravimetric capacity 

and energy density favored by their high electrical conductivity, high specific surface 

area, and higher electrochemical activity for ion storage.96,97 
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The storage mechanism of Na-ions into graphene layers is still under research and it 

spawns a variety of advanced results.98–101 Two known mechanisms for the storage of 

Na-ion in graphene-like host materials are referred to insertion and adsorption. The Na 

ion storage mechanism by adsorption is mainly driven by the presence of defects, na-

novoids, and dopants.102 In the case of sodium, the interlayer distance in graphite is 

unfavorable for the transition of Na-ions between the single carbon layers, which has 

been reported earlier.97,103 Previous studies confirmed the formation of NaC64 during 

electrochemical intercalation of sodium in graphite instead of the assumed MC6 struc-

ture.104 In general, the mechanism of pore filling occurs at lower voltages (~0.1 V), 

while the insertion of Na ions between graphene layers takes place at higher voltages 

around 0.6 V from CV curve and displays capacitive-controlled behavior with slop so-

diation potential profiles.105–108  

 
Figure 17: Adsorption of Na on graphene with divacancy and Stone-Wales defects in graphene. Reprinted with 

permission from 109. Copyright 2014 American Chemical Society. 

A single layer of pristine graphene showed lower adsorption of Na-ions on the surface 

compared to defect-rich materials, due to lower charge transfer between the graphene 

plane and the alkali metal ion. The adsorption and, therefore, the reachable capacities 

are affected by the presence of voids. DFT calculations indicated that divacancy and 

Stone-Wales defects with a higher charge transfer results in a capacity of  

1450 mAh g-1 and 1071 mAh g-1 (Figure 17).102,109 Despite the high insertion of the 

ions, the performance of these materials lacks high columbic efficiency.110 Interest-

ingly, depending on the synthesis route or even more on the quality of graphene, a 

different Na+ storage mechanism can be observed. Graphene, which was synthesized 

at lower reaction temperatures, is comparable with reduced graphene oxide (rGO) in 

quality, storage mechanism, and electrochemical performance. Higher reaction tem-

peratures yielded highly reduced graphene oxide that displayed an interlayer distance 

of 0.38 nm, which is beneficial for Na+ insertion.111 An interesting piece of work in the 
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field of sodium ion storage into rGO anode material was reported by Wang et al.112 

demonstrating a reversible capacity of 174.3 mAh g-1 at 0.2 C and 93.3 mAh g-1 at 1 C 

after 250 cycles. Due to higher electrical conductivity, with larger interlayer distances 

and a disordered structure, rGO enabled the storage of Na-ions and an irreversible 

loss after the first cycle. Similar to Li-ion batteries working with carbon-based anode 

materials with the formation of a characteristic SEI layer after the first cycle, a cathodic 

peak near low-voltage of 0.01 V is proposed in the adsorption of the ion to the active 

site of the host material.112 Additionally, rGO-based anode materials are highly flexible 

and get along without any binder or conductive additives, which is practicable for bat-

tery applications.58,111 Kang et al.113 reported a high capacity of 930 mAh g-1 with the 

use of expanded graphite oxide (GO) as anode material. Furthermore, they studied the 

influence of different oxygen-containing functional groups like hydroxyls, carbonyls, 

and epoxides on the electrochemical properties to figure out that only epoxide groups 

with the absence of other oxygen functional groups enhances the electrochemical per-

formance, mostly by the intercalation storage mechanism of Na+.109,113 

 
Figure 18: Fully sodiated stages of GO structures of 1:2 epoxide/hydroxyl mixed structures with a ration of 12.5% 
and the epoxide-only structure with an O/C ration of 50.0%. Yellow, red, white, and grey balls represent Na, O, H, 

and C atoms, respectively. Adapted with permission from 113. Copyright 2015 American Chemical Society. 
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Heteroatom doping with atoms such as N, P, S, B, and F demonstrated a significant 

enhancement of electrochemical performance owing to the so-called pseudocapacitive 

action of the electrode material. In this mechanism, the doped surface acts as an elec-

tron donor to attract protons. Furthermore, the adsorption of alkali metal ions can be 

distinguished by surface hydrophilicity, charge transfer, and electrode-electrolyte inter-

action.114–117 More recently, DFT calculations by Nijamudheen et al.118 suggested that 

fluorine substitution at the uppermost layer of few-layer graphene not only modifies the 

electronic structure but also enables the thermodynamically favorable binding of Na 

within the carbon layer (Figure 19). Besides, the viability of K-ion intercalation into the 

graphene layer was also reported.118 This study demonstrated the potential of gra-

phene-based materials for metal-ion storage by heteroatom doping strategy and pro-

vided the fundamental guide for the structural design of carbon-based electrode mate-

rial.  

 
Figure 19: Models used to study the sodium intercalation chemistry in a four-layered graphene anode and the metal 
intercalation of 4LG with surface modifier (hydro fluorinated graphene. Adapted with permission from 118. Copyright 

2020 American Chemical Society. 

In the case of nitrogen doping, the most commonly used dopant that can be easily 

integrated with three different types of nitrogen bonding to carbon atoms have been 

detected and designated as graphitic-N, pyrrolic-N, and pyridinic-N. An idea for this 

explanation of the improved electrical conductivity was given by Panchakarla et al., 

employing calculations of the electronic structure with the difference of the electronic 

bands within 1 eV of the Fermi energy. They revealed that doped graphene has the 

potential to exhibit the fascinating properties of pristine graphene justified by a positive 

shift of the Fermi energy at the apex of the Brillouin zone of graphene.119 Especially, 

N-substitution enhances the electrical conductivity of the carbon structure by an addi-

tional fifth electron, donated by nitrogen, leading to strong valence bonds with carbon 

atoms and a higher positive charge.120,121 Additionally, the density of states 
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calculations supports the high-rate capability of the doped graphene and suggests a 

metallic character for the C46N3 configuration, which is favorable for fast electron/ion 

transfer, superior rate capability, high capacity, and long cycling life for SIBs.122  

It is known that pyridinic-N enhances the electric conductivity by raising the density of 

p states near the Fermi level and, hereinafter, the transfer of Na+, leading to the im-

provement of the rate capability of the electrodes.123,124 More recently, Huang et al.125 

prepared carbon nanosheets with high content of pyridinic-N and illustrated the en-

hanced Na (K) storage ability when compared to pyrrolic-N, as presented in  

Figure 20a. 

 

 
Figure 20: a) Schematic illustration of the three main bonding configurations of nitrogen in N-doped graphene and 

the different interaction of Na+ and K+ with the 2D structure based on the adsorption energy. Reproduced with 
permission from 125. Copyright 2020, Wiley-VCH. b) An in-plane ‘hole’ defect produced by pyridinic nitrogen-doping 

(blue) and c) an out-of-plane ‘protrusion’ defect through phosphorus substitution (pink). Reproduced with permis-

sion 126. Copyright 2017, Royal Society of Chemistry. 

 

In this study, the defect structure further boosted the adsorption ability of metal ions. 

The adsorption energy of sodium(potassium) for pyridinic- and pyrrolic-N-doped car-

bon surfaces are 4.76 eV (4.36 eV) and 4.25 eV (3.91 eV), which are larger than 
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graphite N-doped structure of 0.37 eV (0.88 eV). Finally, this strategy enabled a high-

performance carbon anode with unexpectedly high-rate capability and long cycling life 

of over 10,000 cycles due to the modification of local charge density distribution.  

Graphene doping with sulfur yielded, besides the larger interlayer distance, two bene-

fits for their usage as sodium anode material. Firstly, by exchanging carbon atoms with 

sulfur atoms, the highly ordered structure and translational symmetry in graphene were 

disordered, which led to a large number of active sides.127 Secondly, the C-S-C inter-

actions can react under a step-wise redox reaction with Na-ions at higher potential with 

the redox couples of 1.1/1.7 V and 1.6/2.0 V to form Na2S2 and Na2S. The existence 

of the C-S-C bonding interactions before and after cycling was proved by XPS meas-

urements and indicated no disruption in the chemical interactions.123,127 Besides, the 

reaction between S and Na is significantly more reversible than that between O and 

Na.127 Furthermore, covalent S-doping created nanopores that enabled a z-axial Na-

ion diffusion pathway beneficial for the active sites that led to improved electrode ki-

netics.128  

Phosphorous doping is another robust strategy to improve the structure and properties 

of graphene anode for NIBs.129,130 Remarkably, it has an interesting electronic and 

structural effect when compared with N doping. Yang et al.126 compared P- and N-

doped graphene anodes showing an out-of-plane ‘protrusion’ and an in-plane ‘hole’, 

respectively. P-doped graphene anodes showed a remarkably higher electrochemical 

performance compared to N-doped graphene electrodes due to the much larger inter-

layer spacing. As displayed by the shadowed and solid layers (Figure 20b and c), the 

distance between the layers for the P-doping type was increased due to the introduc-

tion of a nonplanar configuration sandwiched between them, leading to an increased 

(0002) spacing and more Na+-insertion active sites. Phosphorous atoms have a longer 

P-C bond length (1.76 Å) compared to N-C bonds (1.40 Å) as well as to the C-C bonds 

(1.38 Å), resulting in the puckering of the defect sites forming a quasi-trigonal pyrami-

dal type, where the P atom is sitting 1.54 Å out of the plane. This configuration is more 

stable than the in-plane one, and the formation is driven by the rehybridization of the 

pz states of the vacant C sites.126 
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Figure 21: Adsorption energy of sodium electrochemically adsorbed onto the surface of the pristine graphene, N-
doped, and N/S-co-doped graphene, along with corresponding geometry configurations (top). Electrochemical 

measurements of the undoped, N-doped, and N/S-co-doped materials and additional long-term cycling performance 

of the co-doped graphene (bottom). Reproduced with permission from 131. Copyright, 2018 Elsevier. 

Consequently, the P-doped graphene electrode displayed a higher capacity and faster 

energy storage with 210 mAh g-1, while the N-doped graphene delivered only 

52 mAh g-1 at 500 mA g-1.126 Furthermore, supported by in situ TEM performed during 

the charging/discharging cycles, they demonstrated the differences in the mechanism 

especially given by the insertion/exertion of Na-ions in addition to the surface adsorp-

tion at the ‘protrusions’ in graphene electrodes; whereas only Na-ion adsorption can 

take place on the surface of the N-doped graphene. One challenge in doping the gra-

phene sheets when using graphene oxide as starting material lies in the presence of 

the oxygen-containing functional groups that invariably remain on the surface, even 

after strongly reductive treatment and thermal treatment at 700°C, which leads to an 

irreversible loss during the first cycles due to the formation of the SEI layer. Co-doping 

strategy with two different heteroatoms had also been tested for the improvement of 

the electrochemical behavior, for instance, by doping graphene nanosheets with nitro-

gen and sulfur via polymerization and carbonization method, and good electrochemical 

values were achieved.123,132,133 Besides the expanded interlayer distance, the co-dop-

ing induced defects that eased the transfer of Na+ and reduced the diffusion barrier.123 
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Ma et al. 131 investigated the adsorption energy of N/S-co-doped graphene and found 

that the N-doped species exhibited a lower negative value compared to the pristine 

graphene (Figure 21 (top)). For the N/S-co-doped graphene, even a lower value was 

determined, which is muchly favorable for the redox reactions located at/nearby the 

dopants. Further, N-doping introduces in-plane ‘holey’ defects, where Na ions can be 

adsorbed on the surface of the graphene network similar to the chelation in crown ether 

type ligands, which creates a spacious reservoir for storing more charges. Electro-

chemical measurements resulted in an increasing trend of the capacities from undoped 

to co-doped graphene (90 mAh g-1 for the undoped, 200 mAh g-1 for the N-doped, and 

260 mAh g-1 for N/S-doped graphene after 100 cycles), which affirmed the similar trend 

to higher adsorption of Na ions on the surface driven by the different adsorption ener-

gies of the materials.131 Coexisting of amorphous P and N dopants on the surface of 

graphene demonstrated an ultra-stable cyclic performance and excellent rate capabil-

ity (809 mAh g-1 at 1500 mA g-1) was achieved. In this system, the benefits of nitrogen 

and phosphorous doping were combined to create a highly conductive, defect-rich, 

and P-active graphene layer. Compared to the earlier described adsorption mecha-

nism, the intercalation of Na+ is suggested as a conversion reaction to form Na3P.122,134 

Similarly, the co-doping of B, N has a synergistic effect, and its electrochemical perfor-

mance is enhanced than that observed in single heteroatom doping.135,136 Further, by 

changing the morphology of the co-doped graphene layers into nanotubes, fast diffu-

sion kinetics and capacitive-controlled behavior, leading to an overall improved elec-

trochemical performance, have been reported.135 DFT calculations of the interaction of 

sodium atoms with boron and nitrogen-doped epoxy-graphene postulated an en-

hanced attraction of the doped materials compared to the pristine epoxy- graphene 

driven by the negatively charged epoxy group, however this model was not validated 

so far by experimental studies.137,138 
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3.3.3 Rechargeable magnesium batteries 

 

The demand for safe energy storage systems with high energy density and long cycle 

life is growing up more and more. Among different monovalent alkaline and bivalent 

alkaline earth metals, magnesium has the highest theoretical volumetric capacity 

(3,833 mAh cm-3) and outperforms the global player lithium in direct contrast. Magne-

sium keeps up in terms of gravimetric capacity and meets the demand of sulfur as one 

of the promising counter cathode materials for the next generation batteries, such as 

Li-S, Na-S, or Mg-S (Figure 22b). 

 

 
Figure 22: a) Standard redox potentials of magnesium and lithium and their electrochemical behavior as the metallic 

anode. b) Gravimetric and volumetric capacities of lithium, magnesium, and sulfur. 

Secondary magnesium batteries have been regarded as promising candidates for 

large-scale storage systems with high safety, high energy density, and low production 

costs.139–142 Furthermore, compared to lithium, magnesium is more available and much 

more accessible due to its higher abundance in the earth's crust, e.g., as carbonate 

derivates such as MgCO3 (magnesite) and CaCO3•MgCO3 (dolomite). This is an es-

sential advantage in cost and sustainability.143,144 The environmental impact of using 

‘green chemicals’, recycling, and a small carbon footprint plays an essential role in 

terms of battery production and sustainable energy harvesting and storage. Magne-

sium-based batteries could address these properties in the near future.1 As Mg batter-

ies are in their initial steps, different bottlenecks of the electrolyte and the cathode 
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materials must be addressed, considering the earth's abundance of the needed ele-

ments in the battery (Figure 23).145 

 

 
Figure 23: Abundance of Li, Mg, S in earth's crust and selective transition metals. 

However, magnesium batteries profit from the use of a metal anode due to the den-

drite-free deposition of magnesium ions. The dendrite-free deposition compared to el-

emental lithium can lead to a safe operation combined with a high negative reduction 

potential of -2.37 V vs. the standard hydrogen electrode, as illustrated in Figure 22a. 

The magnesium battery has a lower reactivity with air and rapid formation of a pas-

sivation layer MgO.146,147 In addition to the challenge of finding suitable liquid or solid-

state electrolytes, the hunt for viable cathode materials is a crucial success factor for 

battery fabrication. Beside the chevrel phase (Mo6S8), the interest in metal sulfur cath-

ode materials is rising.141,148–150 Depending on the transition metal, the reversible elec-

trochemical reaction undergoes an intercalation or conversion reaction mecha-

nism.28,151 The systematic screening of transition metal sulfides as cathode materials 

for rechargeable magnesium batteries and the discussion of their mechanistic reac-

tions is of great interest. Especially the influence of the crystal structure on the electro-

chemical performance of the host materials is significant for designing new electrodes. 

A sluggish diffusion of Mg2+ and slow kinetics led to elevated operation temperatures 

for Mg-ion batteries or require nano-structuring of the electrodes.152 Even when the 

mobility of Mg2+ is accelerating with increased temperature, drawbacks in practical 
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application and disadvantages of, e.g., parasitic reactions hinder the commercializa-

tion.148  

However, in order to realize rechargeable magnesium battery technology, a remaining 

challenge is to identify efficient cathode materials that are able to generate high voltage 

and energy capacity.153 Aurbach was the first researcher who published a viable cath-

ode material based on Mo6S8 in 2000. Based on an intercalation mechanism, Mo6S8 

showed sustainable capacity retention when cycled vs. Mg2+/Mg with a limited 1.4 V 

output voltage.139  

 

 
Figure 24: Schematic illustration of the intercalation (top) and the conversion (bottom) electrochemical reaction and 

their voltage profiles (right) for magnesium batteries. 

Enhanced performance of the battery is possible when the cathodes include materials 

that exhibit higher theoretical capacities. Modern research of improved and suitable 

cathode materials for LIBs have driven the focus to the development of sulfur as active 

material in the cathode due to its high natural occurrence and theoretical gravimetric 

capacity (1,675 mAh g-1).154 Further, it is non-toxic and paired with a Mg metal anode, 

it offers a theoretical energy density of over 3,200 Wh cm-3, based on the two-electron 

conversion reaction of Mg2+ + S + 2 e- à MgS, which yields a theoretical cell voltage 

of 1.77 V.141 MgS has a hypothetical power density of 46 Wh kg-1.155 Recent drawbacks 

of utilizing elemental sulfur as active material are the formation and dissolution of pol-

ysulfides in the electrolyte causing the failure of the electrochemical cell.156,157 Sulfur-

based compounds have the advantage that, based on the bonded metal, the material 
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can undergo a reversible intercalation or conversion reaction. The conversion vs. the 

intercalation mechanism for magnesium batteries is illustrated in Figure 24.  

The advantages of this mechanism are higher capacities and higher energy densities. 

This mechanism also suffers some drawbacks, e.g., in the significant voltage differ-

ence between charge and discharge, resulting in poor efficiency and lower operating 

voltage compared to intercalation-based materials.1 The structural deformation of the 

electrode material as a result of the conversion of the metal-based compound to the 

elemental form of the metal causes the dissolution of intermediates in the liquid elec-

trolyte.  

Especially for Mg2+ as the active ion, the conversion type reaction is thermodynamically 

favored and may circumvent the sluggish insertion and diffusion kinetics to go beyond 

intercalation chemistry.152 In 2007, Amir et al. reported that for chalcogen cathode ma-

terials, e.g., layered Ti2S4, cubic Ti2S4, CuS, CoS, NiS, TiSSe, NiSSe, in a nonaqueous 

magnesium battery, the electrochemistry variates from intercalation and displacement 

reactions depending on the active material.158   

One of the most promising candidates as a conversion-type cathode material is sulfur. 

The redox coupling of Mg and S is emerging in more and more interest due to their 

high abundance with high theoretical energy densities during the reversible reac-

tion.141,159–161 First investigation based on a sulfur cathode paired with a Mg-metal an-

ode and a Mg-based electrolyte was made in 2011, showing the compatibility of the 

system.162  

The first principal studies of the mechanism were reported by Robba et al. showing a 

multiple-step conversion of sulfur to polysulfides (high-voltage plateau) and polysul-

fides to MgS (low-voltage plateau) in a glyme-based electrolyte. This general mecha-

nism is schematically shown in Figure 25.163   

 
Figure 25: Mechanistic study of a magnesium-sulfur battery discharge. Reprinted with permission from 163. 2017 

Copyright American Chemical Society. 
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Interestingly, they could further show with investigations in XANES, RIXS, and NMR 

studies, that MgS discharges in a tetrahedral environment. This is particularly interest-

ing since the chemically synthesized MgS crystallizes in octahedral coordination of 

magnesium in the well-known rock-salt structure. Robba et al. also showed the ab-

sence of diffraction peaks of MgS crystallized in the rock-salt structure during in-oper-

ando XRD, whereas they mentioned that MgS is present in another form of either na-

noparticles or still in an amorphous form. Further investigations by RIXS and XANES 

showed differences in the electrochemically formed structure of MgS compared to the 

chemically synthesized MgS, but it was pointed out that a cubic phase has formed.163 

It was further predicted that the chemical shift observed by solid-state NMR is more 

similar to the MgS-wurtzite structure than to the MgS-zinc blende.163  

The formation of nanocrystalline MgS is also supported by the observations made by 

Vinayan et al. by in-operando Raman spectroscopy.164 

 

 
Figure 26: Solid-state 33S-NMR of charged and discharged stages of a magnesium sulfur battery. Reprinted with 

permission from 165. 2018 Copyright American Chemical Society. 

Contrary to that, Nakayama et al. reported the zinc blende structure of the discharged 

MgS product by using similar characterization techniques, mainly 33S-NMR  

(Figure 26). Moreover, they predicted no observation of the wurtzite structure. Even 

from starting with commercially available rock salt MgS, it was indicated that a much 

smaller electrochemical activation was observed, and a lower capacity was yielded. 

Further, the study resulted in an irreversible structural change regarding sulfur, which 

could not be observed as crystal phase in the XRD diffractometer after charging. The 

influence of the amorphous phase after the first cycle was further investigated by ex 

situ HE-XRD and pointed out that no S-S binding distances could be observed, indi-

cating that the charged cathode does not return to the ordered S8 structure for S8 
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clusters or crystals.165 Nakayama et al. described the mechanism as followed. During 

the initial cycle, Mg reacts with S8 in a solid-state reaction, forming MgS8 in the first 

step. In the second step, MgS4 is formed by the further reduction of sulfur, which dis-

solves into the electrolyte. As the polysulfides are dissolved in the electrolyte, further 

reduction takes place to the final discharged product, whose microstructure is zinc 

blende MgS. In the charging reaction, the formed MgS in the zinc blende phase is 

oxidized completely to form amorphous sulfur or polysulfides.165 Similar reaction mech-

anism was proposed by Zhao-Karger et al. Further, the improvement of capacity and 

electrochemical performance were made by modification of electrolyte, binder, prepa-

ration method, and carbon additives (several ways).166 

However, some mechanistic investigations were made in the past, but the develop-

ments in Mg-S batteries are in their early stages and suffer drawbacks in coulombic 

efficiency and short cycle life caused by the well-known polysulfide shuttle, like in lith-

ium-sulfur batteries.167  

Similar results were found by Xu et al., which further pointed out that some of the 

formed polysulfides are electrochemically inert, causing capacity a rapid capacity de-

cay in the successive cycles and shortening the cycle lifetime of the cell.168 These 

findings were reconditioned by a theoretical study by Richter et al., not only looking at 

the cathode side but also including reactions that are taking place at the anode.169 

 
Figure 27: Crystal structure change depending on crystal structure This is an unofficial adaptation of an article that 

appeared in an ACS publication. ACS has not endorsed the content of this adaptation or the context of its use 170. 
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The fact that the role of the crystal structure for cation exchange is crucial has already 

been shown in the past. For example, Gariano et al. compared the cation exchange of 

Pb2+ with Cu+ starting from both the (metastable) hexagonal Cu2Se and the cubic 

Cu2Se phase. In their study, they could show that for both cases, the final crystalline 

phase was a cubic rock-salt PbSe structure (Figure 27). Interestingly, by starting from 

the cubic Cu2S phase, PbSe nucleates randomly on the overall surface of the host 

material, which can be explained by the low diffusivity of Pb2+ ions coupled with the 

absence of preferred entry points in cubic Cu2Se. While starting from the hexagonal 

Cu2Se, Pb2+ ions could enter the nanocrystal along defined planes (a, b) to replace the 

host cations due to the almost empty octahedral sides of the Cu2Se structure.170 

For magnesium-based batteries, many researchers are recently in the search for suit-

able cathode materials with a high capacity, high energy density, high coulombic effi-

ciency, and long cycle life. In this regard, oxygen and sulfur enable high theoretical 

capacities and energy densities. For oxygen, MgO or MgO2 films lead to a large polar-

ization and a highly irreversible capacity due to the poor thermodynamic and kinetic 

properties.171 

Oxygen and sulfur, as cathode itself, follow the conversion type reaction mechanism. 

When oxygen or sulfur is bonded to a transition metal, forming a transition metal chal-

cogenide, an intercalation reaction is possible. For metal oxides, the intercalation is 

more likely observed than the conversion redox mechanism. Different types of layered 

(V2O5, MnO2, MoO3), spinel (Co3O4, Mn3O4, Mn3O4, MgCo2O4, MgMn2O4, MgFe2O4, 

MgCr2O4), and polyanionic (MgMnSiO4, (PO4)3-, (SiO4)4-, and (SO4)2-) oxides materials 

have been investigated for LIBs and RMBs.172,173 There energy densities for conver-

sion-type and intercalation-type cathodes are compared in Figure 28a and b. 

 



  Introduction 

   37  

 

Figure 28: a) Theoretical operation voltages versus specific capacities of metal chalcogenide cathodes. Reproduced 

with permission from 148. b) Reported energy densities of different cathode materials vs. Mg/Mg2+. Reprinted with 

permission from 174. 

Transition metal sulfides are the dominant metal sulfides as cathode material in re-

chargeable magnesium batteries, whereas the chemical bonds between the metal and 

sulfur are predominantly covalent in nature. The structure of transition metal sulfides 

depends on the interaction between the d-electrons of the metal with the p-electrons 

from the chalcogenide. Since the behavior of the d-electrons in solids differs between 

the oxides and sulfides, the d-electrons in chalcogenides participate in covalent bind-

ing, which reduces the formal charge on the transition metals.175 These “softer” metal 

centers favor the formation of metal-metal bonds, which have an influence on the prop-

erties, e.g. enhancement of the electrical conductivity, of the metal sulfides.  
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Figure 29: Overview of transition metal sulfide classes and their schematic working mechanism in rechargeable 

batteries.  

In general, TMS can be divided into three categories based on their crystal structures 

namely: layered MS2, thiospinels M3S4, and non-layered MxSy (Figure 29). The early 

transition metals in groups 4-7 (M = Ti, Mo, W, V, Zr, Hf, Nb, Ta, Tc, Re) can crystallize 

in layered structures that are stacked through van der Waals interactions, whereas the 

later transition metal sulfides in group 8-12 (M = Fe, Co, Ni, Cu, Zn) predominantly 

adopt non-layered structures.  

Typically, the layered transition metal disulfides form covalent bonds between M and 

S consisting of a hexagonal layer of the transition metal atoms, which are sandwiched 

between two layers of sulfur atoms. The resulting atomic layer stacking of S-M-S is 

often referred to as mono- or single layer. Depending on the transition metal and the 

orientation of the sulfur atoms to the metal center, the layered MS2 can be classified 

into different phases, namely, 1T, 2H, and 3R, which are further discussed else-

where.176 In this notation, the numeral donates the number of stacked layers in the unit 

cell, whereas the letter characterizes the lattices as trigonal prismatic, hexagonal, and 

rhombohedral.177 In general, 2D transition metal sulfides can only exist when the va-

lence state of the transition metal is +4 while the sulfur is in a -2 state. 

For transition metal monosulfides, just as in transition metal oxides, a 3dn manifold 

exists, which becomes more stable with respect to the 3s bands with an increasing 

atomic number until the shell is half-filled.  
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The larger covalency in the monosulfides implies greater screening of the cation elec-

trons from their nuclear charge. This results in a small electrostatic energy. A smaller 

electrostatic energy results in a smaller transfer energy required for the formation of 

itinerant electrons, e.g., in TiS or VS. For heavier transition metal monosulfides, the d-

band of dn+1 falls close to the top of the valence band due to the higher covalent char-

acteristics. For CoS or NiS, this means that the s* bands have a reduced energy sep-

aration between high- and low-spin states. By moving further right in the periodic table, 

in CuS, a small value of the electrostatic energy brings the d10 manifold at a copper 

atom closer to the top of the valence band, which is why the valence state of the copper 

ions becomes ambiguous.175 

 

3.3.3.1 Transition metal sulfide class I: layered sulfides 

 

Among the transition metal sulfides, groups 4, 5, and 6 are known (except for Cr) to 

form layered structures with the common formula MX2 (M4+ = transition metal, X2- = 

sulfur). Those structures consist of S-M-S monolayers connected by weak van der 

Waals forces, meaning only every second gap in between the S-layers is occupied by 

a metal atom. The electron configuration of chalcogens in the valence shell can be 

expressed as ns!p"#p$#p%!. The two paired electrons in the pz orbital form a lone pair of 

electrons, which is chemically inactive, whereas the unpaired electrons in the px and 

py orbitals participate in the covalent bonding between the chalcogen and the metal 

atoms. The unoccupied gaps in the layered structure are possible hosts for other met-

als, such as Li or Mg, to intercalate.178 

The coordination of the anions to the metal centers depends on the electronic structure 

of the transition metal, more precisely on the number of electrons located in the d-

orbitals. Whereas the transition metals in the 4th group feature a d0 configuration in an 

octahedral coordination sphere, the transition metals in the 5th group (d1) can be found 

as both octahedral (d-electron in degenerated d"$,	"%,	$%) and trigonal prismatic (d-elec-

tron in d%!). Group 6 elements (d2) are primarily seen in trigonal prismatic geometry 

(both d-electrons filling d%!). In the 7th group of the TMS, octahedral coordination is 

preferred (d3). The octahedral splitting is preferred in d0 because more orbitals have 

lower energy than in the trigonal prismatic. The different orbital splitting with respect to 

the Fermi energy is illustrated in Figure 30. 
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Figure 30: Schematic representation of the density of states due to d-orbital splitting of TMDCs (in parentheses the 

Schoenflies notation). The schematic representation is simplified and does not show accurate energy positions. 
Reproduced from 176 with permission from the Royal Society of Chemistry. 

By having a closer look at the different phases of the TMS, in both the 1H (trigonal 

prismatic) and 1T (octahedral), the non-bonding d-bands are located within the gap 

between the bonding and antibonding bands of the M-X bonds. In an octahedrally co-

ordinated transition metal center (D3d), the orbitals split into t2g (lower energy) and eg 

(higher energy), whereas in trigonal prismatic coordination (D3h), the orbitals split into 

a1 (lower energy), e’ (slightly lower energy) and e’’ (higher energy) as illustrated in 

Figure 31. As a result, the different phases exhibit different band gaps.179 

 
Figure 31: The atomic configurations of an octahedral (D3d) and trigonal prismatic (D3h) coordination and their cor-

responding energies due to their d-orbital splitting. 
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In most TMS, e.g., in MoS2, the structural phase can be changed during the intercala-

tion of alkali metals, which was also observed by the intercalation of Mg-ions in MoS2, 
characterized by ex-situ XPS measurements of specific charge and discharge states 

(Figure 32).180,181 

The phase change may be attributed to the change in the number of d-electrons oc-

curring by the transfer of an electron from the s-orbital of the intercalated alkali metal 

into the d-orbital of the transition metal and a destabilization of the original phase.179 

Previous studies showed that the 1T phase of MoS2 disordered at room temperature 

after intercalation of a cation. The driving force for such distortions in TMS is believed 

to be the ‘Jahn-Teller instability’ – in which the splitting of partially filled degenerate 

orbitals causes a reduction of the free energy.182  

It was shown that the transition from trigonal prismatic (2H) to octahedral (1T) MoS2 

phase is possible by 0.2 Li+ (corresponding to 0.1 Mg2+) per MoS2 unit.183 This indicates 

that phase transitions are possible with intercalating Mg, just with a smaller amount 

because of its higher charge.181  

Compared to monovalent working ions such as Li+, Na+, and K+, the migration barriers 

for multivalent ion (Mg2+, Ca2+, Al3+) diffusion can be reduced by changing the chalco-

gen anion. Using sulfur instead of oxygen as the chalcogenide, the increased cova-

lency and larger volume per anion tend to decrease the electrostatic interactions be-

tween the working ion and the anion sublattice, thus reducing the migration barriers for 

Mg2+.184 
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Figure 32: Ex-situ XPS analysis of MoS2-carbon composite electrodes. a) Discharge/charge profile and b) the cor-

responding XPS spectra at specific stages. Reprinted with permission from 181. 

Next to the electronic structure of an intercalation compound, the morphology and the 

size play essential roles in the intercalation behavior. It was shown by Yang et al. that 

MoS2 nano ribbons obtain lower migration barriers for Mg2+ as comparable to bulk 

MoS2. Mg2+ occupies either the octahedral (H) or tetrahedral (T) sites in MoS2. Yang 

et al. investigated via the climbing image nudged elastic band method (deter- 

mine the minimum energy path and saddle points between a given initial and final 

positions) that the diffusion of Mg2+ takes place between two adjacent T-sites through 

the nearest, energetic favorable H-site, leading to a zig-zag diffusions pathway  

(Figure 33).185 

Layered MoS2 as cathode material for rechargeable magnesium batteries could 

demonstrate cyclability vs. Mg/Mg2+ at relatively low current densities of 10-50 mA g-1, 

achieving quite good capacities of 120-170 mAh g-1.186–188 
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Figure 33: The intercalation of magnesium into MoS2 resulting in a zig-zag diffusions pathway along the energetic 

favorable H-site. Reprinted with permission from 185. Copyright 2012 American Chemical Society. 

As known from lithium-ion batteries, layered TiS2 is a suitable cathode material for the 

intercalation of Li-ions. Similar behaviors were investigated for Mg-ions which yield a 

capacity of 115 mAh g-1 at a C-rate of C/10 achieved by Sun et al. It is worth noting 

that evaluated temperatures (60°C) were necessary to achieve these values.189  

The capacity could be further improved by the modification in structure, e.g., by chang-

ing the morphology to tube-like structures or the stepwise expansion of the interlayer 

distance from 5.69 Å to 18.63 Å. With these modified capacities of 236 and  

239 mAh g-1 at current densities of 10 mA g-1 could be achieved. Moreover, at 60°C 

the expansion of the interlayer distances yields a capacity of 450 mAh g-1 at a current 

density of 24 mA g-1 due to the higher mobility evoked by low-migration energy barrier 

(0.18 eV) of the MgCl+ (Figure 34).190,191 
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Figure 34: Energy diagrams and schematic illustrations for the intercalation of Mg2+ and MgCl+ a) Activation needed 
and limited intercalation of Mg2+ (purple sphere) due to the scission of MgCl+ ions into Mg2+ and Cl- by small inter-

layer distance. b) Fast diffusion of MgCl+ into the extended interlayers due to low-migration energy barrier. Reprinted 

with permission from 191. 

Furthermore, layered vanadium sulfides (VS2 and VS4) could also be used as cathode 

materials for magnesium batteries. VS2-nanoflowers with increased interlayer distance 

was achieved through a one-step solution-phase synthesis and in situ 2-ethylhexyla-

mine intercalation process. This material was later tested under various current densi-

ties of 100 mA g-1 and 2000 mA g-1 vs. magnesium reaching capacities of  

245 mAh g-1 and 103 mAh g-1. Additionally, the nanoflower-like structure showed a sta-

ble cycle performance of 90 mAh g-1 at 1000 mA g-1 after 600 cycles.192 Similar results 

were achieved by Jing et al., who could further improve the cyclability of VS2 by using 

a hybrid Li+/Mg2+ electrolyte.193 By changing the morphology from nanoflowers to reg-

ular ordered plate-like nanosheets, higher capacities of 214 mAh g-1 at similar current 

densities were measured.149 

For the familiar VS4 layered structure, different attempts to use as cathode material for 

Mg-based batteries were performed. Compared to VS2, where Vox = +4 and Sox = -2, 

it is evident that vanadium cannot come to an oxidation state +8, and therefore sulfur 

is forming dimeric structures of S2 to maintain -2, while Vox stays in +4. This allows the 

S22- dimers to extend the coordination along the c-axis. These individual atomic chains 

of VS4 are bonded by weak van der Waals forces. During the cycling process, the sulfur 
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dimers get partially reduced to S2- while the V4+ oxidizes to V5+, causing an irreversible 

loss after the first cycle because some Mg2+ remains in the lattice.194 

Li et al. studied the influence of micro-morphology on electrochemical performance. 

Even here, flower-like structures showed the best performance with a capacity of 

80 mAh g-1 at 50 mA g-1 and a 90 % capacity retention after 400 cycles.195 

In the early 90s, the reversible insertion and extraction of Mg2+ into a ZrS2 host material 

could be demonstrated by Gregory et al. surprisingly with a high cathodic voltage of 

2.6 V and high capacity of 228 mAh g-1.196 Furthermore, recent studies have investi-

gated ZrS2 as cathode material for Li-ion systems. ZrS2 prefers Li+-intercalation elec-

trochemistry at high operational voltages (~1.0 V), while at low discharge voltages 

(<0.3 V) the conversion reaction to Zr + 2 Li2S (discharged) and ZrS2 nanodomains 

(charged) is favored.197 Similar has to be studied for Mg-based batteries. 

Finally, WS2, a typical 2D graphene-like material, has the potential for application in 

magnesium secondary batteries due to its electronic properties, high surface area, and 

sheet-like morphology. However, it has been investigated quite rarely in the literature 

so far.198–200 

 

3.3.3.2 Transition metal sulfide class II: thiospinels  

 

The spinel structure shows the general formula AB2X4 with the space group Fd3m, 

where the octahedral cation (B) is coordinated by the cubic anion (X) in the packed 

lattice (Figure 35). The octahedra share edges and extend in space, enabling 3D dif-

fusion channels. In a normal spinel, cation ‘A’ occupies the tetrahedral sites to form the 

Fd3m symmetry.201 

In oxide spinel, e.g., MgAl2O4, magnesium prefers the tetrahedral site.202 However, by 

changing the anion from O2- to the larger S2-, surprisingly, Mg can adopt the inverse 

spinel structure, e.g., in MgIn2S4, with Mg and In sharing octahedral site.203 This is 

primarily due to the ratio between the Mg2+ and S2- ionic radii, which is ca. 0.4, where 

magnesium falls into a range that favors both octahedral and tetrahedral environments 

depending on the corresponding metal. For example, when Mg2+ interacts electro-

chemically with the cubic titanium disulfide, magnesium prefers to occupy the octahe-

dral 16c sites rather than the tetrahedral 8a sites, as it would be expected for a normal 

spinel.203–205 
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Thiospinels can be classified into binary and ternary compounds. In both cases, sulfur 

forms the cubic closed packing. In binary thiospinels, both the tetrahedral and octahe-

dral vacancies are occupied by the same metal ion. Hence it is clear that the metal in 

a binary spinel must have the potential to be stable in the oxidation states +2 and +3. 

Representatives for this class of compound are iron (Fe), cobalt (Co), and nickel 

(Ni).206 

 
Figure 35: General crystal structure of an AB2X4 spinel.  

Ternary thiospinels are characterized by two different metals in the tetra- and octahe-

dral voids. Most compounds for ternary thiospinels are known with copper (Cu) at the 

A-site while the transition metal at the B-site can be vary (M = Ti, Zr, V, Cr, Rh) or 

indium (In) in the B-site while the A-site can be vary (M = Mn, Fe, Co, Ni). Interestingly, 

copper is not found in the valence state +2 as expected but in +1, whereas the transi-

tion metal must have a +4 charge.207,208 

However, other known candidates in this class are chromium-based thiospinels, where 

Cr is occupied in the octahedral vacancies, mainly in the valence state +3, while the 

counter metal can be Mn, Fe, Co, Ni, Zn, or Cd in the valence state +2.  

In the concern of cathode material in RMBs, the stabilities of the charged (without Mg) 

and discharged (with Mg) states were calculated and compared with the formation en-

ergy against the convex hull of ground state energies, so call ‘energy above hull’ (EAH). 

In general, a higher EAH indicates a thermodynamically more unstable phase. How-

ever, Hannah et al. investigated through thermodynamic analysis the presence of the 

driving forces for intercalation and conversion reactions in battery cathodes across a 

range of possible working ion, transition metal, and anion chemistries. These findings 
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showed that for a one-electron reduction, oxide polymorphs favor an intercalation re-

action, while sulfides and selenides prefer a conversion reaction (Table 3). A two-elec-

tron reduction of the transition metal will always favor conversion reactions for A(MX2)n 

compounds.209 

 
Table 3: All reactions considered for the Mg-Cr-O, Mg-Cr-S, and Mg-Cr-Se systems and the associated voltages 

(in V). Adapted from 209. (LDP = Lowest energy discharged polymorph; LCP = Lowest energy charged polymorph). 

Reaction LDP structure VLDP LCP structure VLCP 
 Mg-Cr-O    

Mg + Cr(IV)2O4 à MgCr(III)2O4 Spinel 3.61 Rutile 2.68 

Mg + Cr2O4 à MgO + Cr2O3  3.36  2.78 

 Mg-Cr-S  Layered  

Mg + Cr2S4 à MgCr2S4 Spinel 1.65  1.24 

Mg + Cr2S4 à MgS + Cr2S3  1.64  1.58 

 Mg-Cr-Se    

Mg + Cr2Se4 à MgCr2Se4 Spinel 1.28 Layered 0.84 

Mg + Cr2Se4 à MgSe + Cr2Se3  1.30  1.21 

 

For example, chromium has in the discharged phase a stable d3 (Cr3+) configuration 

were the t2g is half-filled. Upon charging, Cr is oxidized to Cr4+ (d2), which has an un-

stable electronic configuration and trends. Therefore, it oxidizes further to Cr6+ (d0). 

This explains why it was not possible to reversibly extract Mg2+ from the lattice.210 Blanc 

et al. observed similar behavior of an irreversible insertion/extraction of Mg2+ from the 

lattice and could further show the dissolution of the active material through polysulfide 

species in the electrolyte triggered by decomposition of the spinel through the oxidation 

of sulfur.211 

By having a closer look at the ‘low voltage’ metals, more stable electronic configura-

tions in the charged state can be observed. For example, Ti4+, Mn4+, and Ni4+ are very 

stable due to the d0 configuration of half-filled and filled t2g states. Upon the intercala-

tion, one electron is added that resulting in a less stable electronic arrangement for the 

host materials, which results in a decreased stability through the filling of an antibond-

ing orbital (e.g., Ni, Mn).201 

By taking a closer look at the binary thiospinels, not many compounds are possible. 

Known binary thiospinels are Fe3S4, Ni3S4, Co3S4, Mo3S4. In a binary thiospinel, the 
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metal must be stable in valence states +2 and +3. Furthermore, when looking at a 

reversible insertion and extraction of the working ion in the host material, the metal 

must also be stable in an oxidation state +4. For conversion-type binary thiospinels, 

the oxidation state +4 must not be preferred because of the stepwise reduction from 

+2 or +3 to 0. 

When looking at the electrochemical storage performance of these materials, Mo3S4 

or Mo6S8 was the first cathode material reported for the prototype of a viable Mg-based 

battery.139 For the iron-based thiospinels, previously a compound material combined 

with rGO synthesized by a simple in situ hydrothermal approach, showed outstanding 

cyclic and rate performance of 720 mAh/g after 880 cycles at a high current density of 

1 A/g.212 Some specific magnesium thiospinels (MgSc2S4, MgIn2S4) seems to be prom-

ising candidates as solid-state-electrolytes in magnesium solid-state batteries.213,214 

 

 
3.3.3.3 Transition metal sulfide class III: other metal sulfides 

 

Most metal-sulfides, which are not homed under the first two categories, follow a dis-

placement reaction mechanism. During the displacement reaction, only the active ion 

(Mg2+) is displaced from the host material, travels through the electrolyte where it fur-

ther getting reduced to M0. This mechanism is part of the conversion type compounds 

because the crystal structure of the cathode material is transformed during charg-

ing/discharging cycles. However, the foremost challenge of converting the charged and 

discharged materials is that this reaction suffers structural, morphological, and volume 

changes that influence the cell performance, leading to degradation or a collapse of 

the cathode material.28 Further, large voltage hysteresis between charge and dis-

charge results in low energy efficiency for conversion-type cathodes.28,148 
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Figure 36: Phase diagram of CuS with different stoichiometries at different temperatures. Reprinted with the per-

mission of 215. 

Copper(II) sulfide as cathode material is the most reported ‘conversion-type’ cathode 

material for rechargeable magnesium batteries so far. Due to its high theoretical ca-

pacity of 560 mAh g-1 and high theoretical cell voltage of 2.7 V, resulting in a high the-

oretical energy density of 1,207 Wh kg-1 and 4,166 Wh L-1 seems copper sulfide to be 

the ideal candidate. Moreover, CuS is electrically conductive (103 S cm-1), and both 

copper and sulfur are highly earth-abundant, enabling more sustainable batteries. In 

the past years, it could also be shown that a RMB based on a nanostructured CuS 

cathode is viable compared to its counterpart of bulk CuS, which can only be run at 

elevated temperatures.27,151,216–224  

The phase diagram of the most straightforward binary Cu-S system with stoichiometric 

compositions and crystallographic phase has some very complex atomic arrange-

ments, as shown in Figure 36.225,226 The formula of copper sulfides is Cu2-xS, with pos-

sible values for x ranging from 0 to 1. The main crystal phases are the hexagonal 

covellite (CuS), monoclinic low-temperature chalcocite (Cu2.0-19997S), monoclinic djur-

leite (Cu1.97-1.93S), triclinic roxbyite (Cu1.81S), cubic digenite (Cu1.8S), and orthorhombic 

anilite (Cu1.75S) (Figure 37). 
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Depending on the amount of copper in the chalcocite, the crystal structure can differ, 

which is related to its properties. The hcp is formed by the sulfur atoms in chalcocite 

and djureleite, while in digenite, a ccp is observed.175 

 
Figure 37: Overview of Cu-S compositions and their crystal structures. Reprinted with permission of 227. 

Additionally, to the natural and synthesized phases of copper sulfides, several phase 

transitions for copper sulfide are well known. For example, chalcocite undergoes above 

104°C a phase transition from its superstructure with monoclinic symmetry with metal 

atoms in triangular coordination to a hexagonal symmetry. Up to 435°C, the hexagonal 

chalcocite is stable before it inverts to high-temperature digenite of cubic symmetry. 

Interestingly, copper monosulfide is not the simple composition of Cu2+ and S2- ions.  

Regarding the electronic structure of CuS, there is a converse discussion in the litera-

ture. CuS as a layered hexagonal structure consisting of alternating layers of CuS and 

Cu-S2-Cu. This unusual structure is explained by the fact that S-S covalent bonds are 

energetically favorable over S-Cu bonds. Therefore, two of the six copper atoms in the 

unit cell have triangular coordination, and the other four have tetrahedral coordination. 

Copper can be found in valence states +1 and +2, whereas sulfur is in S2- and S2-.175 

More detailed Pattrick et al. investigated the structures of copper sulfides during their 

X-ray adsorption study, which confirmed the presence of only Cu(I) and revealed that 

three types of S are present. Upon aging, the primitive structure transforms into one 
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with the characteristics of covellite, and this transformation involves the reordering of 

the S-S and Cu3S-CuS3 layers, as visualized in Figure 38.  

Development of the primitive phase from either a wurtzite-like structure or planar Cu3S-

CuS3-layers is possible, with the structural evolution driven by the antipathy of Cu(II) 

for tetrahedral coordination and anomalous electron densities in the metastable struc-

tures. Further, they describe the three different sulfur species as S2-, S22-, and S-* with 

‘*’ as a positive hole which is possibly filled with H+ to form a HS- species.228  

Similar findings for three different sulfur species were found by Nesbitt and Muir in the 

structure of pyrite. They consider the species as monosulfide (S2- = 10%), disulfide 

(S22- = 85%) and polysulfides (Sn2-, n > 2, = 5%).229 

 
Figure 38: Crystal structure of CuS (covellite). Reprinted with permission from 228. 

The redox mechanism of CuS in Mg-ion batteries was investigated by different ex-situ 

studies. All studies agree on the fact that the first cycles differ from the following cycles. 

During the first discharge, two plateaus can be measured under galvanostatic dis-

charge measurements.151,217,230 The first plateau starts at lower potentials and in-

creases with time to a higher potential. This increase in potential is not visible under 

CV measurement due to the different working mechanisms of CV (control of volt-

age/measuring current) and galvanostatic (control of current/measuring voltage) 

measurements. Discrepancy in literature regarding the ongoing electrochemical reac-

tions in the first cycle. Some mechanism studies report the reduction to Cu0 in the first 

cycle216,230,231, while others reporting by ex-situ XRD measurements of fully discharged 

electrodes that after the first cycle Cu2S and no Cu0 was detected.215 The reports that 



  Introduction 

   52  

rely on the hypothesis of the full reduction to Cu0 in the first discharge neglecting the 

changes in the oxidation state of sulfur. Ex-situ XPS measurements have shown that 

the oxidation state of sulfur is different for the pristine (contains S22- and S2-) and the 

discharged/charged (S2-) states. The additional capacity in the first cycle has to come 

from the reduction of S22- + 2 e- à 2 S2- since S2- is playing only a passive role during 

the electrochemical reactions between copper and magnesium sulfides in the onward 

cycling (Cu+2S2- + Mg0 « Mg2+S2- + 2 Cu0).151 However, all studies agree to the fact 

that the peaks of CuS disappeared after total the 1st discharge.  

Depending on the different mechanism studies the oxidation from Cu0 à Cu2+ + 2e- or 

no oxidation during the first charging step is observed. However, it is worth noting, 

depending on the electrolyte and the current collector, potentials higher than 2 V vs. 

Mg/Mg2+ can cause the decomposition of the electrolyte, especially for AlCl3/THF or 

DME containing electrolytes.232 

Long-term cycling performances of CuS/Mg systems show capacity losses in the first 

cycles. This loss is explained by some Mg2+ trapped in CuS as well as the dissolution 

of copper ions into the electrolyte.233,234 

Tashiro et al. investigated the effect of the anion-sublattice on the displacement reac-

tion in cubic digenite and chalcocite with the outcome that only the cubic structure of 

CuS enabled good reversibility versus magnesium. Further, the results suggested that 

a critical factor for a successful displacement reaction is that the charged and dis-

charged products share the same anion sublattice structure.224 Similar results of crystal 

structure depending capacities for copper sulfide (CuS, Cu1.7S, Cu1.9S) cathode mate-

rials were made by Wang et al.220 
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Figure 39: Effect of nano structuring copper sulfide on the electrochemical performance. a) Galvanostatic charge-
discharge curves of CuS nanoparticles at the 1st and 50th cycle and b) cyclic stability measurement at a current 

density of 0.1 A g-1. Reprinted with permission from 151.  

Independent from the crystal structure Kravchyk et al. measured capacities which are 

close to the theoretical capacities of CuS and Cu2S by nano structuring the cathode 

material (Figure 39).151  

Silver sulfide is also a very prominent cathode candidate in the field of RMBs. The only 

stable compound in the Ag-S system is Ag2S. The monoclinic b-form is stable up to 

177°C and possesses a body-centered cubic structure of sulfur atoms in the range of 

177°C and 600°C. At temperatures higher than 600°C, a fcc structure is formed. Fur-

thermore, silver sulfide exhibits both ionic and electronic conductivity, depending on 

the sulfur content.175 

Ha et al. demonstrated a reversible electrochemical reaction with Mg2+ on the base of 

a replacement reaction. The Ag2S-carbon composite material delivered an initial ca-

pacity of 150 mAh g-1 at 0.1 C. Upon cycling, the active material showed a perfor-

mance of 40 mAh g-1 at 1 C after 500 cycles.235 Similar results were reported by Zhang 

et al.236 A higher rate performance and improved cycle life was presented by Chen et 

al. by using a-Ag2S-reduced graphene oxide as cathode material, which delivered a 

specific capacity of 46.3 mAh g-1 after 1000 cycles at 1 A g-1 (5 C).237 

For ZnS, several polytypes exist. Due to its d0 state in Zn2+, zinc tends to fill the tetra-

hedral voids of the closed-packed anion structure, showing a (4,4)-coordination. In 

sphalerite, also known as zinc blende, the sulfur atoms form a fcc structure with the 

as-mentioned occupation of the zinc atoms in half of the tetrahedral holes. Likewise, 

ZnS undergoes a phase transition at about 1000°C, where sulfur atoms change the 

packing from cubic to hexagonal form (wurtzite).175 
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Other transition metal sulfides with a ratio of M:S = 1:1 crystalize in the nickel arsenide 

structure type. Examples of this group are TiS, VS, FeS, CoS as well as NiS.  

The nickel arsenide structure is the hcp analog of the NaCl-structure, where the anions 

build the disordered hcp while the cations occupy the octahedral voids. The NiAs struc-

ture cannot be adopted by ionic compounds because of the eclipsing cations. The cat-

ion-cation repulsion would be internally destabilizing for an ionic compound because 

of no interaction of the neighbored octahedrons. Therefore, this structure is mainly 

adopted by covalent and polar covalent compounds (soft anion and low-valent transi-

tion metal cations). Therefore, monosulfides in the NiAs structure type are comparable 

with those of their intermetallic phase, which show metallic glaze and electrical con-

ductivity. 

He et al. studied the potential of CoS as cathode material in rechargeable magnesium 

batteries of different morphologies (flower-like and microspheres). The electrochemical 

tests show cycle stability and a specific capacity of 125 mAh g-1 for the flower-like 

structure, whereas the microsphere structured material suffered in capacity 

(105 mAh g-1) and fading in cycling stability (60 mAh g-1 after 65 cycles at  

50 mA g-1).238 

A better electrochemical performance was achieved by Pan et al. with the use of 3D 

hierarchical porous CoS spheres. As a result, good cycling stability (340 mA h g-1 after 

88 cycles), a high capacity (up to 370 mA h g-1), and a good rate performance (300 mA 

h g-1 at 50 mA g-1) were achieved.239 

Iron sulfides are, due to their low cost and non-harmful nature, also a promising active 

material for magnesium-ion batteries. The redox mechanism was studied by Wu et al. 

with the investigation of an iron-sulfur battery.240 Interestingly, they could show the 

different Fe-S phase transitions from S « FeS2 « Fe3S4 « FeS. During this phase 

transition, the active mass undergoes volume changes. In comparison, the volume 

shrinks from S à FeS2 (77 vol.%), whereas volume expansions take place during the 

reactions from FeS2 à Fe3S4 (118 vol.%) and from Fe3S4 à FeS (133 vol.%). When 

compared to Mg-S, Li-S, and Na-S redox chemistry, the overall volume change is 

nearly the same for Mg-S (24 vol.%) and Fe-S (32%), whereas the volume expansions 

for Li-S (72%) and Na-S (160%) are much higher.240  

FeS was further used as cathode material in a magnesium/lithium hybrid configuration. 

A high-specific capacity and good cycling performance were demonstrated. A dis-

charge capacity above 200 mAh g-1 could be obtained after 800 cycles with a 
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coulombic efficiency above 97%. Further findings resulted in an enhanced perfor-

mance by increasing the amount of lithium in the cell, either by increasing the Li salt 

concentration or adding a Li source at the anode.241  

A bimetallic sulfide, such as chalcopyrite (CuFeS2), could combine the benefits of low 

cost, high earth-abundant, and high specific capacity.242 Lithium-ions intercalate in the 

first step into the host structure. In a second step, LixCuFeS2 undergoes with further 

addition of lithium-ions a conversion type redox reaction: 

 

CuFeS2 + x Li à LixCuFeS2 

LixCuFeS2 + (4-x) Li à Cu + Fe + 2 Li2S 

 

However, during the charging process, the crystal structure of CuFeS2 cannot be ob-

tained anymore, instead the formation of FeS1+x and Cu2S occurs.243,244  

Natural CuFeS2 has been tested as electrode material in Li-ion batteries, with reason-

ably good electrochemical performance exhibiting discharge capacities of around 

1 Ah g-1 at a current density of 1 A g-1.245  

However, literature reports on the usage of CuFeS2 as cathode material for magne-

sium batteries are rare.  
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3.4 Photo rechargeable batteries 
  

3.4.1 Perovskites for self-charging batteries 

 

The following part of this section is published in the following review article, which in-

cludes the preparation of the following specific section, support of writing, and the 

sketching of the TOC graphic. For the reproduction in the thesis/dissertation as an 

author, permission is not required 20: 

 

Yang, Y., Hoang, M. T., Bhardwaj, A., Wilhelm, M., Mathur, S., & Wang, H. Perovskite 

solar cells based self-charging power packs: Fundamentals, applications and 

challenges. Nano Energy 94, 106910 (2022). 

 

Energy is essential for human beings. The energy demand has rapidly increased, 

driven by the requirement for global economic growth. Energy shortage caused by this 

constantly rising energy demand and limited resources has become an ongoing and 

pressing challenge for economic development. Traditional fossil fuels, including oil, 

natural gas, and coal, dominate the current energy system. However, burning them 

rise to the emission of carbon dioxide (CO2) and other greenhouse gases, leading to 

environmental pollution, global warming, and climate change.246,247  

Solar energy, with its abundance, clean and renewable features, is considered the 

most feasible solution to address this energy crisis effectively. To harvest solar power, 

photovoltaic (PV) technologies that convert solar energy into electricity have been de-

veloped, which can power the world from small electronic devices to domestic appli-

ances and even large commercial plants. Since the first report of silicon solar cells in 

1954, various types of PV technology have been developed, such as crystalline silicon 

cells,248,249 copper indium gallium selenide thin-film cells (CIGS),250,251 organic photo-

voltaics (OPV),252,253 dye-sensitized solar cells (DSSCs),254,255 perovskite solar cells 

(PSCs),256–258, etc.  Among them, PSCs have attracted tremendous attention as one 

of the cutting-edge and promising PV technologies to deliver cost-effective solar elec-

tricity due to their skyrocketing advancement of power conversion efficiency (PCE) 

achieved by low cost and simple fabrication processes.259,260  
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Figure 40: a) ABX3 perovskite structure showing BX6 octahedral and larger A cation occupied in the cubo-octahedral 

site. Reproduced with permission from 261 Copyright 2014 Elsevier. b) Correlations between tolerance factor and 

crystal structure of perovskite materials. Reproduced with permission from 262. Copyright 2015 American Chemical 
Society. c) Working mechanism of perovskite solar cells. Reprinted with permission from 20. Copyright 2022 Else-

vier. 

Since the first report on organometal halide perovskite as a visible-light absorber in a 

sensitized solar cell that achieved a PCE of 3.8% in 2009,263 within 11 years, huge 

progress has been achieved for PSCs with a current world-record PCE of 25.7%.264 

This is already comparable with the state-of-the-art crystalline Si-based cells that dom-

inate the current PV market. Nevertheless, similar to other PV technologies, the power 

generated by the independent PSC units heavily relies on the availability of illumination 

and its intensity, which is restricted by various environmental conditions such as 

weather, location, diurnal cycles, etc.265 The discontinuous power output of a PV de-

vice fails to meet the requirement for sustainable and reliable electricity to external 
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loads in practice. Therefore, as a remedy, the integration of perovskite solar cells and 

electrochemical energy storage devices to make self-charging power packs (SCPPs) 

that can store the harvested solar energy and provide electricity has been proposed 

and developed. Upon exposure to light, the PSC part harvests solar irradiation and 

simultaneously generates electricity, which is instantly stored in the energy storage 

part. The photo-charged power pack releases the stored electricity to drive the external 

devices wherever and whenever needed, thereby completing the “photo-electrochem-

ical-electricity” energy conversion (Figure 41). 

 
Figure 41: Self-charging power packs comprised of perovskite solar cells and energy storage systems, such as 

supercapacitors and lithium-ion batteries. 

Figure 40c illustrates the working principle of a PSC. Upon exposure to illumination, 

photons pass through the transparent front electrode (TCO substrate) coated with ETL 

(regular structure) or HTL (inverted structure) to be absorbed by the perovskite layer, 

which instantly generates photo-excited charge carriers that are separated at the per-

ovskite/ETL and perovskite/HTL interface. Owing to the energy band level alignment 

of the materials used in the PSC, the photo-generated electrons are extracted to the 

ETL while the photo-generated holes are injected into the HTL. The electrons and 
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holes are then collected by the current collector of the TCO substrate and back elec-

trode, respectively. When the PSC connects with a load, the current flows through the 

external circuit to complete the circle. If the load is an energy storage system, different 

types of connections are imaginable.  

The self-charging power packs can be assembled via the combination of light harvest 

part (PSC module) and energy storage part (battery) by means of either wire connec-

tion or wireless monolithic structure. In the wire-connected configuration, the individual 

PSC and energy storage device are directly linked via the external wires. By contrast, 

a shared electrode is used in the monolithic SCPPs to connect these two parts  

(Figure 42). This common electrode participates in the photoelectric energy conversion 

in the PSC part and electrochemical storage in the energy storage system. Therefore, 

properties of the shared electrode, such as conductivity, energy band level, work func-

tion and chemical compatibility with other materials in the devices, have significant 

impacts on the performance of the integrated SCPPs.  

 
Figure 42: Illustration connection types of the wired and the monolithic SCPP. 

Xu et al. presented already in 2015, the concept of using perovskite as energy har-

vester to charge a lithium-ion battery based on lithium-iron phosphate as cathode and 

lithium titanate as anode. However, this system was based on a wired connection and 

could be demonstrated in monolithic connection. Manly drawback of this system is, 

that four PSC units connected in series were needed to charge the lithium-ion bat-

tery.266 Several research was done for perovskite as bifunctional electrode in lithium-

ion and aluminum batteries, however, they reporting about stability issues of the 

cells.267,268  
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3.4.2 Inorganic materials as photoresponsive cathode for LIB 

 

The following part of this section is published in the following peer-reviewed article with 

first author contribution, which includes the preparation of the manuscript, synthesis, 

graphics, and evaluation of the study. Post-mortem SEM measurements were con-

ducted in collaboration with Prof. Yamada and Prof. Sekino SANKEN, Osaka univer-

sity, Japan. Simulations of the band structures were done in collaboration with Prof. 

Hong, Fujian Normal University, Fuzhou, China. For the reproduction in the thesis/dis-

sertation as an author, permission is not required 269:  

 

Wilhelm, M., Adam, R., Bhardwaj, A., Neumann, I., Cho, S. H., Yamada, Y., Sekino, 

T., Tao, J., Hong, Z., Fischer, T., & Mathur, S. Carbon-Coated Electrospun V2O5 

Nanofibers as Photoresponsive Cathode for Lithium-Ion Batteries. Adv. Eng. Mater. 

2200765 (2022). 

 

An enormous amount of research efforts are dedicated to harvesting photo energy by 

direct (e.g., photovoltaics) and indirect (e.g., photocatalysis) approaches to demon-

strate a sustainable energy cycle for industrial and community needs.270–272 In addition, 

the energy harvested must be available for immediate use or should be stored in effi-

cient energy storage devices, such as lithium-ion batteries.273–277 For example, tandem 

systems such as an integrated set-up of photovoltaic and photoelectrochemical de-

vices have been demonstrated with complementary dual functionality, however, these 

systems often suffer from large energy losses, poor energy densities, and high inte-

gration costs.20 Therefore, improved integration strategies are needed to realize highly 

efficient self-charging power packs (SCPPs). In this context, the so-called “photo-bat-

tery” consisting of a shared electrode, working as both, an energy harvester and en-

ergy storage medium represents an innovative solution for the aforementioned chal-

lenges.267,278–280 

The reversible redox reaction of intercalated Li-ions can be facilitated by applying pho-

tovoltage to the cathode (‘photocathode’). In the quest of dual-action electrode mate-

rials, various inorganic, organic, and inorganic-organic hybrid compositions serving as 

photoanode or -cathode have been recently investigated.20,266,267,279–282 The synergis-

tic effect of harvesting and storing energy within the same material requires certain 

prerequisites to be fulfilled such as suitable bandgap and a reversible redox active 
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behavior. Recently, vanadium pentoxide (V2O5) has been investigated as a cost-effec-

tive cathode material for lithium-ion batteries (LIBs) due to its high theoretical specific 

capacity values of 294 mAh g-1 and 441 mAh g-1 for a 2 and 3 Li-ion intercalation, 

respectively.283 V2O5 as a host for the intercalation of Li-ions was first proposed by 

Whittingham et al. and is nowadays also investigated for Al3+ and Zn2+ batteries.284–286 

Many different morphologies of nanostructured V2O5 were investigated in the past that 

deliver excellent electrochemical properties.287–290 Besides the abovementioned at-

tractive electrochemical characteristics, V2O5 is a photoresponsive material with a suit-

able bandgap for light absorption in the visible range (Eg, ~2.35 eV)  that enables its 

application as dual-action electrode material. Boruah et al. demonstrated for the first 

time, the light rechargeable properties of hydrothermally synthesized V2O5 for lithium 

and zinc batteries.279,280 Figure 43 illustrates the differences between the photochem-

ical and the electrochemical charging process. 

 
Figure 43: Photochemical and electrochemical charging of V2O5 as dual-functional electrode. 

The enhancement in the electrochemical performance was explained through the fol-

lowing reaction that occurs under light illumination in which the photogenerated holes 

ease the extraction of Li+ out of the lattice leading to an oxidation of the vanadium 

(Figure 44). 
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Figure 44: Schematic representing the photo charging mechanism of Photo-LIBs. 

Moreover, the photogenerated electrons can be transferred through the external circuit 

to reduce lithium at the anode. Thus, the generated electron-hole pair reduces the 

energy barrier associated with the charging process, leading to a self-charging mech-

anism and/or enabling a longer operation of the battery by simple illumination. 

Despite the successful demonstration of the proof-of-concept, the V2O5 photocathode 

could be further improved, especially in terms of conductivity, light absorption proper-

ties and mechanical stability by in-situ carbon-coating. We report here on vanadium 

pentoxide (V2O5) nanofibers fabricated through the electrospinning technique and 

coated with a sheath of conductive carbon through plasma-enhanced chemical vapor 

deposition (PECVD) of a carbon precursor (methane). The carbon-coated vanadium 

pentoxide (V2O5//C) materials 291–294 developed in this study served as cathode 

material for photo-rechargeable lithium-ion secondary batteries with better capacity 

retention over long-cycling due to seamless carbon coating that protects the active 

material from parasitic reactions of the electrolyte and by compensating for the volume 

change during the intercalation/deintercalation process, especially significant at higher 

applied voltages.295 The carbon coating on electrode materials can effectively enhance 

electrical conductivity, improve surface chemistry of the active material as well as 

facilitate Li-ion diffusion, and also act as a protective overlayer on the electrodes to 

prevent direct contact with the electrolyte, ultimately improving the cell performance.296 

For example, hierarchically porous double-shell carbons prepared using polydopamine 

as carbon precursor showed an improved electrolyte ion diffusion toward redox active 

nitrogen species. Therefore, the porosity of materials needs to be carefully tuned while 

increasing the surface area to achieve maximum electrochemical efficiencies in 
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practical applications.297 In this context, the nanostructuring of the electrode surface 

and the diffusion of the electrolyte ions at the surface are important parameters to tune 

the efficiency.  

For example, by using KOH activation more nanopores could be created and the spe-

cific surface area could be significantly increased, which resulted in a synergetic effect 

with improved electrochemical performance of hollow activated carbons as superior 

supercapacitors and electrodes in lithium-ion batteries.298,299 In terms of carbon coating 

from sustainable carbon sources achieving ultra-stable and fast-charging electrode 

materials, the use of biomass has attracted recent attention for both lithium as well as 

sodium-ion batteries.31,300 Moreover, the interfacial modification by carbon coating is 

reported to enhance the stability of the electrodes during the photo charging effect by 

improving the charge extraction, as seen for example in graphene oxide.301,302 In ad-

dition, the honeycomb-structured carbon architectures like carbon nanotubes or gra-

phene can harvest sunlight, which is favorable for a synergetic effect of the carbon 

coating on the surface of vanadium pentoxide.303 
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4 Results and Discussion 
 

4.1 TiNb2O7 – A fast-charging anode material 
 

4.1.1 TiNb2O7-Keratin derived carbon nanocomposites as novel anode materials for 

LIB 

 

The central part of this section is published in the following article, which includes sup-

port in manuscript preparation. Further, in this study, formal XPS characterization, 

analysis, evaluation, and preparation of the scientific section related to TNBO and 

TNBO/KC, as well as their influence on the electrochemical properties of their materi-

als, were done. The chemical synthesis of the material was done by the first and co-

authors. For the reproduction in the thesis/dissertation as an author, permission is not 

required 31: 

 

Thiyagarajan, G. B., Shanmugam, V., Wilhelm, M., Mathur, S., Moodakare, S. B., & 

Kumar, R. TiNb2O7-Keratin derived carbon nanocomposites as novel anode materials 

for high-capacity lithium-ion batteries. Open Ceram. 6, 100131 (2021). 

 

The following part reports on the development of a unique TNBO/carbon material sys-

tem that uses inexpensive and sustainable keratin-derived biological carbon sources 

as reinforcement to fabricate porous nanocrystalline TNBO/carbon composites via a 

surfactant-assisted precursor route. The electrochemical performance of these nano-

composites has been comprehensively evaluated, and the potential of these materials 

for the development of anode materials for LIBs is explored. 

Figure 45a shows the X-ray diffractograms of KC and TNBO/KC nanocomposites. The 

carbon derived from keratin at 800 ºC demonstrates a broad peak around 2θ = ~25.2° 

indicating the amorphous nature of KC. Interestingly, TBNO/KC nanocomposites show 

peaks corresponding to TiNb2O7 [monoclinic, C2/m (Figure 45c) phase along with new 

peaks corresponding to (Ti0.712Nb0.288)O2 [tetragonal, P 42/m, Fig. 3 (d), 2θ = 27.1° 

(110), 35.6° (011) and 53.7° (121)] phase, which were absent in pristine TNBO. The 

Rietveld refinement of TNBO/KC nanocomposites revealed 63% and 37% of TiNb2O7 
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and (Ti0.712Nb0.288)O2 phases, respectively (Figure 45b). The formation of new peaks is 

attributed to the carbothermal reduction of TNBO with carbon present in TNBO/KC, 

resulting in a reduced non-stoichiometric oxide phase having shared lattice sites of Ti 

and Nb atoms in the crystal structure of (Ti0.712Nb0.288)O2 (Figure 45d) concordant with 

Raman results. The O2- vacancies in the crystal structure of the non-stoichiometric 

(Ti0.712Nb0.288)O2 phase impart electrical conductivity due to electronic disorder. Similar 

observations were also made by Chunfu Lin et al.,34 where TiNb2O7/carbon nanotubes 

composite showed the formation of reduced non-stoichiometric oxide, Ti2Nb10O29 

phase due to carbothermal reduction of TiNb2O7 with carbon nanotubes. 

 
Figure 45: (a) X-ray diffractograms of KC and TNBO/KC nanocomposites. Crystal structures of (b) TiNb2O7 and (c) 

(Ti0.712Nb0.288)O2. 

X-ray photoelectron spectroscopy (XPS) was further employed to analyze the chemical 

environment of Ti, Nb, C, and O elements in TiNb2O7 and TiNb2O7/KC. Survey scans 

of both samples reveal the existence of Ti, Nb, C, and O, as expected (Figure 46). 

Besides these signals, N and K were also observed, which belong to contaminations 

of the pyrolysis processes.  
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The presence of carbon (18.46 at.%) in TiNb2O7 can be attributed to adventitious car-

bon. In TiNb2O7/KC, the higher amount of carbon (58.44 at.%) appertains to the added 

carbon source. High-resolution investigations showed the presence of C=C (sp2, 284.2 

eV) bonds for the TiNb2O7/KC and C-C (sp3, 285 eV) bonds for the pristine, which can 

be easily seen in the peak shift (dotted lines, ∆0.8 eV) and the asymmetric line shape 

in Figure 47a.304 Moreover, for the pristine sample, signals of hydroxyl, carbonyl, and 

carboxyl groups at binding energies of  286.5, 288.0, and 289.0 eV were detected, 

whereas, for the sample with KC besides the C=C peak, a characteristic pi-pi* transi-

tion shake-up at 291 eV and a carboxyl peak at 289 eV was observed.304,305 

 
Figure 46: X-ray photoelectron survey spectra of TiNb2O7 and TiNb2O7/KC. 

As expected, high-resolution analysis of the Nb 3d peak displays a doublet peak with 

an area ratio of 2:3 for Nb 3d 5/2 and Nb 3d 3/2, respectively. The binding energy of 

207.2 eV for the Nb 3d 5/2 and a spin-orbit-splitting of ∆2.72 eV correspond to the pure 

pentavalent Nb in TiNb2O7 (Figure 47b).306,307 In addition, HR spectra of Ti 2p pointed 

out that titanium is in the valence state +4 (Ti 2p 3/2: 458.61 eV, Ti 2p 1/2: 464.26 eV) 

(Figure 47c)308 In comparison to the TiNb2O7/KC sample, titanium was also detected 

in the valence state 4+, whereas the HR spectra of Nb 3d displays beside the penta-

valent Nb (207.2 eV) also the tetravalent Nb (206.0 eV) (Figure 47b).306 This is in good 

agreement with the XRD measurements, that after the carbothermal reduction, nio-

bium is present in valence states 4+ (Ti0.712Nb0.288O2) and 5+ (TiNb2O7). 

The main peak of the O 1s orbital was fitted to the metal-oxygen bonds (Ti-O, Nb-O) 

centered at 530.2 eV, while hydroxides and carbon oxides were fitted at 531.3 and 

532.5 eV.307 As already seen in the HR C 1s spectrum, only a small amount of oxygen 
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is bonded to carbon which is evident in the O 1s high-resolution spectra of TiNb2O7/KC 

(Figure 47d). 

 
Figure 47: (a) X-ray photoelectron HR spectra C 1s/K2p, and (b) HR spectra Nb 3d, and (c) HR spectra Ti 2p, and 

(d) HR spectra O 1s of TiNb2O7 and TiNb2O7/KC. 

The surface-active electrochemical phenomenon for TNBO║Li and TNBO/KC║Li cells 

were studied using cyclic voltammetry (CV). The CV experiments were conducted in 

half-cell configuration with respect to Li metal in the voltage range 0.8-3.0 V at the scan 

rate of 0.05 mV s-1 for 2 cycles. The corresponding voltammograms are presented in 

Figure 48a and b.  

The single pair of prominent cathodic/anodic peaks at 1.50 V/1.67 V and 1.56 V/1.74 V 

for TNBO║Li and TNBO/KC║Li cells, respectively, are attributed to the redox couple 

of Nb5+/Nb4+. The shoulder peak at 1.80 V and 1.90 V in TNBO║Li and TNBO/KC║Li 

cells, respectively, is ascribed to Ti4+/Ti3+ redox couples. The peaks at a low voltage of 

1.24 V and 1.33 V in TNBO║Li and TNBO/KC║Li cells, respectively, are assigned to 

Nb4+/Nb3+ redox couples. Nevertheless, TNBO/KC║Li cell displayed symmetric redox 

couple and larger peak intensities revealing a good reversible cycling process and bet-

ter electrochemical kinetics as compared to TNBO║Li cell.  
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Figure 48: CV plots of (a) TNBO║Li and (b) TNBO/KC║Li cells, charge-discharge profiles of (c) TNBO║Li and (d) 

TNBO/KC║Li cells at 0.1 C (1 C=387 mAh g-1). 

The galvanostatic charge-discharge tests of the TNBO║Li and TNBO/KC║Li cells were 

conducted at different current rates (theoretical capacity at 1 C = 387 mAh g-1) in the 

voltage range of 0.8-3.0 V. Figure 48c and d shows the charge-discharge profile of 

TNBO║Li and TNBO/KC║Li cells, respectively for the first five cycles at 0.1 C rate. It 

is noteworthy that the 1st cycle of both TNBO║Li and TNBO/KC║Li cells exhibited very 

high initial discharge capacity of 434 mAh g-1 and 582 mAh g-1 and low initial columbic 

efficiency of 62.0% and 55.0%, respectively. This is ascribed to the degradation of the 

electrolyte and SEI formation.45 It is noteworthy that the reversible capacities obtained 

in TNBO/KC║Li cells are much higher than so far reported in TiNb2O7 nanocomposites 

and twice the value of Li4Ti5O12 (~170 mAh g-1), indicating its practical applicability as 

anode material in LIBs.  

The remarkable electrochemical performance of TNBO/KC║Li is ascribed to the 

unique structure of the nanocomposites, as shown in the schematic. The intercon-

nected porous scaffold-like structure of TiNb2O7 and (Ti0.712Nb0.288)O2 nanocrystals in 

TNBO/KC can effectively relieve the unexpected stress arising from continuous 

charge/discharging process of Li+-ions, thereby facilitating the diffusion of Li+-ions 
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between the electrode-electrolyte interface. Whereas the formation of reduced non-

stoichiometric oxide phase having shared lattice sites of Ti and Nb atoms in the crystal 

structure of (Ti0.712Nb0.288)O2 (Figure 45d) creates O2- vacancies in the crystal structure 

imparting electrical conductivity due to electronic disorder. As a result, reduced 

(Ti0.712Nb0.288)O2 nanocrystals can act as conducting bridge to build a good electrical 

contact between TiNb2O7 nano crystallites and the carbon matrix, which synergistically 

combines good electrochemical interaction with improved electronic and ionic conduc-

tivity leading to enhanced electrical conductivity, higher DLi and lower charge transfer 

resistance in contrast to pristine TNBO.  
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4.1.2 Carbon-coated TiNb2O7 by PECVD as anode material for LIB 

 

Inspired by the high performance of the TiNb2O7/KC material, an alternative route for 

adding carbon as a protective and supporting layer on TiNb2O7 was chosen. First, 

TiNb2O7 (TNO) was synthesized by sol-gel synthesis, and second, carbon was coated 

by PECVD using methane as the carbon source (Figure 49).  

 

 
Figure 49: PECVD of TNO particles with methane as carbon source. 

The benefit of the sol-gel process allows the obtainment of solid products by gelation 

rather than by crystallization or precipitation. During the sol-gel process, an oxide net-

work is created by progressive polycondensation reactions of molecular precursors in 

a liquid medium and the final removal of the solvent, as illustrated in Figure 50. Typi-

cally, the sol-gel process is used for coatings where the gelation process occurs after 

the sol is cast, dip- or spray-coated on a substrate. However, the sol-gel route can be 

used for the synthesis of powders with nano-sized particles.309 

 

 
Figure 50: Schematic illustration of a Sol-Gel synthesis. 
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Figure 51a and b show the SEM images of the sol-gel-process synthesized TNO par-

ticles and the carbon-coated TNOC particles after the PECVD. In Figure 51c, a photo-

graph of both powders is presented. As seen from SEM analysis, the as-synthesized 

particles (TNO) have an undefined shape but are uniformly distributed. The particle 

sizes range from 10 to 500 nm. The particles tend to form agglomerates forming big-

ger-sized microparticles. After the carbon-coating process, the particles did not change 

in morphology or size. 

 

 
Figure 51: SEM image of a) TNO and b) TNOC. c) Photograph of TNO and TNOC. 

The XRD pattern of the TNO and the TNOC is presented in Figure 52a. Before and 

after the plasma process, the peak positions nor the peak shapes were found to 

change. The characteristic peaks were assigned to the monoclinic TiNb7O10 (PDF# 39-

1407). The peak positions are shifted slightly to higher 2 Theta values, and the peaks 

tend to broaden. These effects can be explained by limitations in measuring nanopar-

ticles by XRD.310 
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Figure 52: a) X-ray diffraction pattern of TNO and TNOC with the reference pattern of TiNb2O7 (PDF# 39-1407) and 
b) Raman spectra of TNO and TNOC. 

Raman spectroscopic measurements were carried out to prove the origin of the TNO 

structures and the presence and nature of the carbon species. The Raman spectrum 

in Figure 52b shows the characteristic Raman shifts of 262, 647, and 1001 cm-1. Both 

spectra additionally have a peak at 520 cm-1, which is due to the used silicon substrate. 

The different intensities of the Si peak appear from the different measurement positions 

because the power, the integration time, and the accumulations were held the same 

for both samples. For the TNOC samples, two additional peaks at Raman shifts of 

1334 and 1604 cm-1 could be measured. These peaks belong to the D and the G band 

of carbon structures. The broadness and the high intensity of the D band imply that 

most of the carbonous structures are of amorphous origin. However, the G band is a 

little bit sharper and has a more defined maximum peak position, which indicates the 

present of some sp2 hybridized carbon atoms.  

The origin of sp2 carbon atoms could also be observed during XPS high-resolution 

measurements of the C 1s orbitals. First, from the XPS survey spectra, signals of nio-

bium, carbon, titanium, and oxygen were measured in both samples (Figure 53). The 

element quantification of TNO showed a chemical composition ratio of Ti : Nb in 1 : 4, 

which is closer to the Ti : Nb5 ratio in Ti2Nb10O29 than the Ti : Nb2 in TiNb2O7. This ratio 

did not change for the carbon-coated sample. The presence of carbon on the non-

coated sample comes from adventitious carbon from the atmosphere and some un-

burned organic residiues.304 After the PECVD process, the carbon content was in-

creased by 6.3 at.%. This amount can be assigned to the carbon deposited by the 

PECVD (Figure 53). 
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Figure 53: X-ray photoelectron spectra of TNO (bottom) and TNOC (top). 

The deposition of a small amount of carbon could also be measured by EDX spectros-

copy (Table 4). Moreover, the values in the table show that the ratio of Ti : Nb (1:2) is 

more in accordance with the TiNb2O7 measured by XRD as with the XPS results.  

 
Table 4: EDX measured values of TNO and TNOC 

 
Titanium 

(at.%) 
Niobium 

(at.%) 
Oxygen 
(at.%) 

Carbon 
(at.%) 

Silicon 
(at.%) 

Ratio 
(Ti:Nb) 

TNO 6.1 11.8 39.0 16.1 27.0 1:1.9 

TNOC 4.5 9.4 38.1 19.0 29.0 1:2.1 

 

Since XPS is a surface-sensitive technique and only measures the composition of the 

first 10 nm of the sample, the electron beam for the EDX analysis penetrates the sam-

ple deeper and excites electrons deeper in the sample than 10 nm. By combining the 

results of XRD, XPS, and EDX, it seems that the core of TNO particles forms a TiNb2O7 

structure, while the surface consists of Ti2Nb10O29, as illustrated in Figure 54. 
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Figure 54: Schematic illustration of TNO and TNOC particles. 

High-resolution analyses were performed on the one hand to analyze the chemical 

environment of the carbon atoms and on the other hand to investigate a possible re-

ductive process of Ti or Nb by the plasma process since it is known that CHx* radicals 

can have a reductive effect during the process (Figure 55). By comparing the C 1s HR 

spectra, it was analyzed that after the carbon-coating C=C binding could be found at 

binding energies of 284.5 eV.311,312 Other bindings of C-C, C-OH, C=O, and O-C=O 

arise from the adventitious carbon.304 By having a closer look at the HR spectra of 

Nb 3d and Ti 2p, the binding energies of 207.3 and 458.8 eV confirm the valence 

states of Nb5+ and Ti4+. In comparison to the HRs of the TNOC, the binding energies 

shifted just slightly by 0.2 eV to higher binding energies, whereas no second species 

of possible Nb4+ nor Ti3+ were found. Finally, the HR of O 1s orbitals seems to be 

similar for the TNO and the TNOC sample, with the only difference of the 0.2 eV shift 

to the higher binding energy of the M-O peak.  
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Figure 55: High-resolution X-ray photoelectron spectra of the C 1s, Nb 3d, Ti 2p/Nb 3s, and the O 1s orbitals for 

both TNO (bottom) and TNOC (top). 

Cyclic voltammetry and galvanostatic charge-discharge rate measurements were per-

formed to investigate the influence of the carbon-coating on the TNO particles. Figure 

56a shows the cyclic voltammetry of the pristine TNO particles. The expected peaks 

at 1.50 V/1.67 V for TNO║Li and TNO/C║Li cells, respectively, are attributed to the 

redox couple of Nb5+/Nb4+. The shoulder peak at 1.80 V is ascribed to Ti4+/Ti3+ redox 

couples. The peaks at a low voltage of 1.24 V, respectively, are assigned to Nb4+/Nb3+ 

redox couples. As already seen by the TNBO/KC compositions, the TNOC cells dis-

played larger peak intensities revealing a good reversible cycling process and better 

electrochemical kinetics as compared to the TNO║Li cell (Figure 56b).  

TNO and TNOC were investigated under charge-discharge conditions for rate capabil-

ity tests under different current rates between 50 mA g-1 and 1600 mA g-1 (1C = 

387 mAh g-1) (Figure 56c and d). TNO exhibits capacities of 280 mAh g-1 at a current 

density of 50 mA g-1 (C = ~0.1), which is lower compared to TNOC, with a specific 

capacity of 295 mAh g-1. Moreover, TNOC cells retained higher reversible capacities 

of 150 mAh g-1 after 60 cycles at 1600 mA g-1 (C = ~4), along with high and constant 

coulombic efficiency (~99%). On the contrary, TNO cells showed poor performance 
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with a reversible capacity of 100 mAh g-1 after 60 cycles with an unstable coulombic 

efficiency (98-102%). 

 

 
Figure 56: Cyclovoltammetry measurements of a) TNO and b) TNOC. Rate capability test of c) TNO and d) TNOC. 

Moreover, TNOC cells showed remarkably higher capacity retention of 93% when cy-

cled at 50 mA g-1, whereas TNO showed lower capacity retention of 86% after 70 cy-

cles. By comparing the coulombic efficiencies of the TNO and TNOC cells, a more 

stable efficiency close to 100% was measured for TNOC. However, TNO exhibits a 

very unstable efficiency between 97-108%. These results can be explained by the 

preservation of the carbon coating. Furthermore, the carbon coating supports the elec-

tron flow through a higher electrical conductivity measured by the increased amount of 

sp2 carbons by XPS analysis. The effect of a higher electrical conductivity was already 

reported for the TNBO/KC composite material by retaining a higher reversible capacity 

and capacity retention for the TNBO/KC cell over the TNBO cell. It is noteworthy that 

the reversible capacities obtained in the TNO and TNOC cells are higher than in the 

TNBO and TNBO/KC cells. 

 

  

a) b) 

c) d) 
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4.2 Vanadium pentoxide (V2O5) as photoresponsive cathode 
 

The following part of this section is published in the following peer-reviewed article with 

first author contribution, which includes the preparation of the manuscript, synthesis, 

graphics, and evaluation of the study. Post-mortem SEM measurements were con-

ducted in collaboration with Prof. Yamada and Prof. Sekino SANKEN, Osaka univer-

sity, Japan. Simulations of the band structures were done in collaboration with Prof. 

Hong, Fujian Normal University, Fuzhou, China. For the reproduction in the thesis/dis-

sertation as an author, permission is not required 269:  

 

Wilhelm, M., Adam, R., Bhardwaj, A., Neumann, I., Cho, S. H., Yamada, Y., Sekino, 

T., Tao, J., Hong, Z., Fischer, T., & Mathur, S. Carbon-Coated Electrospun V2O5 

Nanofibers as Photoresponsive Cathode for Lithium-Ion Batteries. Adv. Eng. Mater. 

2200765 (2022). 

 

The pristine and carbon-coated V2O5 nanofibers (VNFs) were analyzed by XRD for 

phase analysis that showed the formation of the orthorhombic phase Shcherbinaite of 

V2O5 (PDF no. 41-1426). Upon the carbon coating through plasma-enhanced chemical 

vapor deposition of CH4, an additional peak was observed after 60 min at a 2 theta 

value of ~13°, which increased in intensity upon prolonged (120 min) treatment  

(Figure 57a). This peak indicated the formation of VO2 as a result of the carbothermal 

reduction (V5+ à V4+) of the VNF under plasma conditions.291 The decomposition of 

CH4 during PECVD leads to the formation of hydrocarbon radicals with the following 

fragmentation sequence to carbon: CH3→CH2→CH→C (s) with concomitant formation 

of VO2. 291,313 Through Rietveld refinement the amount of the VO2 secondary phase 

could be identified for VNF-C-60 as V2O5(ortho):VO2(tetra) = 95:05 and for VNF-C-120 

as V2O5(ortho):VO2(tetra) = 87:13.314 
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Figure 57: a) XRD pattern of VNF, VNF-C-60, and VNF-C-120, b) XPS survey spectra of VNF and VNF-C-120, c) 

O1s and V2p HR-spectra of VNF, d) C1s HR-spectra of VNF, e) O1s and V2p HR-spectra of VNF-C-120, f) C1s 

HR-spectra of VNF-C-120. 

The survey X-ray photoelectron spectrum (XPS; Figure 57b) of pristine VNF (bottom) 

and VNF-C-120 (top) exhibited the expected signals of vanadium and oxygen. In ad-

dition, residual contents of carbon and nitrogen originating from methane and nitrogen 

plasma were observed. During the PECVD carbon-coating, the carbon content (C 1s) 

could be increased from 28.26 to 56.38 at.%, which is an increase in the C:V ratio from 

1.6 to 5.3, respectively. A high-resolution XPS analysis of the C 1s signal (Figure 57f) 

showed a small amount of sp2 hybridized carbon (284.5 eV) in the VNF-C-120 sample, 
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whereas this peak was absent in the pristine VNFs (Figure 57d).315 The high-resolution 

XPS spectra of the V 2p peak (Figure 57c) of the VNF exhibited two peaks, which are 

separated by ~1.3 eV and can be assigned to V(IV) at ~516.3 eV and V(V) at ~517.6 

eV. After the PECVD the amount of V(IV) is increased indicating the reducing effect of 

methane/nitrogen plasma that explains the near-surface reduction of overlayer leading 

VO2// V2O5 shell-core structure, as evident in the XRD analysis (Figure 57e).316–319  

The SEM image of the sintered green fibers (Figure 58a) showed nano-crystalline fiber 

structures with an average diameter of 100-200 nm. After the PECVD process, the 

fiber morphology was retained, showing that the PECVD treatment has no detrimental 

influence on the fibrous morphology (Figure 58b). TEM measurements of the VNF-C-

120 fibers showed a carbon-coating of around 10 nm (Figure 58c, d, e). Besides some 

amorphous regions, a crystal lattice distance of d = ~ 0.33 nm could be measured by 

HR-TEM analysis, which is close to the distance of the hexagonal planes in graphitic 

carbon (Figure 58f).320,321 These results are in accordance with the XPS measure-

ments revealing the presence of sp2 carbon.  

 

 
Figure 58: a) SEM image of VNF, b) SEM image of VNF-C-120, c) and d) TEM image of VNF-C-120, e) and f) HR-

TEM images of VNF-C-120. 
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Figure 59: CVs of VNF cycles 1-3 at 0.15 mV s-1 in dark, b) CVs of VNF at a current density of 0.9 mV s-1 in dark 

and light (cycle 8 and 9), c) CVs of VNF cycles 1-3 at 0.15 mV s-1 in dark, d) CVs of VNF at a current density of 0.9 
mV s-1 in dark and light (cycle 8 and 9). 

The electrochemical performance of the photoelectrode containing the 1D electrospun 

V2O5 fibers was analyzed by potentiostatic and galvanostatic measurements. Figure 

59a shows CV curves with applied potentials from 2 V to 4 V using a scan rate of 0.15 

mV s-1 for the first three cycles. The cathodic peaks at 3.3 V, 3.1 V, and 2.2 V represent 

phase transitions of LixV2O5 induced by Li+ intercalation. From 3.3 V to 3.1 V crystal 

phase changes from α-LixV2O5 to ε-LixV2O5, and from 3.1 V to 2.2 V, a transition to γ-

LixV2O5 (2.2 V) corresponding to 2 intercalated Li+ ions occurs.283 The anodic peaks at 

2.5 V, 3.3 V, and 3.5 V represent the deintercalation of Li+ and oxidation of vanadium 

to the reversible formation of the α-LixV2O5 phase.283,322 The phase transition peaks at 

the first cathodic cycle (black line) shifted towards the second (red) and third cycle 

(blue) to a more positive potential range for the pristine VNF. For the carbon-coated 

VNF, the redox peaks remained at the same positions (Figure 59c). The shift from the 

first to the second is caused by the formation of the solid electrolyte interphase (SEI) 

or rather cathode electrolyte interphase (CEI), which appeared because of the 
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reduction of the electrolyte.323–326 Upon comparing both the CV curves, it is evident 

that the transitions between the redox peaks for the VNF-C-120 electrodes are much 

broader compared to the VNF. Moreover, different line shapes appeared in the voltage 

range of 2.7 V to 2.0 V. An additional redox peak during the cathodic reaction can be 

seen at around 2.5 V in the case of carbon-coated electrodes. This peak is also visible 

in the anodic reaction at around 2.9 V only for the carbon-coated sample, which could 

be related to the redox chemistry of the secondary VO2 phases available in the asso-

ciated material. VO2 possessing vanadium in the 4+ valence state offers better acces-

sibility of oxidation at relatively lower activation polarization.319,327,328 

 
Figure 60: Cyclic voltammetry of VNF and VNF-C-120 in dark (a and b) and c) and d) under illumination at different 

current densities. 

CV measurements at different scan rates (0.15 – 1.2 mV s-1) of the photocathode were 

performed to investigate the influence of light (400 nm, 11 mW cm-2) on the electro-

chemical processes in the voltage window of 2-4 V (Figure 60a-d). For the CV cycles, 

which were recorded under light illumination, the redox peak positions were retained, 

whereas the current density was found to increase indicating the photoresponsive na-

ture of the electrode. Interestingly, similar observations were made for the carbon-
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coated fibers. At higher current rates (0.9 mV s-1), the redox peaks of the VNF appear 

to fade in current density and showed less stability compared to the VNF-C-120, indi-

cating good reversibility of carbon-coated fibers during successive cycling (Figure 59b, 

d). Furthermore, by the direct comparison of the VNF and the VNF-C-120 at a scan 

rate of 0.9 mV s-1, it was observed that the influence of photo illumination was higher 

for the carbon-coated fibers than for the non-carbon-coated fibers suggesting that the 

carbon-coating not only increases the structural integrity of V2O5 nanofibers through 

reduced surface reactions but also improves electrical conductivity.329 Similar obser-

vations were made by Reddy et al. for V2O5-PEG nanobelt composites.330 Moreover, 

a decomposition of the active material and a subsequent failure of the cell at higher 

current densities was seen at voltages around 3.5 V. Cycling at a current density of 

1.2 mV s-1 was not possible to perform for the VNF cells due to degradation (Figure 

60a, c). A similar failure of the cell at high C-rates (> 3C) was observed during charge-

discharge cycling of uncoated VNFs whereas the carbon-coated VNF showed stable 

performances up to 6 C in the dark and illuminated state (Figure 62c, d). Interestingly, 

the impact of the illumination was much higher upon returning from a high C-rate (6 C) 

to a low C-rate (0.75C) of the VNF-C-120. Whereas in dark a specific discharge ca-

pacity of 72 mAh g-1 was measured, a specific capacity of 134 mAh g-1 could be meas-

ured after a light-stimulated charging (Figure 61). 

 

Figure 61: Galvanostatic discharge-charge curves at 0.75 C (= 221 mA g-1) in dark and lighting conditions for the 

41st cycle of VNF-C-120 after rate capability 

Galvanostatic charging-discharging curves could be measured yielding a high dis-

charge capacity of 164 mAh g-1, which could be increased up to 179 mAh g-1 (C rate 

of 0.75) under light illumination (11 mW cm-2, 11th cycle) for the VNF (Figure 62a). 



  Results and Discussion 

   83  

Carbon-coated VNF delivered a discharge capacity of 146 mAh g-1 in dark, which was 

enhanced by 15 mAh g-1 (161 mAh g-1, 11th cycle) under the illumination of light (Figure 

62b).  

 
Figure 62: Galvanostatic discharge-charge curves at 0.75 C (= 221 mA g-1) in dark and lighting conditions for VNF 
and VNF-C-120 (11th cycle). c) and d) presenting the rate performances of VNF and VNF-C-120 photo-batteries in 

dark and lighting. 

Electrochemical impedance spectroscopy (EIS) was performed for the evaluation of 

numerous polarization processes and correlating their physical significance to the elec-

trochemical device under study. The Nyquist plot in Figure 63a demonstrates a similar 

overall structure of EIS composed of a semicircular arc and diffusion-limited tail at the 

low frequencies. There is a significant reduction of impedance in carbon-coated VNF. 

The estimation from the equivalent circuit model (ECM, shown in Figure 63a) fitting 

suggested that both, the bulk resistance (Rb) and the charge-transfer resistance (Rct) 

decreased from 13 to 9.2 Ω and 84.1 to 48.2 Ω, over the application of carbon coating, 

respectively verifying the conductive nature of carbon coating. This indicated that in 

addition to increasing the conductivity of vanadium oxide nanofibers, the carbon coat-

ing also helps in improving the kinetics of the charging and discharging process by 

facilitating an improved Li insertion/desertion reaction. To further study the polarization 
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properties of the VNF-C-120 cathode at different cell operation steps, impedance was 

measured at pristine, charged, discharged, and discharged under illumination condi-

tions (7th cycle). In Figure 63b, the semicircular arc related to the charge-transfer re-

sistance of the impedance is seen to be dramatically shrunk over the initially consec-

utive cycles. In addition, the additional tail related to diffusional processes was dimin-

ished. It is worth noting that the impedance of the charged cell has higher impedance 

in comparison to discharged due to a higher overpotential. Finally, the discharged cell 

under illumination shows the least impedance which was further quantified through 

ECM fitting. While the bulk resistance (Rb) reduced from 7.1 to 5.4 Ω upon 7 cycles, 

there is nearly no impact of charged or discharged conditions on it. Contrarily, the 

charge-transfer resistance (Rct) related to the reaction between Li+ and VNF gradually 

decreases at each step from 295.6 Ω at pristine, 77.1 Ω at the charged, 58.1 Ω at the 

discharged, and 36.1 Ω, least at the discharged under illumination condition. 

 
Figure 63: Nyquist plot and the DRT spectra of impedance for (a, c) VNF and VNF-C-120 cells, and (b, d) VNF-C-

120 cell at pristine, charged, discharged and discharged under illumination condition. 

The distribution of relaxation times (DRT) analysis of the impedance spectra could give 

a better picture of the polarization processes on a wider time constant scale. The DRT 

conducted with a regularization parameter of 10-3 on both the real and imaginary part 
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of impedance resulted in well classified numerous polarization peaks as illustrated in 

Figure 63c and d. Taking into account the major polarization processes, the observed 

spectra could be classified into four major peaks, P1: assigned to the electronic and 

ionic conduction limited by ohmic resistance, P2: Li+–V2O5 reaction rate limited charge-

transfer resistance, and P3: interfacial resistance related to Li-ion motion at the 

VNF/electrolyte interface, and P4: the solid-state Li-ion diffusion, respectively. As ob-

served in Figure 63c, the carbon coating of VNF resulted in a significant reduction of 

P1 to P3, though an opposite observation for P4 was also evident. In Figure 63d, the 

DRT spectra of impedance for VNF-C-120 as a function of cell condition is illustrated. 

Cycling the cell has a dramatic reduction in all the polarizations P1 to P4, but more 

importantly, the process classified as P3 and P4 has been shifted toward higher time 

constants. While the cell operation condition changes from charged to discharged and 

further subjected to illumination, P2 related to the Li+–V2O5 reaction diminishes gradu-

ally, indicating fast reaction kinetics especially enhanced under the light illumination. 

Meanwhile, P1 and P3 are not affected by these variations. P4, at the charged state as 

well as under the charging process occurred due to the light illumination showed an 

increase due to the solid-state diffusion of Li-ion at the lithium metal counter electrode. 

Moreover, the DRT analysis indicated that although carbon coating of VNF minimizes  

the major polarization resistances such as indicated P1 to P3, the slower diffusion pro-

cess of Li+ migration points out further optimization of material characteristics for im-

proving the performance of photo-driven LIBs.  

The photograph in Figure 64a shows the charged (green-yellowish) and discharged 

(black) state of the VNF electrode in the coin cell. Long-term stability tests (300 cycles 

at 0.75 C in dark) showed that the carbon-coating can inhibit the structural instability 

of V2O5 representing a higher reserve of the capacity (98 mAh g-1) upon cycling com-

pared to the non-carbon-coated VNF (72 mAh g-1). A capacity retention of 43.85% was 

achieved for VNF and 61.13% for VNF-C-120 after 300 cycles. Nevertheless, the pris-

tine VNF electrode could not reach 400 cycles, due to the failure of the cell, which 

could be prevented by the carbon coating (Figure 64c). Photo charging tests were per-

formed to calculate the photoconversion efficiency (PCE). Therefore, the coin cell was 

illuminated for three hours (400 nm, 11 mW cm-2) without applying any external volt-

age. Afterward, the discharge capacity was measured at a current density of  

10 mA g-1 in dark with a cut-off voltage of 2 V. In Figure 64d a photo charging up to 

2.34 V for VNF and 2.43 V for VNF-C-120 could be measured. Discharge capacities 
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of 54.63 mAh g-1 (= 0.532 mWh) for VNF and 60.17 mAh g-1 (= 0.636 mWh) for VNF-

C-120 could be reached. The calculation of the PCEs results in 4.24% (VNF) and 

5.07% (VNF-C-120). The carbon-coated VNF electrode material showed a higher 

charging voltage, a higher discharge capacity, and a higher photoconversion efficiency 

compared to the non-carbon-coated VNF. Nevertheless, it was possible for both elec-

trodes to power a blue LED (2V) by only light-charging the battery for 3 h (Figure 64b). 

The photo charging process of V2O5 electrodes mainly depends on the electronic cas-

cade formed due to formation of VO2 phase due to surficial reduction of V2O5 and con-

ductive carbon coating. 

 

 
Figure 64: a) Photo-battery at de-lithiated charged (left) and the lithiated discharged (right) state, b) 2 V powered 

LED by photo charge only. c) Cycling stability and capacity retention tests at 0.75 C of VNF (red) and VNF-C-120 
(gray). d) Photocharge under illumination without applying voltage and specific discharge in dark at a specific cur-

rent of 10 mA g-1 of VNF (green) and VNF-C-120 (gray) of the photo-batteries. 

The migration of photo-induced electrons and holes excited by the illuminated light 

could enhance the electronic and ionic conductivity of the electrode. According to the 

calculation results, the electronic conductivity of V2O5 under illuminated conditions is 

as high as 3.17 × 10()	𝑆	𝑐𝑚(#, and the Li+ conductivity is 5.3 × 10(*	𝑆	𝑐𝑚(#. According 

to the conditions (light intensity, window area, electrode porosity, etc.) adopted in our 

work, for the whole electrode, the photoexcited electron and Li+ conductivity can be 

regarded as 6.04 × 10(#)	𝑆	𝑐𝑚(# and 2.01 × 10(#)	𝑆	𝑐𝑚(#, respectively. The enhanced 
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ion transport capability under illuminated reduces the local polarization of the electrode 

under high current density, leading to the improved electrochemical performance, 

which is consistent with the results mentioned above. It is worth noting that these con-

ductivities increase with increasing light intensity. 

 
Figure 65: Schematic representing the photo charging mechanism of (a) VNF and (b) VNF-C-120. (c-d) the con-
duction band and valence band for the P3HT and the products after the insertion of Li+ into V2O5 or VO2. 

The in-situ formation of VO2 and carbon layer on the surface of V2O5, as displayed in 

Figure 65b, can effectively build a space charge layer which could move electrons but 

leave holes. This VO2 layer formed via in-situ reduction, compared with the mechani-

cally mixed P3HT, is undoubtedly better bonded and can further shorten the photocon-

duction channel, since the size of the V2O5 layer is reduced due to the formation of 

VO2 overlayer, thus ensuring stable and high output of photocurrent density. Further-

more, as discussed in the Part II in Supplementary text and illustrated in Figure 65c, 

d, V2O5 and VO2 have similar lithiation mechanisms and phenomena including the up-

ward shift of Fermi level and the widen of bandgap, which could help build a dynamic 

self-adaptive interfacial band structure thus enabling photo chargeable behavior in the 

entire voltage range rather than a specific range. But it is impossible for V2O5 alone to 

achieve because the electronic structure and band gap of P3HT is fixed.  
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To elucidate the effect of carbon-coating on cycling stability, post-mortem SEM analy-

sis of both pristine and carbon-coated VNF electrodes was carried out to investigate 

the structural deformation of the nanofibers upon electrochemical cycling (Figure 66). 

While the morphologies of the uncycled electrodes were quite similar, significant mor-

phological differences were noticed in cycled electrodes. For the pristine VNF, it was 

observed that the fibers decomposed to smaller particles while losing the one-dimen-

sional structure that was accompanied by the formation of nanosized needles corre-

sponding to lithium dendrites (Figure 66c). On the other hand, the cycled carbon-

coated VNF maintained the original fibrous morphology and a layered growth on the 

fibers is visible, which apparently prevents the dissolution of the active material in the 

electrolyte and leads to higher cyclic stability and better overall performance of the 

carbon-coated VNFs.324,325 

 

 
Figure 66: SEM images of photo electrodes at different states: a) VNF fresh prepared. b,c) VNF discharged (10th 

cycle). d) VNF-C-120 fresh prepared. e,f) VNF-C-120 discharged (10th cycle). 
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Table 5: Comparison with photocathode materials toward LIBs. 

Photocathode 
material 

Light wavelength/inten-
sity/running time 

Photo-conver-
sion efficien-

cies (𝜂) 

Cycle performance: current 
density / cycle number/ capac-

ity (mAh g-1) /retention ratio 
Ref. 

VNF-C-120 
(V2O5@VO2@C) 

400 nm/11 mW cm-2/3 h 5.07% 0.221 A g-1/300/98/ 61% 
This 
work 

VNF 400 nm/11 mW cm-2/3 h 4.24% 0.221 A g-1/200/72/ 44% 
This 
work 

V2O5 455 nm/12 mW cm-2/5 h 2.6% 0.3 A g-1/200/~75/ ~47% 280 

LiV2O5 LED/33 mW cm-2/5 min 9.1% 1 A g-1/50/141/ ~70% 331 

NT-COF AM 1.5G/300W/0.5 h - 0.02 A g-1/100/100/ ~80% 332 

N719 + LiFePO4 1 sun 0.06%~0.08% 15 cycles 333 
 
The overall photo-conversion efficiency was calculated based on the following equa-

tion:266,280,334 

𝜂+,-./00 =	
𝐸+12
𝐸34

∗ 100% =	
𝐸53678/.9-

𝑃34 ∗ 	𝑡:8 ∗ 	𝐴:8
∗ 100% 

 

Where, Edischarge (EVNF = 0.532 mWh – from BST8-MA battery analyzer, EVNF-C-120 = 

0.636 mWh) is the discharge energy at the specific current density of 10 mA g-1, Pin (= 

11 mW cm-2 for 400 nm illumination source) is the intensity of illuminated light, tph (= 3 

h) represents the time of photo-charge, and Aph (=0.38 cm2) describes the illuminated 

surface area. The photoconversion efficiencies for VNF and VNF-C-120 are 4.24% and 

5.07%. 

 

 
 

Figure 67: SEM images of a) electrospun green fibers of VO(acac)2/PVP and b) calcinated V2O5 fibers at 450°C. 
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Figure 68: XRD pattern of VNF-C-120-cycled and pristine electrode vs. the current collector. b) Carbon current 

collector with the graphite reference. c) VNF-C-120-pristine electrode with the carbon current collector and the V2O5 
reference pattern. d) VNF-C-120-cycled electrode with the carbon current collector and the Li3VO4 reference pat-

tern. 

Table 6: Estimated values of bulk and charge-transfer polarizations from the ECM fitting of impedance spectra. 

Cell Rb (Ω) Rct (Ω) 
VNF 13 84.1 

VNF-C 9.2 48.2 

VNF-C pristine 7.1 295.6 

VNF-C charged 5.4 77.1 
VNF-C discharged 5.4 58.1 

VNF-C discharged illuminated 5.9 36.1 

 
Calculation for the Li+ and electronic conductivity under illuminated: 
The charging process of photo rechargeable Li-ion batteries using photocathodes, as 

shown in Figure 65a, has occurred in the following ways. Light excites the electrons 

on the valence band (VB) of LixV2O5, thus transferring them to the conduction band 

(CB) while leaving holes in the VB. The photo-excited electrons could migrate to the 

surface of P3HT particles by drift, diffusion or applied electric field, and then be guided 
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to the collector via the energy level gradient of P3HT and rGO to form photo-current 

for Li++ze-→zLi. Unpaired photo-induced holes are blocked by P3HT and accumulate 

in the photo-cathode to drive the charging process (LixV2O5+yh+→yLi++Lix-yV2O5).  

As the average size of V2O5 nanofibers prepared is at 140 nm, the maximum distance 

of diffusion for photo-excited electrons is 70 nm. The high LUMO level of electrolyte 

and the chemical potential difference of electrons between electrolyte and electrode 

could prevent electrons from entering the electrolyte. On the premise of ignoring the 

drift motion of photo-excited electrons and the conduction between P3HT and gra-

phene, the number of surviving photo-excited electrons, the diffusion distance and dif-

fusion rate determine the photogenerated current density. 

 

 
Figure 69: Structure of a V2O5@VO2@C junction 

V2O5@VO2@C nanofibers, prepared in this work, have an average size of 160 nm 

including a 20 nm VO2 and 20 nm carbon sandwich coatings. As displayed in  

Figure 69, the transport path of photo-excited electrons can be divided into the follow-

ing sections: (a) the diffusion layer in the V2O5; (b) the drift layer in the space-charge 

layer between V2O5 and VO2; (c) the diffusion layer in the VO2; (d) the drift layer in 

VO2/carbon interface and the flow layer in carbon.  

Compared with the diffusion conduction of V2O5, the space charge layer between V2O5 

and VO2 accelerates the migration of photo-excited electrons and restricts the diffusion 

of photo-induced holes. On the other hand, the in-situ generated VO2 is undoubtedly 

more favorable for conducting electrons than the P3HT which has a lower contact sur-

face with V2O5 nanofibers. To discuss expediently, the photo-current density could be 

evaluated by the average conductivity of a single fiber. 
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The number of incident photons per unit time in our experiences (Pin = 11 mW cm-2, 

𝜆 = 400	𝑛𝑚), can be given by, 

𝐴 =
𝑃34
ℎ𝜈

=
𝑃34	𝜆
ℎ𝑐

= 2.2 × 10#;	𝑠(#	𝑐𝑚(!  

Based on the hypothesis that the incident light is sufficient to excite electron, the num-

ber of photoelectrons can be obtained via 𝑛0- = 𝜂𝐴. Where 𝜂 is the quantum yield de-

fined as the ratio of the average number of photoelectrons produced per unit time to 

the number of incident photons at a particular wavelength. In most cases, its value is 

about 1% to 25%. Therefore, the value of photoelectrons in this work could be calcu-

lated as 𝑛0- = 1.1 × 10#<	𝑠(#	𝑐𝑚(! when we fix 𝜂 as 5%. Ignoring the problems of sur-

face scattering and material transmittance, it is assumed that the probability of photo-

electron generation per unit of V2O5 nanofiber as a whole is constant. For a single V2O5 

cylindrical fiber in the illuminated region with a diameter of 150 nm, the relationship 

between the number of photoelectrons from the center to the surface and the radial 

distance is as follows, 

𝑛-(𝑟) = 2𝑛0-𝜋𝑟𝑑𝑟			(0 ≤ 𝑟 ≤ 75	𝑛𝑚)  

Theoretically speaking, the photogenerated electronic conductivity can be given by, 

𝜎-(𝑟) =
𝑛-(𝑟)𝑞𝜇0-
2𝜋𝑟𝑑𝑟

= 3.17 × 10()	𝑆	𝑐𝑚(#  

Where 𝑞 = 1.602 × 10(#=	𝐶, 𝜇0- is the photogenerated electron mobility which is re-

ported as 18 cm2 V-1 s-1 for V2O5 335.  

As carbon is a conductive material, only the V2O5 and VO2 layers need to be consid-

ered in V2O5@VO2@C. The space charge layer in V2O5/VO2 interface could acceler-

ates the electrons, resulting in improved current density. This improved current density 

can be given by, 

𝐽 = 𝑞𝑣67𝐿67
𝑑𝜎-(𝑟)
𝑑𝑥

= 𝑞𝑣67𝐿67
𝑑𝑛-(𝑟)
𝑑𝑥

= 𝑞𝑣67𝑛0-  

Where the #
!
𝑚𝑣67! = 𝑞(𝐸>!?<@A − 𝐸>?!@A ). So, the electronic conductivity in the VO2 region 

can be given by, 

𝜎-(𝑉𝑂!) = 𝐽
𝐸>!?<@A − 𝐸>?!@A

𝐿67
 

𝐿67 = Q
𝜀B𝜀𝑘𝑇
𝑞!𝑛-(𝑟)

U
#/!

V
2𝑞(𝐸>!?<@A − 𝐸>?!@A )

𝐾𝑇 X
#/!

 

Therefore, the stoichiometric photogenerated electronic conductivity 
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𝜎0- =
∫ E"(.)
#$%&
' 5.

H×J<	4K×J<4K
> 3.18 × 10()	𝑆	𝑐𝑚(#. 

On the other hand, since the holes left on the VB can participate in the charging reac-

tion (LixV2O5+yh+→yLi++Lix-yV2O5), the conductivity of the holes can be considered as 

the conductivity of photogenerated Li+ in a certain extent. Reference to the numerical 

relationship between electroconductivity and hole conductivity of lightly doped-silicon, 

we defined 𝜇08 (the photogenerated hole mobility) as 6 cm-2 V-1 s-1. Therefore, the value 

of the photogenerated hole conductivity 𝜎08 = 5.3 × 10(*	𝑆	𝑐𝑚(#. For the electrolytes 

prepared (7 mm (Slighted=~0.38 cm2), a thickness (h) of 5 µm and 50% space ratio for 

the V2O5 nanofibers), the value of 𝑛0- is 5.5 × 10#*	𝑠(#	𝑐𝑚(! for all V2O5 nanofibers. If 

the mass load active materials in our works are set as L=1 mg cm-2, the number of 

V2O5 unit cell in the lighted area can be calculated as 𝑛L!M< = 𝑁N ×
O×B.)Q	RS!

T(
=

2.77 × 10#Q	. As the far a smaller number of photons than V2O5, the average photogen-

erated electronic conductivity and hole conductivity can be regarded as 6.04 ×

10(#)	𝑆	𝑐𝑚(# and 2.01 × 10(#)	𝑆	𝑐𝑚(#, respectively. 

 
Discussion of the dynamic self-adaptive interfacial band structure 
According to the previous results 280,331,336,337, the working voltage vs. Li+/Li, bandgap, 

CB and VB information are summarized in Table 7. The VB and VB of γ-LixV2O5 (x>1), 

are assigned to -7.3 eV and -4.5 eV, respectively. The VB and VB of VO2, are assigned 

to -6.1 eV and -3.8 eV, respectively. The VB and VB of V2O5, are assigned to -4.7 eV 

and -2.4 eV, respectively. This means that the electron transport path will be quite 

different from the reported energy level diagram, and the space charge layer of P3HT 

will be unfavorable to the accumulation of photocurrent at least. 
Table 7: The working voltage vs. Li+/Li, bandgap, CB and VB information for all the products.  

Phase γ-Li2V2O5 δ-LiV2O5 ε-Li0.5V2O5 V2O5 VO2 

Voltage vs. Li+/Li 2 V 2.5 V 3.1 V 3.3 V 2.7 V 

Bandgap 2.8 eV 2.6 eV 2.4 eV 2.2 eV 2.3 eV 

CB -4.5 eV -3.8 eV -3.1 eV -2.4 eV -3.8 eV 

VB -7.3 eV -6.4 eV -5.5 eV -4.7 eV -6.1 eV 

Ref. 331 337 337 280 336 
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4.3 Metal sulfides  
 

4.3.1 Lithium-sulfur battery 

 

The following chapter includes parts that are published in the following article, including 

the preparation of the various specific section related to synthetic work, formal analy-

sis, and characterization of the Li2S-loaded carbon fibers. Coin cell preparations and 

electrochemical measurements were done by co-authors from the Fuel Cell Research 

Center (ZBT) Duisburg. For the reproduction in the thesis/dissertation as an author, 

permission is not required 63: 

 

Brune, V., Bohr, C., Ludwig, T., Wilhelm, M., Hirt, S. D., Fischer, T., Wennig, S., 

Oberschachtsiek, B., Ichangi, A., & Mathur, S. A novel molecular synthesis route to 

Li2S loaded carbon fibers for lithium-sulfur batteries. J. Mater. Chem. A 10, 9902–9910 

(2022). 

 

To overcome the current limitations in the synthesis of Li2S electrospun fibers, a mo-

lecular approach of the stable synthesized precursor will be presented in the following, 

which, to the best of our knowledge, has not been reported before. This molecular 

precursor enables the electrospinning of lithium sulfide-based fibers at ambient condi-

tions from a single precursor solution, which is not limited to only aqueous solutions, 

ensuring a simple preparation of Li2S/C nanofibers.  

Complexes of the tridentate ligand N-methyldiethanethiolamine (I) with lithium-deliv-

ered molecular precursors of formula (LiSC2H4)2NMe have been successfully synthe-

sized and characterized. The N-methyldiethanethiolamine was synthesized according 

to a process described in literature before (Figure 70a) and isolated by distillation under 

reduced pressure as a colorless oil.95,338,339 To deprotonate the thiol function of the 

isolated compound I, an acid-base reaction of n-butyllithium or lithium alcoholate was 

performed in n-heptane to produce the lithium derivative N-methyldiethanethiola-

toamine-lithium (LiSC2H4)2NMe (I-Li) (Figure 70b) as colorless solid. The synthesized 

compound is air-stable and soluble in protic solvents like alcohols or water as well as 

in dimethylsulfoxide (DMSO). The appropriate solubility combined with good stability 

reveals that compound as an ideal precursor for a simple preparation of lithium sulfide 

material.78,340,341 The comfortable handling at ambient conditions and high degrees of 
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freedom regarding the choice of solvents make this molecular compound an ideal pre-

cursor for material processing methods.  

 
Figure 70: a) General synthesis route to N-methyldiethanethiolamine (HSC2H4)2NMe (I) modified from 95 and b) 
synthesis of N-methyldiethanethiolatoamine-lithium (LiSC2H4)2NMe (I-Li). 

The new compound was analyzed by multi-nuclear magnetic resonance (NMR) spec-

troscopy using a combination of 1D and 2D NMR experiments (1H, 13C, 1H1H COSY, 
1H13C HSQC, 1H13C HMBC). For I, three different proton signals were detected with an 

integrative ratio of 2 : 3 : 8 (Figure 71b) which is attributed to the symmetry of I along 

with the methyl function and the nitrogen, showing the possible free rotation around 

the CH2 axis. 

 
Figure 71: 1H NMR of (a) (LiSC2H4)2NMe I-Li and (b) (HSC2H4)2NMe I. 
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The signals of both ethanethiol chains appear as one signal with an equal chemical 

shift located at 2.58 ppm. The two acidic thiol protons resulted in a broad signal at 1.74 

ppm and the methyl group was found at 2.24 ppm. The NMR spectroscopic studies of 

compound I were in agreement with the literature339 and corroborated the proposed 

structure of the ligand in solution (Figure 71b). The deprotonation of I by treatment with 

butyllithium resulted in the lithium derivative I-Li (Figure 71a) showing separated CH2 

protons for the ethanethiol chains in NMR analysis, resulting from the hindered rotation 

around the C–C-axis. In total 11 protons were detected, confirming the deprotonation 

of pre-synthesized ligand I and successful proton exchange by the desired alkali metal. 

To investigate the thermal decomposition behavior of I-Li, thermogravimetric meas-

urements were performed under an inert atmosphere (Figure 72a). The multi-step de-

composition showed a total weight loss of 72% at temperatures up to 800°C, resulting 

in the formation of crystalline residue of lithium sulfide (Li2S). The decomposition of 

molecular precursor sets in at around 100°C and a nearly complete decomposition was 

observed at around 350°C. At this point, Li2S was already formed in an amorphous 

phase, which was confirmed by XRD measurements.342,343 At elevated temperatures, 

beginning at 650°C, conversion to the crystalline cubic phase of Li2S takes place.  

 

 
Figure 72: a) Thermogravimetric measurements of the synthesized precursor (LiSC2H4)2NMe I-Li up to 800°C under 

a nitrogen atmosphere; b) XRD pattern of the decomposed compound I-Li to the corresponding lithium sulfide Li2S 

(ref. PDF #01-26-1188). 

X-ray diffraction investigations of the decomposition residue obtained at 800°C under 

a nitrogen atmosphere confirmed the formation of the desired crystalline Li2S phase 

(Figure 72b). The simple thermal decomposition to phase pure Li2S in combination 

with the comfortable operation, good solubility in protic solutions and air stability 
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qualified the synthesized precursor I-Li as an efficient molecular source for the fabri-

cation of Li2S loaded carbon-based 1D materials. 

 

 
Figure 73: Electrospinning of I-Li/PVP solution with a drum collector. 

Therefore, (LiSC2H4)2NMe–PVP aligned fiber mats were produced from ethanolic so-

lutions of I-Li with polyvinylpyrrolidone (PVP) by the electrospinning process (Figure 

73).  

Calcination of electrospun fibers was performed by applying a ramping of 2°C min−1 

up to 280°C (holding time 2 h) under ambient conditions, to stabilize the fibrous struc-

ture by partly oxidizing,344 followed by a temperature increase of 2°C min−1 up to 700°C 

(holding time 5 h) under a nitrogen atmosphere to finalize the carbonization process 

and to produce crystalline Li2S/C-fiber mats (I-Li/C_45%, Figure 74a), respectively. 

The desired product formation was confirmed by XRD measurements of the calcined 

specimen (Figure 74b).  

A precursor solution with an I-Li to PVP ratio of 1 : 1.5 was used to yield an appropriate 

viscosity for electrospinning which is mandatory to produce homogeneous fibers. A 

rotary drum collector was chosen since electrospinning onto a stationary collector led 

to low fiber adhesion towards the aluminum foil with bundling or aggregation effects. 

The aligned composite fiber (I-Li/PVP_58%) contained a (LiSC2H4)2NMe mass fraction 

of 58 wt%. After the calcination process, a lithium sulfide/conductive carbon composite 
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fiber mat with a total Li2S fraction of 45 wt% (I-Li/C_45%) was obtained which was 

determined by thermogravimetric measurements. 

 

 
Figure 74: Electrospun I-Li fibers containing 45% Li2S in their calcined form. a) SEM image of the electrospun green 

I-Li fibers (I-Li/PVP_58%), b) XRD of I-Li/C_45% (ref. PDF #01-26-1188) and c) TEM image of the calcined elec-

trospun I-Li fibers (I-Li/C_45%). 

TEM analysis of I-Li/C_45% displayed a 3D fiber network out of 1D electrospun fibers 

(Figure 74c).344 The porosity of the fiber structure leads to a high surface-to-volume 

ratio and therefore to an intensive contact between the active material and electrolyte, 

which results in fast lithium-ion diffusion enabling higher charge and discharge rates.  

Electrodes made from I-Li/C_45% fibers, PVP as the binder and carbon black as the 

conductive additive were characterized electrochemically.  

Cyclic voltammetry (Figure 75a) was used to investigate the electrochemical behavior 

of I-Li/C_45% fibers. In the first cycle, two oxidation peaks located at 2740 mV vs. 

Li/Li+ and at 3710 mV vs. Li/Li+ were observed. In the literature, the first peak at 2751 

mV vs. Li/Li+ is attributed to side reactions or the formation of sulfur from Li2S or poly-

sulfides.55,345 The broad peak between 3170 and 3900 mV vs. Li/Li+ with a maximum 

at 3708 mV vs. Li/Li+ is assigned to the oxidation of Li2S to lithium polysulfides and 

sulfur, respectively. Usually, the oxidation of Li2S to elemental sulfur is located between 

2200 and 2600 mV vs. Li/Li+ depending on particle size and active material load-

ing.346,347 

The size of the crystalline Li2S material was calculated using Scherrer's equation at 

around 10 nm. However, for the activation of a fresh Li2S cathode, a higher potential 

within the first cycle is required.348 The overpotential was necessary for phase nuclea-

tion of polysulfides, the removal of surface passivation348 and successive further oxi-

dation to elemental sulfur.347 This phenomenon has been reported for electrodes con-

taining PVP, due to the interaction of lithium ions from Li2S with the oxygen functions 
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of the PVP matrix.349 A significant current flow was still observed between 3900 and 

4000 mV vs. Li/Li+, which can be assigned to side reactions such as electrolyte de-

composition. For the oxidation reaction, a capacity of 1456 mA h g−1 was calculated 

from the CV. This capacity is 290 mA h g−1 higher than the theoretical capacity of Li2S. 

Presumably, this can be explained by side reactions such as electrolyte decomposition 

and the shuttle mechanism, respectively. Three cathodic peaks located at 2355, 2111 

and 2025 mV vs. Li/Li+ were observed, which were assigned to the reduction of sulfur. 

At 2355 mV vs. Li/Li+ the reaction of elemental sulfur (S8 ring) with two lithium ions 

forming long-chain polysulfide Li2S8 has been observed.346 The reduction peak at 2111 

mV vs. Li/Li+ is not characteristic for all Li2S cathodes. However, it can be assigned to 

the further reduction of the long-chained Li2S8 to the shorter-chained polysulfide 

Li2S4.350 The electrochemical conversion of Li2S4 to Li2S2 and Li2S occurred at 2025 

mV vs. Li/Li+. The calculated capacity for the reduction was 863 mA h g−1 giving a 

coulombic efficiency of 59.2%. A low coulombic efficiency in the first cycle was already 

described in the literature and can be explained by the formation of passivation layers 

as well as by the dissolution of polysulfides in the electrolyte.351 For the second cycle, 

the cut-off oxidation potential was set to 3000 mV vs. Li/Li+. Two anodic peaks at 2307 

and 2407 mV vs. Li/Li+ were detected. The peak at 2307 mV vs. Li/Li+ corresponded 

to the formation of short-chain polysulfides and the latter peak was assigned to the 

formation of long-chain polysulfides and sulfur, respectively.352,353 The 1705 mV vs. 

Li/Li+ lower oxidation potential of the second cycle was identified as a common phe-

nomenon of Li2S cathodes.354 The polysulfides, which were formed in the first cycle, 

dissolved in the electrolyte and catalyzed the oxidation of Li2S to S8 leading to a lower 

oxidation potential.355  
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Figure 75: a) Cyclic voltammogram of I-Li/C_45%; b) voltage profile of the first cycle measured at C/20; c) specific 
capacity retention of I-Li/C_45% at C/10 when cycled between 2600 and 1850 mV and d) discharge capacities and 

coulombic efficiencies of I-Li/C_45% at different C-rates; each data point represents the mean value of five cycles 

at the specific current from three different cells. 

The reductive peaks showed comparable potentials as identified in the first cycle, 

which was consistent with the literature.55,129 Additionally, cycling experiments were 

performed to evaluate the capacity, capacity retention and high-rate capability (Figure 

75b-d). The initial cycle was performed at C/20 and the voltage profile is shown in 

Figure 75b. During the charging process, a small plateau at 2696 mV was observed, 

which seemed to be corresponding to the peak at 2740 mV vs. Li/Li+ in the first cycle 

of the CV. The voltage shift resulted from the cell setup (CV: three-electrode configu-

rations, cycling: two-electrode configuration) as well as the different current flow. As 

seen in Fig. 6a the cell voltage rose after the plateau drastically. However, the voltage 

seemed to run into a plateau at about 3600 mV instead of reaching the set cut-off 

voltage of 3900 mV. This leads to the presumption that the polysulfide shuttle had a 

strong influence on cell voltage. The shuttle caused a constant voltage by generating 

polysulfides which were reduced and re-oxidized at the electrode.356  
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Additionally, electrolyte decomposition at a voltage higher than 3500 mV vs. Li/Li+ was 

more and more likely. Hence, the charging process was stopped after 21 h. The further 

cycles were recorded at C/10 (Figure 75c).  

A capacity of 702 mA h g−1 and capacity retention of 73% after 100 cycles were ob-

served. The mean coulombic efficiency was 96%. The reason for the limited coulombic 

efficiency could be the side reactions caused by the polysulfide shuttle.357 In compari-

son with the Li2S–C–PVP material of Liu et al.349 the material showed a slightly lower 

initial capacity. However, after 50 cycles the capacity of Liu's material reached 460 mA 

h g−1 instead of the 554 mA h g−1 for I-Li/C_45%.349 Perhaps, this can be explained by 

the better structural integrity of our material. 

Additionally, the high-rate capability was measured by applying different currents (Fig-

ure 75d). A reduced capacity at higher C-rates is a commonly known property of lith-

ium-sulfur batteries358 and can be explained by the slow kinetics of the polysulfide re-

dox reaction and the very low electrical conductivity of the lithium-sulfur species.359 

The presented material showed at a rate of 1C at least 56% of the capacity at 0.1C. 

This promising result can be explained by the good electrical connection between the 

particles and of the particles with the current collector, respectively. 
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4.3.2 Copper sulfide as cathode material for rechargeable magnesium batteries 

 

Figure 76a displays the SEM images of CuS particles achieved by simple precipitation 

reaction between CuCl2 and (NH4)2S. The precipitated particles are not uniform in 

shape and size and tend to agglomerate. Figure 76b-f show the transition of the CuS 

particles to Cu7.4S4 particles by simple heat treatment at different temperatures under 

an inter (N2) environment. Comparing the as synthesized (Figure 76a) and the 150°C 

(Figure 76b) samples, it can be observed that the particles display uniform shape and 

size throughout the entire sample. However, by increasing the temperature from 150°C 

to 450°C, the particles start to melt together to form a dense material leading to mi-

crometer-sized particles at 450°C. By increasing the treatment temperature to 850°C, 

the sample loses the small particle size to form high-dense Cu2S material with larger 

grains. 

 

 
Figure 76: SEM images of CuS treated at different temperatures (25°C, 150°C, 250°C, 350°C, 450°C, 850°C). 

XRD analysis was carried out to provide the crystal structures at the different temper-

ature stages. Whereas the pristine material shows a hexagonal CuS (covellite) crystal 

structure, the signal measured with XRD improves upon heat treatment to 350°C (Fig-

ure 77b). As can be seen from the TG/DSC analysis (Figure 77a), the material shows, 
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until this point, an endothermic behavior mainly from the melting of the material. Be-

tween 350°C and 450°C, the material undergoes a phase change from hexagonal CuS 

to cubic Cu7.4S4. This phase transition is also visible in the DSC through an exothermic 

deflection in this temperature range, which is due to the crystallization process. Fur-

ther, by increasing the temperature to 850°C, the material follows the exothermic re-

action by changing the crystal structure to monoclinic Cu2S (high-chalcocite) under the 

decomposition of sulfur, measured by XRD. 

 
Figure 77: a) TG/DSC of pristine precipitated CuS at 25°C and b) XRD of CuS treated at different temperatures 

(25°C, 150°C, 250°C, 350°C, 450°C, 850°C). 

XPS high-resolution spectra of the S 2p, Cu 2p, and Cu L3M4,5M4,5 Auger peaks were 

recorded to investigate the chemical environment during the heat treatment and crystal 

structure changes. Figure 78 presents measurements of the S 2p and Cu 2p orbitals 

of CuS treated at different temperatures. In the S 2p orbital, three doublets can be 

measured for the pristine CuS corresponding to S2-, S22-, and Sn2-.228,229,360,361 How-

ever, these peaks maintain until a temperature of 350°C. By increasing the tempera-

ture to 450°C, the peaks of S22- and Sn2- disappeared while only the peaks of the S2- 
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were maintained. The signal improves from 450°C to 850°C, suggesting the complete 

transition from Cu7.2S4 to Cu2S. The changes in the Cu 2p peaks are in accordance 

with the trends seen from the S2p peaks. Whereas, in the low-temperature range 

(<450°C), the Cu 2p peak splits into two peaks, one for a Cu+I and one for the Cu+II 

peak, decreasing the Cu+II peak upon an increase in temperature.  

Therefore, the samples treated at 450°C and 850°C show only one peak for the Cu+I 

species. Additionally, it can be observed that the peak position of the Cu+I signal is 

shifting slightly to a higher binding energy for the Cu2-nS samples, which is literature 

known for the transition from CuS to Cu2S. 

 
Figure 78: High-resolution X-ray photoelectron spectra of the S 2p and Cu 2p orbitals of CuS treated at different 
temperatures (25°C, 150°C, 250°C, 350°C, 450°C, 850°C). 

For an advanced analysis of copper, the Cu L3M4,5M4,5 peak can give more information. 

The peak shift of the Auger peak indicates the chemical environment of the copper 
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atom. As seen in Figure 79, the peak position shifts first to lower binding energies till 

350°C before it shifts to higher binding energies for the samples treated at 450°C and 

850°C, representing the reduction from Cu2+ to Cu+. The peak shift to higher binding 

energies indicates the formation of Cu2S at higher temperatures. However, interest-

ingly the first peak shift to lower binding energy indicates a more defined formation of 

CuS when increasing the temperature from 25°C to 150°C. 

 
Figure 79: High-resolution XPS of the Cu LMM Auger peak of CuS treated at different temperatures. 

Electrochemical investigations were done to investigate the influence of different 

treatment temperatures, and therefore crystallinity of the materials, on the redox 

behavior vs. Mg/Mg2+. Cyclovoltammetric measurements of the four selected materials 

are presented in Figure 80, showing different redox behaviors. For the pristine CuS 

precipitated at 25°C (Figure 80a), a very intense peak at 0.8 V during the first discharge 

can be observed. Further, a broader shoulder peak is visible between 0.7-0.5 V.  

During the first charging, no reversible peak at lower potentials can be observed. At a 

potential of 2 V vs. Mg/Mg2+, an increase in current can be seen, due to the oxidation 

of polysulfides.  

In the second and third discharge cycles, the reduction peak shifts towards a higher 

potential of 1.0 V, which is much lower in intensity compared to the first discharge. 

However, the peak intensity increases in the third discharge compared to the second.  

The second discharge peak at 0.6 V gets less intense upon the second and third 

cycles. Two peaks at 1.8 V and 2 V are visible for the second charging cycle. 



  Results and Discussion 

   106  

 

As discussed earlier in the introduction, two different reaction mechanisms are known 

for the displacement reaction between Mg and Cu. The following discussion is based 

on the fact that no oxidation peak was detected in the first charging process.  

Since pristine CuS consists of Cu2+, Cu+, S22-, and S2-, the following reactions occur 

during the first and second cycles: 

 

1st discharge:  

S22- + 2 e- à 2 S2- (0.8 V) 

Cu2+ + e- à Cu+ (0.7-0.5 V) 

1st charge:  

2 S2- à S22- + 2 e- (Mg-polysulfides) (>2 V) 

2nd discharge: 

Cu+ + e- à Cu (1 V) 

2nd charge:  

Cu à Cu+ + e- (1.8 V) 

Overall reaction 1st cycle: 

2 CuS + Mg à Cu2S + MgS 

Overall reaction ongoing cycles:  

Cu2S + Mg à 2 Cu + MgS 

 

Only through the decomposition of the S-S bonds during the first discharge, Cu+ in the 

inner of the CuS structure is accessible for Mg2+ in the following cycles. Therefore, only 

the reversible redox reaction Cu+ + e- ⇌ Cu0 occurs from the second cycle on. This is 

in accordance with the differences seen in galvanostatic and cyclic voltammetry 

measurements with the increase in voltages at the beginning of the galvanostatic 

measurements.151 Whereas in galvanostatic measurements, the voltage is not fixed 

(only the current), an increase in voltage can be explained that after breaking some S-

S bonds at lower voltages, Cu+ from the structure is accessible, which is getting already 

reduced to Cu0 at a higher potential during the first discharge simultaneously. This fact 

could explain the discrepancy in the literature regarding the mechanism that some 

studies report the detection of Cu0 in the first cycle and some do not.  

As seen from the third discharge cycle, more Cu+-ions are reduced, causing an 

increase and peak shift of the first oxidation peak to 1.8 V. Depending on the electrolyte 
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and potential windows (>2 V), the oxidation of Cu+ to Cu2+ could be triggered, but in 

contrast this also the oxidation to polysulfides and dissolution in the electrolyte, causing 

the cells to fail.163,362 

By comparing Figure 80a and b, it is visible that both materials follow similar 

electrochemistry. In the CuS sample teated at 150°C (Figure 80b), the reduction peaks 

during the first discharge appear much broader compared to the pristine CuS material. 

The broader and less intense peak can be explained by a slower diffusion rate of the 

Mg-ions into CuS. The higher density of the material slows the diffusion of the ions to 

the electrode broadening the peak of the reductive discharge and decreasing the cur-

rent density. It can also be seen that the reduction peaks in the 2nd and 3rd discharge 

processes show multiple peaks between 1.0-0.7 V, which is due to the diffusion limita-

tion during the first cycles. 

 
Figure 80: Cyclovoltammetries of CuS treated at different temperatures a) 25°C, b) 150°C, c) 450°C, and d) 850°C). 

Since it was measured by TG/DSC and XRD, two changes in phase occur towards 

higher temperatures (450°C = Cu7.4S4, 850°C = Cu2S), influencing the electrochemistry 

of the battery. The assumption could be made that the first cycle is irreversible and 

only Cu2S is the reversible redox reaction vs. Mg/Mg2+, as seen from CuS. The 
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samples treated at 450°C and 850°C follow the second and third redox behaviors im-

mediately as seen from CuS treated at 25°C and 150°C. 

First, the current densities are dramatically decreased compared to the CuS samples 

treated below temperatures of 450°C. This can be explained by the extreme morphol-

ogy change described from the SEM measurements, losing the nano structuring effect 

as discussed previously in the literature.151 However, much difference could be meas-

ured during CV analysis. Sample treated at 450°C undergoes multiple reductions at 

1.4 V, 1.0 V, and 0.5-0.01 V during the first cycle, whereas in the second and third 

cycles, the peaks are more defined at 1.0 V, 0.5 V, and 0.01 V. The peak at 1.0 V was 

expected for the reduction of Cu+ à Cu0, which was observed previously in the other 

CuS samples after cycling. The reduction peak at 0.5 V was not expected but was 

assumed to correspond to the remaining CuS, which was not fully transformed to Cu2S 

during the temperature treatment.  

Interestingly, the peak at 0.01 V was not expected but correspond to the intercalation 

of Mg2+ into the carbon host framework of the electrode (current collector) without un-

dergoing a conversion reaction as known from anode materials in lithium-ion batteries 

at similar low potentials as discussed previously. However, in all three charging cycles, 

a defined peak at 1.4 V can be measured. This peak is assigned to the deintercalation 

of the Mg2+ from the carbon framework. Additionally, minor oxidation happens at a 

higher potential of 1.8-1.9 V, which results from the oxidation of Cu0 to Cu+.  

In the 850°C cells, only the intercalation and deintercalation peaks of Mg2+ at low po-

tentials during the cathodic peak and 1.5 V during the anodic peak can be observed. 

This is due to the high density of the active material and poor kinetics of Mg2+, where 

no Mg2+ can transit into the structure of Cu2S to undergo the conversion reaction.  

According to the CV measurements, galvanostatic charge-discharge curves were rec-

orded to measure the specific capacities and long-term stabilities of the described 

cells.  
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Figure 81: a) Galvanostatic charge-discharge measurements comparing the specific discharge capacities of CuS 
treated at different temperatures and b) more detailed galvanostatic charge-discharge curves of CuS treated at 

250°C. 

Figure 81a presents the specific discharge capacities of CuS treated at different tem-

peratures. As synthesized CuS (25°C) exhibits the highest specific capacity of 50 cy-

cles (160 mAh g-1). However, for this material, an increase of capacity in the first ten 

cycles was measured before rapidly losing capacity towards 50 cycles.  

CuS treated at 150°C revealed to have a high capacity of 139 mAh g-1 for the first 

cycles maintaining a high capacity of 130 mAh g-1 after 50 cycles. For the CuS heated 

to 250°C, an exciting behavior was observed (Figure 81b). During the first 25 cycles, 

the cell runs low on specific capacity (<10 mAh g-1) before increasing in capacity slowly 

to the 50th cycle and dramatically increasing its capacity to ca. 100 mAh g-1 after 100 

cycles. It is believed that while cycling some pores were formed due to the dissolution 

of polysulfide in the electrolyte, which supports the migration of Mg2+ into the CuS 

structure. The higher amount of magnesium penetrating the structure causes the rapid 

increase in capacity in each cycle. As seen from the curve in Figure 81b, the capacity 

tends to stabilize upon 100 cycles and beyond.  

The electrochemical cell using CuS heated to 350°C did not perform well, exhibiting 

only a specific capacity below 5 mAh g-1 after 50 cycles. For the higher temperature 

treated (450°C and 850°C) CuS, which were proved to be Cu2S by XRD analysis pre-

viously, capacities lower than 5 mAh g-1 were measured without any increase during 

more prolonged cycling. However, it could be measured that the specific capacities 

slightly increase during cycling for the cells using CuS treated at 350°C, 450°C, and 

850°C, even when not exceeding 5 mAh g-1. 
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Figure 82: EDX analysis of the pristine and discharged (3rd cycle) electrode of the CuS material treated at 150°C. 

Post-mortem analysis by EDX analysis of the pristine and the cycled (discharged) elec-

trode of CuS material treated at 150°C electrode was done to investigate the material 

composition after the cycling (Figure 82). For the pristine electrode, the elements cop-

per, sulfur, fluorine, carbon, and oxygen were detected. Copper and sulfur represent 

the active material, while the signal of carbon and fluorine occurs from the additives 

(PVDF binder and conductive carbon). The oxygen signal must come from some im-

purities, and it can be excluded to be from some CuO since the location of the oxygen 

and copper signals differ.  

After cycling and discharging, additional signals of chlorine, aluminum, and magnesium 

were detected. Chlorine and aluminum can be assigned to some Mg(hexamethyldisi-

lazane)2*AlCl3/DME electrolyte decompositions on the electrode. Moreover, oxygen is 

located in the same position as well as chlorine and aluminum, suggesting a formation 

of aluminum oxychloride. The signals of carbon and fluorine seem to be unchanged. 

More interestingly, already seen from the electron image, the formation of nanowires 

occurs for the discharged electrode. By comparing the electron image with the EDX 

images of the elements, especially copper and sulfur, it is visual that the formed nan-

owires consist of copper. However, the images of sulfur and magnesium fit well, sug-

gesting the expected formation of MgS at the discharged state. The additional signal 

of copper at the MgS proves the reduction of copper as seen from CV measurements. 

These results show that less reversible redox behavior takes place when CuS is 

treated at higher temperatures as a result of losing the nanostructured size. The phase 

change from CuS to Cu2-xS can prevent energy loss during the first irreversible cycle 

(CuS + Mg à Cu2S + MgS) in CuS samples. To counter the first irreversible reaction 

of CuS à Cu2S, nanostructured Cu2S synthesized at low temperatures could be a 

potential pathway for long-term rechargeable magnesium batteries. 
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Therefore, two different synthetic strategies were tested to synthesize Cu2S on the 

nanoscale. In the first approach, Cu2S was synthesized by precipitation from a Cu(I)-

complex solution as a brownish powder (Cu2S-PR). SEM images showed 

homogeneous agglomerated particles with a particle size of around 30-50 nm  

(Figure 83c). XRD analysis pointed out that the crystalline part is related to the covellite 

(CuS) structure. However, the XRD showed low signal and the presence of some 

amorphous Cu2S formed incidentally cannot be ruled out.  

 

 
Figure 83: SEM images of CuS synthesized by microwave-assisted synthesis, Cu2S synthesized by microwave-

assisted synthesis, and precipitated Cu2S. 

The XPS analysis of the Cu LMM showed only a tiny shift towards higher binding 

energies, suggesting a mixture of CuS and Cu2S (Figure 84a). HR XPS measurements 

of the Cu 2p and the S 2p orbitals fit more to a CuS rather than to Cu2S due to the 

existence of Cu+I and Cu+II as well as disulfides and polysulfides in the S 2p spectra 

Figure 85a, b.  

However, interestingly CV measurements of this material showed a slightly different 

behavior compared to the previously measured CuS materials (Figure 86). During the 

first discharge event, two prominent sharp peaks were measured at 1.05 V and 0.8 V, 

whereas the second peak has a broad shoulder towards lower potentials. According 

to the previous discussion, the first peak results from the reduction of Cu+ to Cu0, due 

to already accessible Cu+.The second peak is from the reduction of CuS to Cu2S and 

MgS. During the first charge, the oxidation peak starts from 1.75 to 2 V, indicating 

oxidation from Cu0 to Cu+ and the oxidation to polysulfides. Especially the peak for the 

oxidation of copper is much higher compared to previous discussed CuS material. 

From the second cycle on, the cell using Cu2S-PR as active material reacts similar to 

copper sulfides as discussed before.  
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Figure 84: a) XPS high-resolution spectra of the LMM Auger peak of CuS treated at 150°C, Cu2S precipitated at 

25°C, and Cu2S synthesized by microwave-assisted synthesis, and b) XRD of CuS synthesized by microwave-

assisted synthesis, Cu2S synthesized by microwave-assisted synthesis, and Cu2S precipitated at 25°C. 

In a second approach, Cu2S was synthesized by microwave-assisted hydrothermal 

synthesis with a Cu : S ratio of 2 : 1 (Cu2S-MW). As a control, CuS was synthesized 

following the same parameters except for higher access of sulfur during the synthesis 

(Cu:S = 1:2, CuS-MW). SEM images of the synthesized particles are presented in Fi-

gure 83a and b. The morphology of CuS microwaves is a non-uniform, mixed particle 

size, ranging from 50 nm to one micrometer. The SEM image of Cu2S-MW particles 

shows two types of morphologies, dominant spherical particles and less dominant 

platelet structure. XRD characterizations revealed that Cu1.81S was formed during the 

microwave-assisted synthesis for a Cu:S ratio of 2:1. As expected, CuS was formed 

for the synthesis with a higher amount of sulfur used in synthesis. High-resolution XPS 

investigations of the Cu LMM peaks showed a shift towards higher binding energies 

for Cu2S synthesized by microwave-assisted synthesis compared to CuS treated at 

150°C. Moreover, HR XPS of the Cu 2p orbital revealed that copper is to be found in 

valence states +I and +II, as expected from the unstoichiometric compositions seen 

from XRD. However, measurements of the S 2p orbital result in S2- as meaningful 

bonds. Only minor shares of S22- and Sn2- were measured  

(Figure 85c, d).  
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Figure 85: HR XPS spectra of a) Cu 2p of Cu2S precipitated at 25°C, b) S 2p of Cu2S precipitated at 25°C, c) Cu 2p 

of Cu2S synthesized by microwave-assisted synthesis, and d) S 2p of Cu2S synthesized by microwave-assisted 
synthesis.  

Similar to precipitated Cu2S, a sharp peak at higher potentials (1.3 V) during CV 

analysis has been measured, which is assigned to the reduction of Cu+ to Cu0 from 

Cu2S formed during the synthesis. However, interestingly the second reduction peak 

looks similar to those of CuS synthesized by microwave. The difference between both 

peaks is the higher reduction potential of 0.75 V for the Cu2S-MW compared to 0.6 V 

for the CuS-MW material. Similar to Cu2S-PR is an oxidation peak at a potential of 

1.75 V visible, which is almost missing in the CV of the CuS-MW cell. During the 

second and third cycles, a reversible cyclovoltammetry could be measured for Cu2S 

with the redox pair at 1.0 V/1.8 V. For CuS-MW, similar behavior as seen from CuS 

can be observed during the second and third cycles (Figure 86a). 
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Figure 86: Cyclovoltammetry measurements of a) CuS synthesized by microwave-assisted synthesis, b) Cu2S syn-
thesized by microwave-assisted synthesis, and c) precipitated Cu2S.  

Comparing Cu2S-MW and Cu2S-PR under galvanostatic charge-discharge conditions, 

two plateaus in both materials were measured. However, the first plateau in the Cu2S-

MW cell is much shorter compared to the one in Cu2S-PR Figure 87a and b. This can 

be explained by the higher amount of CuS in Cu2S-PR as measured previously by 

XRD and XPS.  

 
Figure 87: Galvanostatic charge-discharge measurements of the 1., 2., and 50. cycle of a) Cu2S synthesized by 
microwave-assisted synthesis and b) precipitated Cu2S at a current density of 50 mA g-1. Stability tests of c) Cu2S 

synthesized by microwave-assisted synthesis and d) precipitated Cu2S 
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Stability test over 50 cycles at a current density of 50 mA g-1 measured capacities of 

110 mAh g-1 in the second cycle and 77 mAh g-1 in the 50th cycle, which is a capacity 

retention of around 70%.  

However, as discussed before, a higher specific capacity of 220 mAh g-1 in the second 

cycle and 140 mAh g-1 in the 50th cycle was measured, leading to a capacity retention 

of 64%. The coulombic efficiency of the Cu2S-MW increased from around 80% to 96% 

after the first 20 cycles and retained this efficiency towards 50 cycles. In contrast, 

Cu2S-PR achieves a coulombic efficiency of nearly 100% after 5 cycles. Moreover, it 

can be observed that Cu2S-PR is constantly losing capacity each cycle, whereas Cu2S-

MW seems to be stabilized after 20 cycles maintaining the specific capacity of 

80 mAh g-1. This difference can be explained due to the higher amount of CuS in Cu2S-

PR compared to Cu2S-MW (Figure 87c, d). 

The results intend that using phase pure Cu2S nanostructures compared to CuS 

nanostructures have fewer side reactions during the cell’s first discharge, increasing 

the cell’s lifetime. Furthermore, Cu2S samples show lower overall specific capacity; 

however, compared to their theoretical values, Cu2S outperformed CuS materials. The 

highest challenge is synthesizing phase pure Cu2S as suitable nanostructures at low 

temperatures for long-term cell viability. Due to their high density, high-temperature 

modifications of CuS and Cu2S seem not promising as suitable cathode materials for 

rechargeable magnesium batteries. Moreover, up to now, only a few ex-situ studies 

exist, reporting a discrepancy in the working mechanism. More investigations must be 

done with in-situ studies to understand the ongoing electrochemical processes fully. 

Although, all reports agree to the fact of the difference between the first and the ongo-

ing discharges. Therefore, potential strategies of synthesizing nanostructure, phase 

pure, low-temperature Cu2S should be the next steps to overcome the capacity loss 

during the first cycle. Here, the differences between hexagonal and cubic Cu2S in com-

bination with in-situ TEM analysis during the electrochemical reaction are of highest 

interest.  

However, cycling retention is a second issue that also must be addressed in upcoming 

studies. The fact of dissolution of Cu2+ and polysulfides in the electrolyte can be ad-

dressed by testing copper sulfide as cathode material in all-solid-state-batteries, which 

is enabled through the existents of potential Mg2+ solid-state conductors with a con-

ductivity of around 10-3 S cm-1 or by interface engineering to prevent the dissolution 

process.363,364  



  Results and Discussion 

   116  

4.3.3 Fe3S4 thiospinel for rechargeable magnesium batteries and beyond  

 

As iron is more available in the earth’s crust compared to copper, iron sulfides can be 

potential candidates as cathode material for rechargeable magnesium batteries. Addi-

tionally, thiospinels can enable higher mobilities for the insertion of Mg2+ into the host 

material. Therefore, Fe3S4 was synthesized by autoclave-assisted hydrothermal syn-

thesis.  

Figure 88a shows an SEM image of the synthesized iron sulfide thiospinel structures 

grown as micrometer-size flower-like structures. XRD characterization (Figure 88b) 

was performed to investigate the crystallinity of the material. However, characteristic 

peaks of the Greigite (Fe3S4) structure were identified. 

 

 
Figure 88: a) SEM image and b) XRD characterization of Fe3S4. 

First, the material was tested in an electrochemical cell vs. Mg/Mg2+ on the redox po-

tentials in the voltage window from 0.5-2.2 V for the first three cycles. For the discharg-

ing peak now clear reduction peak could be identified. However, a broad discharge 

plateau extends from 1.5-0.5 V. This broad peak is due to the simultaneous reductions 

from Fe3+ à Fe2+ à Fe0. Differences between the first, second, and third cycles can 

be seen in decreasing current densities. This can be explained by irreversible losses 

upon cycling by the leaching of Fe3+/Fe2+ of the active material in the acetic electrolyte 

(Mg(hexamethyldisilazane)*2 AlCl3/DME) or the dissolution of polysulfides through the 

oxidation of S as reported for other thiospinels.211 During the charging cycles, two 

peaks could be identified at 1.7 V and 2.0 V. The peaks are assigned to the oxidation 

from Fe0 à Fe2+ and later to the partial oxidation from Fe2+ à Fe3+. Higher potentials 
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then 2.0 V show an increase in current density, which corresponds to the decomposi-

tion of the electrolyte. The dramatic capacity loss was also observed during the gal-

vanostatic charge-discharge stability test, as presented in Figure 89. The initial capac-

ity for Fe3S4 vs. Mg/Mg2+ at a current density of 50 mA g-1 was 41 mAh g-1 which de-

creased quickly to 15 mAh g-1 after 50 cycles. However, the coulombic efficiency of the 

material improved upon cycling close to 97%.  

 
Figure 89: a) Cyclovoltammetry measurements and b) galvanostatic charge-discharge stability tests for the Fe3S4 

electrode material vs. Mg/Mg2+.  

For an improved electrochemical reaction, the ionic conductivity within the electrolyte 

was increase by adding a small amount of LiCl (0.4 M) to the Mg-based electrolyte, 

and hybrid electrochemical cells were produced and tested vs. a magnesium metal 

anode. The addition of small amounts of lithium-ions into the system can achieve fast 

electrode kinetics and smooth anode deposition morphology. The improved redox re-

actions are presented in Figure 90a with the cyclovoltammetry analysis of the hybrid 

cell. In the first discharge cycle, two broad peaks at 1.2 V and 0.9 V, as well as a 

sharper peak at 0.6-0.5 V, were measured. The peak at 1.2 V is assigned to the re-

duction from Fe3+ à Fe2+, whereas the peak at 0.9 V is assigned to the reduction from 

Fe2+ à Fe0. The third peak at 0.6-0.5 V is due to the formation of a Li-solid electrolyte 

interface. 

During the charging process in the first cycle, two overlapping peaks at 1.5 V and 1.7 V 

are observed. These peaks show the reversible redox reaction of Fe0 à Fe2+ and Fe2+ 

à Fe3+. In the second and third discharge cycles, the reduction peak at 1.2 V almost 

disappeared, indicating that less Fe3+ was oxidized during the first charging as it was 

in the pristine electrode. The reduction peak at 0.9 V appeared in the second and third 

cycles much sharper, affirming the assumption of less oxidation from Fe2+ à Fe3+ in 

the first charging cycle. The third peak at 0.6-0.5 V from the first discharge cycle 
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disappeared in the second and third cycles. During the second and third charging cy-

cles, the first oxidation peak shifted from 1.5 V to 1.3 V and the second from 1.7 V to 

1.6 V, showing improved electrochemical redox reactions. Galvanostatic charge-dis-

charge analysis revealed an initial specific capacity of 440 mAh g-1 running at a low 

current density of 25 mA g-1. For the second and third cycles, the specific capacity 

decreased to around 180 mAh g-1 at the same current density. After 40 cycles at a 

current density of 200 mAh g-1, the electrochemical cell delivered a high capacity of 

115 mAh g-1 (Figure 90b). Rate capability tests were performed to investigate the per-

formance of the system at higher current densities (Figure 90c). Even at a high current 

density of 1600 mA g-1, the cell was vital and delivered a specific capacity of  

25 mAh g-1. It can be seen by cycling at lower current densities that the cell runs une-

venly. However, performing long-term measurements over 200 cycles at a current den-

sity of 200 mA g-1 show remarkable cycling stability with specific capacities of 

100 mAh g-1 at a coulombic efficiency of around 100%. Towards 200 cycles, the cell 

improved in specific capacity to 120 mAh g-1 and a stabilized coulombic efficiency (Fig-

ure 90d), which is higher compared to Mg/Li-hybrid FeS2 systems.365 

 
Figure 90: a) Cyclovoltammetry, b) galvanostatic charge-discharge curves of the 1., 2., 3., and 40. cycle, c) rate 
capability test at different current densities, and d) stability tests of Fe3S4 half-cell cycled vs. Mg-metal anode and 

a Mg/Li-hybrid electrolyte.  
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4.3.4 Copper iron sulfide as cathode material 

 

It was shown in chapter 4.3.2, that copper is getting oxidized only to Cu+ in the voltage 

range of up to 2 V. Even though iron can play a significant role in terms of availability, 

therefore, the binary CuFeS2 might have an interest in electrochemical reaction behav-

ior vs. magnesium since copper is found in oxidation state +1 and iron in +3, potentially 

following a redox conversion reaction like lithium batteries: 

 

CuFeS2 + 2 Mg à Cu + Fe + 2 MgS 

 

To investigate this hypothesis, CuFeS2 was produced by hydrothermal synthesis using 

the precursor CuCl2, FeCl2 * 4 H2O, and L-cysteine as a sulfur source. During the syn-

thesis, iron was oxidized while copper was reduced, ending in the chemical sum for-

mula Cu+IFe+IIIS2-II. 

 
Figure 91: a) XRD of CuFeS2 with the reference pattern #37-0471 and b) SEM image of CuFeS2 micrometer parti-
cles. 

The XRD pattern presented in Figure 91a proves the crystal structure of the synthe-

sized material as chalcopyrite (CuFeS2) fitting to the reference pattern PDF# 37-0471. 

The particles have micrometer size observed as agglomerated spherical particles in 

the SEM image in Figure 91b. 

From EDX analysis, it was identified that the ratios of Cu : Fe : S are in accordance 

with the desired material. Beside high amount of Si resulting from the substrate, con-

taminations of carbon and oxygen were additionally detected during the measurement. 
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The relatively high amount of carbon can be explained by some remaining carbon re-

siduals from the hydrothermal synthesis (Figure 92). 

 

 
Figure 92: EDX analysis of CuFeS2. 

Cyclovoltammetry was performed in the CuFeS2 material vs. a magnesium metal elec-

trode in a Mg(hexamethyldisilazane)2 * 2 AlCl3/DME electrolyte, as displayed in  

Figure 93a. During the first discharge cycle, no clear reduction peak could be identified 

as it would be expected for the reduction of Cu+I to Cu+II and the multiple-step reduction 

from Fe+III to Fe+II and finally to Fe0. Instead, a broad discharge plateau is visible in the 

voltage range from 1.8 V – 0.2 V, whereas the current density increases towards lower 

potentials, especially at 1.4 V and 0.75 V. This broad peak is assumed to originate 

from the overlapping reactions of the above mentioned reduction reactions in the crys-

tal structure. 

In the first charging, a minor oxidation peak at 1.4 V and around 2.0 V could be ob-

served. From the first to the second to the third discharge cycle, a dramatic loss in 

current density was measured. In the second charge cycle, the first oxidation peak 

shifted from 1.4 V to 1.3 V and increased in intensity, which almost disappeared in the 

third cycle. These oxidation peaks are assumed to correspond to some intercalated 

Mg-ions, which intercalate at relatively low potentials into the carbon framework of the 

current collector as seen from lithium-ion batteries. The oxidation peaks at around 2 V 

remained in the second and third cycles, which corresponds to the oxidation of Cu to 

Cu+I.  

By comparing the results from the Fe3S4 half-cell measurements with these findings, 

the redox behavior of Fe3S4 and CuFeS2 looks quite similar. However, it is believed 

that only Cu-S plays the dominant and active role when cycling CuFeS2 vs. Mg/Mg2+. 

Even when a stable performance at 80 mA g-1 over 200 cycles was measured, the 

specific capacity was found to be too low for practical applications (Figure 93b). Nev-

ertheless, the investigated CuFeS2 material is expected to increase the specific 
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capacity by nano-structuring chalcopyrite, enabling the practical application of re-

chargeable magnesium batteries, as already seen for CuS cathode material. 

 
Figure 93: Cyclovoltammetry of CuFeS2 and galvanostatic charge-discharge measurements of CuFeS2. 

The results present the high potential of iron and copper-iron sulfide as potential can-

didates as cathode materials for rechargeable magnesium batteries. Particularly, the 

addition of a small amount of lithium salts demonstrated the dramatic bottleneck of 

magnesium-based electrolytes so far. Even if some reports present more suitable Mg2+ 

liquid conductors, the development of the magnesium-based electrolytes is an ongoing 

and demanding research field.145,366 That copper-iron sulfide has the potential to de-

liver very high capacities of over 500 mAh g-1 in other energy storage systems, such 

as sodium or lithium batteries, was already reported.243,367,368 Similar capacities might 

be achievable in rechargeable magnesium batteries in combination with the right 

choice of electrolyte.   
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4.3.5 Copper iron sulfide / reduced graphene oxide (rGO) free-standing films for lith-

ium-sulfur batteries 

 

Light weight, sustainable resources, and high energy densities of the active materials 

are required to achieve a suitable energy storage system for the next generation of 

batteries. Therefore, electrode materials and cell design play an essential role. Finding 

solutions for omitting the current collector to reduce weight in the cell could be one 

advantage. Therefore, free-standing and flexible rGO films were developed as self-

supported electrode materials and combined with a sustainable and high-energy den-

sity material consisting of CuFeSx.57 The rGO films were prepared by pressure-induced 

filtration of a GO dispersion. Two ways were used to incorporate copper iron sulfide 

particles into the free-standing electrode. In the first approach, CuFeS2 particles were 

synthesized on the GO sheets before the pressure filtration. For second method, par-

ticles with high stability in aqueous solutions were synthesized. However, the first at-

tempt by synthesizing particles on the GO sheets via microwave-assisted synthesis 

was successful, however it could not yield stable dispersions for the pressure filtration. 

Therefore, in the second attempt, copper iron sulfide particles with surface functional 

groups were synthesized with high stability in aqueous solutions (CFS-I). Furthermore, 

the idea was to run these composite films vs. Mg/Mg2+, however no functional cell 

could be made. Therefore, the composite films were tested against Li/Li+ to show their 

potential as free-standing, flexible, and high-energy-density electrodes. 

 

 
Figure 94: SEM images of a) as-synthesized CFS-I. And b) pressure-filtrated and reduced graphene oxide-CFS 
composite film. 
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The SEM image (Figure 94a) of the as-synthesized material revealed a flower-like 

structure with thin nanosheets. XRD characterization of the flower-like materials re-

vealed a mixture of CuS and CuFe2S3 phases (Figure 97a). The CFS-I material turned 

into crystalline Bornite (Cu5FeS4) through simple heat treatment. After the pressure 

filtration of the GO/CFS-I mixture, a free-standing and flexible film was obtained. The 

cross-sectional SEM image (Figure 94b) showed the CFS-I material to be sandwiched 

between two GO layers. With a large spacing between the GO layers of 15 µm, high 

loading of the active material into the carbon framework could be visualized. Interest-

ingly, the properties of free-standing and flexibility could be maintained even after the 

calcination of the GO/CFS-I to the rGO/CFS film (Figure 95b).  

 

 
Figure 95: a) Photograph of the four different pressure-filtrated and temperature-treated film electrodes. b) Photo-

graph of the freestanding and flexible rGO/CFS film electrode. 

As can be seen in Figure 95a, GO film has a light brown color which changed after 

annealing to gray with a metallic shining. However, the color of the composite film 

(GO/CFS-I) is also brownish and changes to gray with a metallic shining after anneal-

ing, whereas the composite films appeared a bit darker. XRD analysis of the rGO/CFS 

free-standing film was investigated to see if the reduction of the carbon allotrope has 

an influence on the crystal structure of the CFS. The results showed (Figure 97a) that 

there was no influence on the crystal structure of the CFS by the reduction of GO to 

rGO under the heat treatment in Argon, even though the material maintained the mor-

phology of flower-like organized nanosheets. 
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Figure 96: XPS a) survey spectra, b) HR Fe 2p, c) HR S 2p, and d) HR Cu 2p of CFS (top) vs. CFS-I (bottom). 

XPS measurements of CuFeS2 and CFS-I were compared to analyze surface groups 

to explain the high stability of CFS-I in aqueous solutions. XPS survey measurements 

(Figure 96a) could measure the contents of copper, iron, sulfur, carbon, and oxygen. 

However, by comparing the atomic ratios, dramatically higher oxygen content was 

measured for the CFS-I sample. High-resolution analyses were done to investigate the 

valence states of the elements in the compounds. For the CuFeS2 specimen, only Fe3+ 

could be measured in the Fe 2p orbital, as expected from crystal structure analysis. 

The results revealed that, sulfur was mainly present in S2- state and copper in the 

oxidation state +1. However, small amounts of C-S and Cu2+ were found as residuals 

in the sample. In contrast, the CFS-I exhibit beside Fe3+ also Fe2+. Due to that, a higher 

amount of Cu2+ was measured compared to CuFeS2. The HR S 2p orbital exhibit be-

side S2- also S22- dimers and some thiosulfates at higher binding energies. Considering 

previous XRD measurements (Figure 97a), the existence of Fe2+ can be explained by 

the CuFe2S3 structure, in which iron is found in oxidation states +2 and +3. The S22- 

dimers result from the existence of CuS in the sample.  
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The formation of S2O32- groups was unexpected but can be explained by redox reac-

tions involving copper and iron with the support of thiourea as a complexing agent in 

the presence of water and oxygen.369 These findings can explain the higher stability in 

aqueous solutions, due to dipolar interactions of the S2O32--functional groups and the 

water molecules. 

 
Figure 97: a) XRD patterns of CFS particles after heat treatment, rGO-CFS film electrode, and CFS-I. b) Cyclo-

voltammetry of CFS/rGO film electrode vs. Li/Li+.  

Cyclovoltammetry measurements were conducted to investigate the redox reactions 

during the cycling of the half-cell in the potential range of 3-1 V at a scan rate of 

0.15 mV s-1 Figure 97b. For the cathodic scan, two peaks at 1.49 V and 1.17 V can be 

observed during the first scan, whereas for the following cycles, an additional third 

peak showed up at a potential of 2.05 V. The first peak at 1.49 V is assigned to the 

insertion of Li+ into Cu5FeS4 while reducing iron from Fe3+ to Fe2+, and the second peak 

is due to the reduction of Cu+ to Cu. The reversible reaction could be demonstrated 

during the anodic scan with the oxidation of Cu0 to Cu+ and the extraction of Li+ from 

remaining LixFeS. The oxidation from Fe2+ to Fe3+ occurred at potentials of 1.99 V and 

2.49 V in the first cycle.  An additional peak at 2.7 V for the second and the third cycle 

was measured. During the second and third cycle all peaks slightly shifted towards 

higher potentials. Due to the formation of a carbonate layer on the electrodes surface 

from the carbonate-based electrolyte, the reduction peak at 1.49 V and the as-men-

tioned oxidation peak are decreasing in intensity. 

Post-mortem EDX analysis of the cycled electrode was done to investigate the elec-

trochemical reactions on a morphological level (Figure 98). For the pristine electrode, 

the contents of copper, iron, sulfur, carbon, and oxygen were determined. After three 

cycles of the electrode, additional fluorine was detected. For the pristine electrode, the 
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amount of carbon and oxygen originate from the self-supported rGO layers. After cy-

cling (charged state, 3rd cycle), the amount of carbon and the amount of oxygen dra-

matically increased, suggesting the formation of carbonates on the surface of the elec-

trode. The amount of fluorine is assigned to other CEI formed from the fluorine-con-

taining electrolyte [LiPF6 in ethylene carbonate, ethyl methyl carbonate, diethyl car-

bonate]. 

 
Figure 98: EDX cross-section analysis of the free-standing and flexible CFS-rGO films of the pristine and cycled 
state (3rd cycle charged). 

The formation of carbonates at the surface of the electrode can be explained by choice 

of electrolyte. Since a carbonate-based electrolyte was used for the electrochemical 

measurements, the formation of carbonates occurs, which has a higher impact on the 

electrochemical performance compared to ether-based electrolytes.370 

The formation of a carbonate-based surface coating inhibits the insertion of Li+ into the 

CFS structure, decreasing the current density.370 Similar effect has been reported upon 

changing the shape of the CFS particles.371  

These redox behaviors could also be observed during galvanostatic investigations 

seen as large plateaus at the mentioned redox potentials (Figure 99a). At galvanostatic 

rate tests, high capacities of 400 mAh g-1 at 50 mA g-1 and 300 mAh g-1 at 100 mA g-1 

have been measured (Figure 99b). A higher capacity loss is expected for longer cycling 

periods due to further decomposition of the electrolyte on the surface of the electrode, 

hindering Li+ from entering the CFS structure, as seen from cyclovoltammetry meas-

urements.  



  Results and Discussion 

   127  

 
Figure 99: a) Galvanostatic charge-discharge curves of rGO/CFS free-standing films of the 1st, 2nd, and 5th cycles 

at a current density of 50 mA g-1 and b) rate capability test of rGO/CFS freestanding films at 50 mA g-1 and 
100 mA g-1. 

However, the results show that rGO/CFS free-standing films can deliver a high capac-

ity at suitable cell voltages.  

The presented outcome of this study can be used to develop solutions for magnesium 

or magnesium-lithium hybrid systems. With its high practical performance and utilizing 

sustainable materials, rGO/CFS free-standing films can be a potential candidate for 

the next generation of batteries. Furthermore, recent reports presented the use of self-

supported graphene oxide encapsulated chalcopyrite electrodes for high-performance 

Li-ion capacitors. The utilization of the here presented rGO/CFS free-standing films 

could have also the potential for such an application to reach a large energy density of 

ca. 200 Wh kg-1.368 

  

a) b) 
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5 Summary 
 

The development of electrode materials for the next generation of batteries considering 

the demands of high power and energy density, safety, enhanced charging ability, and 

sustainable resources, are still following goals for building better batteries (Figure 100). 

This research work investigated several materials and synthetic pathways for develop-

ing efficient electrode materials and their advanced materials and electrochemical 

characterization.  

 
Figure 100: Target of batteries for the next generation. 

 

I. New Electrode materials: Oxides vs. Sulfides  
 

Role of Chemical Engineering: Pristine vs. Carbon composites 
In this context, two different preparation ways of TiNb2O7 – carbon composites were 

tested to investigate their influence on the charging performance and cyclic stability of 

the electrode materials for lithium-ion batteries.  

Porous and conductive TNBO/KC nanocomposite anode material for LIBs was synthe-

sized from a surfactant-assisted precursor route followed by heat treatment under an 

N2 atmosphere. Compared to pristine TiNb2O7, TNBO/KC yielded reduced crystalline 

(Ti0.712Nb0.288)O2 phase and TiNb2O7 phase with higher specific surface area. The syn-

ergistic effect of the reduced crystal size and connection to the electrically conductive 

carbon matrix obtained from biowaste resulted in better electrochemical performances 

of TNBO/KC as compared to pristine TNBO. At 0.1 C, TNBO/KC showed a high initial 

discharge capacity of 356 mAh g-1 compared to 269 mAh g-1 for TNBO. Moreover, 
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TNBO/KC retained higher reversible capacity at 1 C (175 mAh g-1 vs. 89 mAh g-1 over 

50 cycles) along with higher capacity retention (85% vs. 60%) as compared to pristine 

TNBO. At an ultra-higher C rate of 32 C, TNBO/KC demonstrated remarkable stability 

with a capacity of ~26 mAh g-1. In comparison, a capacity of only 9 mAh g-1 was ob-

tained for pristine TNBO at 2 C. This exemplifies the potential of TNBO/KC nanocom-

posites as promising, economical, and environment-friendly alternative anode materi-

als for commercializing LIBs technology. 

In a second approach, Tb2Nb10O29:TiNb2O7 was synthesized first by a simple and sale-

able sol-gel method. The electrochemical reactions and stability of the cells could be 

improved by a thin carbon layer coated on the surface of TNO by plasma-enhanced 

chemical vapor deposition from methane. Improved electrochemical behavior for the 

carbon-coated TNO compared to the uncoated TNO was demonstrated (Figure 101). 

Primarily, high cycling stability at high current rates was found for TNOC over TNO. 

Moreover, TNOC cells showed higher capacity retention of 93% when cycled at 

50 mA g-1, whereas TNO showed lower capacity retention of 86% after 70 cycles. 

 

 
Figure 101: Carbon-based surface engineering of titanium niobium oxide enables faster charging rates and an 
overall enhanced electrochemical performance. 

Therefore, the optimization of active material by surface engineering and additive man-

ufacturing of the electrode materials could achieve improved electrochemical perfor-

mances. However, the engineering of the interfaces of the active material and the ad-

ditives in the electrode itself, such as a binder or conductive carbon, and the electrolyte 

are remaining goals for future research. This study could prove that TiNb2O7 is a very 

suitable anode material in Li-ion batteries and surface and interface engineering has 

enough space for improvement. 
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Lithium-Sulfur Batteries 
Furthermore, metal-sulfur systems for lithium-sulfur and magnesium-sulfur batteries 

were investigated to meet the demand for high energy density for application in the 

electric vehicle sector. A new synthetic approach of a novel molecular approach to 

lithium sulfide for battery application to improve material production was presented for 

Li-S systems. Characterizing the synthesized molecular precursor (LiSC2H4)2NCH3 

provides great control of the desired material formation. Through the already per-

formed Li-S bonds on a molecular level, the controlled synthesis of well-defined Li2S 

is enabled.  

 
Figure 102: Synthesis of hierarchically 1D nanostructures loaded with a Li-S precursor by electrospinning for a Li2S-

lithium metal-free anode battery. 

Good solubility in various solvents enables simple handling and an innovative preoper-

ational fabrication carbon embedded Li2S. Ethanolic solution of both compounds, pol-

ymer, and precursor, united in the same spinning solution makes preparing a suitable 

electrospinning system possible, resulting in homogeneous Li2S/C-based fiber mats 

(Figure 102). Calcination of the electrospun fibers provides Li2S-loaded fiber mats, 

which in the case of Li2S/C show a capacity retention of 73% over 100 cycles and a 

capacity of about 400 mA h g−1 at 1C. For further application of electrospun Li2S-loaded 

carbon fibers, PVP with lower molecular weight will allow higher Li2S loading through 

optimized PVP/I-Li ratios in the spinning solution. This will influence the electrochemi-

cal performance of battery cells. The use of the as-prepared molecular precursor and 

the obtained Li2S/C as the cathode material enable lithium metal-free lithium-sulfur 
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batteries with a higher safety level. Throughout this molecular approach, the develop-

ment of improved battery manufacturing through a controlled material synthesis was 

presented. The remaining challenges are improving the capacity retention of 73% to-

wards current values (96%) for Li-ion batteries using NMC as cathode material. Strat-

egies to achieve this goal are chemical interface engineering, e.g., through this surface 

coatings of carbon, metal oxides, or metal sulfides to prevent the dissolution of poly-

sulfides in the electrolyte. However, by applying heavier alkali metals to the pristine 

molecular precursor (MSC2H4)2NCH3 (M = Na, K), the corresponding Na2S and K2S 

materials can be prepared and tested in Na-S and K-S battery systems.  

 

  

II. New Battery Technology Concepts  
 

Dual-Functional Electrode Materials  
The innovative materials approach for improved photo-chargeable lithium-ion batteries 

based on electrospun photoresponsive V2O5 nanofibers allowed the construction of a 

photo battery with V2O5 serving as a dual-function electrode responsible for photogen-

erated electrons and holes as well as serving as host for lithium-ions were presented 

(Figure 103). Therefore, optimization by surface engineering of vanadium pentoxide 

as photoresponsive cathode material in lithium-ion batteries was studied in this work. 

The limited cycling stability of V2O5 nanofibers was evident in capacity fading due to 

structural disintegration (post-mortem analysis) that was counteracted by coating the 

V2O5 nanofibers with a conductive overlayer of sp2 carbon that enhanced both charge 

transport and electrical conductivity. Light conversion efficiencies of 4.24% and 5.07% 

for pristine and carbon-coated electrospun V2O5 nanofibers, respectively, validated the 

concept of photo enhancement and a self-charged and solar-assisted battery that can 

power a 2 V blue LED.  

The light-illuminated samples showed an increased capacity for both carbon-coated 

(146 mAh g-1 to 161 mAh g-1, 11th cycle) and uncoated (164 mAh g-1 to 179 mAh g-1, 

11th cycle) samples. Improved cyclic stability, after 300 cycles, could be measured for 

the carbon-coated VNFs with higher capacity retention (61.13%) compared to the un-

coated VNF (43.85%).  
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Figure 103: Concept of a photo-responsible electrode material consisting of carbon-coated electrospun V2O5 : VO2 

nanofibers. 

These results reflect the benefit of dual-functional materials in Li-ion batteries. The 

synergetic effect of harvesting and storing energy with the same material provide future 

pathways for new concepts of future electrode materials. However, low light conversion 

efficiencies compared to current solar cells (~45%) is the most important challenge. 

Surface and interface chemical engineering are possible strategies for improving this 

efficiency and the overall performance of the dual-functional material. However, other 

dual-functional materials must be screened as potential future candidates. In this case, 

a balance of high light conversion efficiency and high energy storage capacity must be 

found.   

 

Li+ vs. Mg2+: A New Age of Battery Technology 
To employ sustainable and safe electrode materials, research beyond lithium-ion bat-

teries was done in this work. In this context, suitable cathode materials based on tran-

sition metal sulfides, mainly copper sulfides, iron sulfides, and copper-iron-sulfides, 

were studied for researchable magnesium batteries due to their high theoretical ca-

pacities and high abundance in the earth’s crust. The influence of their crystal struc-

tures and morphologies and nano-sized effects were investigated to elucidate and fur-

ther understand the electrochemical behavior in interaction with Mg2+ as the active ion. 

For all three different systems, it was found that only nano-sized materials are viable 

to cycle stable at high capacities vs. magnesium metal anode. Especially for the Cu-S 

configuration, the influences of the density of the material and the crystal structure 

have a high impact on the cycling performance. However, inducing a small amount of 

Li-containing salts into the magnesium electrolyte, forming a hybrid electrolyte, has 
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excellent potential to improve the electrochemical behavior. Therefore, it was demon-

strated in this thesis that Fe3S4 cycled vs. a Mg/Mg2+/Li+ hybrid system exhibits capac-

ities of over 100 mAh g-1 cycled at a current density of 200 mA g-1. These findings en-

able the potential to improve the system further to exploit its high theoretical capacity 

fully.  

 
Figure 104: Current state-of-the-art lithium-ion batteries and potential next generation magnesium-sulfur batteries. 

Further, it was shown that CuFeS2 is a promising material for use as active material in 

rechargeable magnesium batteries due to its high cyclic stability. However, nano-sized 

engineering is required to improve its capacity for practical application. Changing the 

sulfur precursor in the synthesis yielded a material that showed high stability in aque-

ous solutions, making it suitable for pressure-filtrating rGO-CFS free-standing, flexible, 

and binder-free composite materials. For the rGO-CFS films, reversible redox reac-

tions could be demonstrated for lithium-sulfur batteries. 

Moreover, galvanostatic charging-discharging measurements revealed high capacities 

but low-capacity retention. This loss in capacity could be explained by post-mortem 

EDX analysis. The formation of lithium-carbonates can be prevented by choice of elec-

trolyte (carbonate-free), e.g., the use of LiTFSI in DOL/DME, to increase the cycling 

stability and overall electrochemical performance of the rGO-CFS electrodes.  

These rGO-CFS free-standing, flexible, and binder-free composite materials overdue 

some heavy current collectors and can save space and additional weight in the cell 

design while enabling the potential for usage in flexible batteries. Due to the high sur-

face area of graphene oxide and reduced graphene oxide and the high expected sur-

face area from the CFS nanoflowers, rGO-CFS composites could be potentially inves-

tigated as self-supported reduced graphene oxide encapsulated chalcopyrite electrode 

for high-performance Li-ion capacitor (192.33 Wh/kg, 14,280 W/kg, and cyclic stability 

of >90 % for 10,000 cycles).368  

Changing the working ion from Li+ to Mg2+ starts a new age of battery technology (Fig-

ure 104). A rethinking of concepts and electrochemistry in the cell enables the use of 
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conversion type active materials compared to the currently used intercalation types. 

Higher capacities and lower material costs are the main advantages of these concepts. 

However, sluggish kinetics in liquid electrolytes and dissolution of the active materials 

in the electrolyte are still challenges to overcome. Possible strategies to address these 

issues are solid-state-electrolytes. However, low ion diffusion in solid states are pa-

rameters that needs to be improved. Mid-term solutions might be hybrid systems with 

the combination of two working ions such as Li+/Mg2+ or Li+/Na+.  

 

In summary, the results obtained in this work demonstrate the synergetic effect of 

chemical surface engineering and nanotechnology for the development of new elec-

trode materials for the next generation of batteries considering the requirements of 

high power and energy density, safety, enhanced charging ability, and sustainable re-

sources. 
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6 Outlook 
 

“Building better batteries” is and will continue to be the major motivation in the energy 

storage sector. The economic, social, and environmental requirements of modern so-

ciety place high demands on the further development of battery technology, true to the 

Olympic motto, “Citius, altius, fortius.” (=lat. faster, higher, stronger). Especially con-

sidering electric cars covering longer distances or the electrification of the aviation sec-

tor. Therefore, the chemical engineering of well-known battery materials and the de-

velopment of new materials and concepts, e.g., beyond Li-ion, will drive the next dec-

ades of research in the field of battery technology (Figure 105).  

 

 
Figure 105: Future perspective of battery research for the next generation of batteries. 

The search for new electrode materials for lithium batteries with high theoretical ca-

pacities (>1700 mAh g-1) and high abundance in the earth’s crust (>350 ppm) has cur-

rently saturated. Sulfur has been reported multiple times as the most promising cath-

ode material for the next generation of lithium batteries. Various researchers have 

studied the well-known issues of soluble polysulfide, volume expansion, high sulfur 

loading, and low electrical conductivity of the electrode with carbon composites. Cur-

rent values for Li-S systems of 2 mg cm-2 sulfur loading, 800 mAh g-1 initial capacity, 

and 80-90 % capacity retentions after 1000 cycles must be increased. In this regard, 

chemical engineering of the surfaces and interfaces will play a significant role in future 

research. This will not only affect lithium-sulfur systems but also Li-O, Na-, K-, Al-, or 

Mg-batteries, especially all-solid-state batteries.  
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However, in-situ advanced electrochemical and material characterizations need to be 

represented and are highly required for future research. The influence of interfacial 

and surface engineering, e.g., with the surface decoration of catalysis to boost the 

reaction kinetics of conversion of polysulfides, is a potential field of research. Regard-

ing Li-S systems, Chen et al. proposed a surface catalyst (CoZn-S) with both sulfur 

vacancies and heterogeneous interfaces that could alleviate the problem of a sluggish 

multielectron conversion reaction in Li-S batteries. The Li−S batteries based on  

CoZn-S as the sulfur cathode achieved a high discharge capacity, an excellent rate 

performance (764 mAh g-1 at 3 C), and an extremely long cycle life (over 1800 cycles 

at 1 C with a low-capacity decay of 0.04% per cycle). Even with a sulfur loading of 

9.2 mg cm-2 and a harsh electrolyte/sulfur ratio of 3 μL mg-1, CoZn-S delivered a high 

areal capacity of 8.7 mAh cm-2 and stable 45 cycles.372 This approach shows the po-

tential of surface and interface engineering on known electrode materials (sulfur, metal 

oxides, metal sulfides) to boost their performance, narrowing the gap between their 

experimental (S = 800 mAh g-1) and theoretical (S = 1,675 mAh g-1) capacities. 

  

 
Figure 106: Future of Lithium batteries 

All-solid-state lithium-sulfur batteries are under investigation with different solid elec-

trolytes (0.7Li3PS4*0.3LiI, Li10GeP2S12, and Li7P3S11) presenting high and reversible 

capacity of 830 mAh g-1 at 1.0 C for 750 cycles. However, elevated temperatures of 

>60°C are necessary for such an achievement.373,374 Improved interfaces of thin films 

(<60 µm) between sulfur and the solid electrolyte can lower the internal resistance of 

the cell, yielding in higher ion mobility in the cell (2.4*10-4 S cm-1). Defined coatings of 

lithium conductors show great potential in this field.375 
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However, strategies for new electrode materials (oxides, sulfides, etc.) can benefit from 

developing the interplay of amorphous and crystalline phases considering their inter-

faces. Data mining and machine learning can support the search for optimal combina-

tions of materials and interfaces to increase the overall efficiency under the consider-

ation of availability while keeping the cell costs low.376 

Rechargeable magnesium batteries are still potential candidates for the generation of 

the next battery technologies. However, the application fields for rechargeable magne-

sium batteries, such as stationary storage or energy storage in space, have specific 

requirements for average power consumption. Commercialization of this new battery 

technology is a long way from the present. The integration of this system will benefit 

from and depend significantly on the individual advances in Mg-based electrolyte en-

gineering, both liquid (~10-3 S cm-1) and solid-state (~10-4 S cm-1 for MgSc2Se4).377,378 

The initial focus should target medium-power applications whereby compactness and 

minimum packaging requirements have more merit. Copper sulfide and copper iron 

sulfide have been presented as possible new electrode materials for rechargeable 

magnesium batteries. However, they have not been tested with solid-state electrolytes 

for rechargeable magnesium batteries so far.379–381  

 
Figure 107: Synergetic effect of high efficient solar cells and high energy dense battery materials through the sup-

port of a chemical engineered interface. 

The integrated photovoltaic-battery system approach is still in early research and de-

velopment. Further directions need to focus on the feasibility of innovative materials 

development and new device designs that meet the requirements by incorporating 

high-capacity, efficient and stable materials. The use of bifunctional materials, e.g., 
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organic photochromic materials, with energy harvesting and storage properties, must 

meet the properties of the existing single functional materials, operating simultane-

ously. Besides this, material development efforts should target on highly specific ca-

pacity storage materials, use of lithium-ion capacitors, electrochemical compatibilities 

between electrodes and electrolytes, new redox species with tunable redox potential, 

and excellent redox kinetics (Figure 107).282  

Exploring real-world applications with low-power requirements, such as wearables, 

self-powered sensor networks, and electronics, should be the aim of further efforts.382 

Beneficial for the prediction of suitable novel materials would be the use of simulation 

or modeling studies. Some modeling approaches in solar cells and energy storage 

systems can help better identify the limiting factors for the bifunctional material and 

optimally guide experimental conditions concerning the state of lithiation without sig-

nificantly affecting the photovoltaic performance of the energy harvesting part and the 

electrochemical cycling performance of the energy storage part. 

The journey of exploring new electrode materials for the next generation batteries, e.g., 

metal-sulfur-batteries or all-solid-state-batteries, will be guided by data-driven model-

ing research. While contemplating future challenges, the importance of obtaining high-

quality extensive datasets for enhancing battery research will be key for building better 

batteries.383  
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7 Experimental 
7.1 Data handling 
Most of the presented data are published in peer-reviewed journal articles, as men-

tioned in the thesis. Necessary copyright permissions were requested and approved. 

Wherever copyright permission is needed, a statement is added in the thesis. Data 

obtained at the University of Cologne are stored on the server of the research group 

of Prof. Dr. Dr. (h.c.) Sanjay Mathur respecting the guidelines of easy findability and 

reusability. Protocols to experiments were documented in an online lab journal which 

is copied as a PDF on the server as well. Data obtained from collaborations are stored 

in the related data repositories of the cooperation partners.  

 

7.2 Chemicals and materials 
 

Compound Formula Purity Supplier 
1,2-Dimethoxyethane 
(DME) 

C4H10O2 99.5% Sigma-Aldrich 

1,3-Dioxolane (DOL) C3H6O2 99.8% Sigma-Aldrich 

Aluminum (III) chloride  AlCl3 Sublimed for 

synthesis 

Merck KGaA 

Ammonium chloride NH4Cl 99.5% Wilhelm Schnitz-

ler GmbH 

Bis(trifluoromethane)sul-
fonimide lithium salt 
(LiTFSI) 

LiC2NO4F6S2 99.99% Sigma-Aldrich 

Bis(trimethylsilyl)amine 
or hexamethyldisilazane 
(HMDS) 

C6H19NSi2 98% Carbolution 

Copper (I) chloride CuCl 99% Sigma-Aldrich 

Copper(II)chloride CuCl2 99% Sigma-Aldrich 

Ethanol absolute C2H6O >99.8% Fisher Scientific 

Glacial acetic acid CH₃COOH ≥99.7% Fisher Chemical 

Graphite  C  Sigma-Aldrich 
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Hydrochloric acid HCl 37% Fischer Chemi-

cals 

Hydrogen peroxide H2O2 33% Sigma-Aldrich 

Iron(II)chloride tetrahy-
drate 

FeCl2 * 4H2O 98% Alfa Aesar 

L-cysteine C3H7NO2S 97% Sigma-Aldrich 

Lithium foil Li 99.9% Alfa Aesar 

Lithium hexafluorophos-
phate in EC, EMC, DEC 

LiPF6 1 M solution 

37:46:17  

BASF, Germany 

Lithium nitrate LiNO3 99.999% Alfa Aesar 

Magnesium ribbon  Mg (≥99.5% Mg 

basis) 

Sigma-Aldrich 

Methane CH4  Air products 

Mg powder Mg ≥99% Sigma-Aldrich 

n-Butyl lithium C4H9Li 2.5 M in n-

hexane solu-

tion 

Acros Organics 

N-Methyl-2-pyrrolidone 
(NMP) 

C5H9NO 99+% Alfa Aesar 

N-methyl-diethanolamine CH3N(C2H4OH)2 98+% Alfa Aesar 

Niobium pentachloride NbCl5 99% Alfa Aesar 

Nitric acid HNO3 70% Fischer Chemi-

cals 

Phosphoric acid H3PO4 85% Fischer Chemi-

cals 

Poly(3-hexylthiophen-
2,5-diyl) (P3HT)  

(C10H14S)n  Sigma-Aldrich 

Polyvinylidene fluoride 
av. MW 534,000 

(C2H2F2)n  Sigma-Aldrich 

Polyvinylpyrrolidone av. 
MW 1,300,000 

(C6H9NO)n  Alfa Aesar 

Polyvinylpyrrolidone av. 
MW 90,000 

(C6H9NO)n K90 Sigma-Aldrich 
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Potassium permanga-
nate 

KMnO4 98% Acros Organics 

Pyridine C5H5N ≥99% Fisher Scientific 

Tin(II) chloride SnCl2 98% Sigma-Aldrich 

Sodium hydroxide NaOH 98% Fischer Chemi-

cals 

Sulfuric acid H2SO4 99% Fischer Chemi-

cals 

Super P C C65 Timcal 

Thionyl chloride SOCl2 99.5+% Acros Organics 

Thiourea (NH2)2CS 99+% for 

analysis 

Acros Organics 

Titanium (IV) isopropox-
ide 

C12H28O4Ti 99% Acros Organics 

Vanadyl acetylacetonate VO(acac)2 98% ABCR GmbH 
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7.3 Characterization techniques 
 

X-ray diffractometry 
Powder X-ray diffraction analysis was used to perform the phase characterization in 

electrode materials and to correlate the volume-averaged grain size and crystallinity 

with other complementary techniques. The co-existence of different phases was ana-

lyzed by Rietveld analysis. 

X-ray diffraction patterns were recorded at a STOE STADI MP using a Mo Ka excita-

tion source (λ = 0.7093 Å) equipped with a Mythen 1K detector (Figure 108). The pow-

der samples were measured in 0.5 mm glass capillaries. 

 
Figure 108: Principle and photograph of X-ray diffractometry. 

 

X-Ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy is a surface-sensitive quantitative spectroscopic 

technique, which was performed to quantify the chemical composition of the synthe-

sized materials and chemical environment on the elements of surfaces (1-10 nm). 

Monochromatic X-rays (photons) irritate the surface and eject photoelectrons from the 

orbitals of the elements. The kinetic energies (KE) of these photoelectrons will be 

measured through the magnetic controlled detector, which are specific for the valance 

state of the atoms. The binding energy (BE) can be calculated afterwards by the fol-

lowing formula: EBE = EKE – hn – f; where hn = photon energy, f = work function.  

X-ray photoelectron spectra were recorded using an ESCA M-Probe from Surface Sci-

ence Instruments equipped with a monochromatic Al Kα X-ray source (1486.6 eV, λ = 

8.33 Å) in a range of 0-1000 eV in ultra-high vacuum of 10-10-10-9 mbar (Figure 109). 

Survey spectra were recorded with a detector pass energy of 158.3 eV (0.5 eV step 

size, 125 ms dwell time, averaged over seven scans) and high-resolution spectra with 

55.2 eV (0.05 eV, step size, 175 ms dwell time, averaged over 25 scans). Spectral 
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calibration was determined by referencing the main C 1s component to the adventitious 

carbon signal at 284.8 eV. For data processing, CasaXPS software from Casa Soft-

ware Ltd. was used for the quantification of the signals by using the integrated peak 

areas and the corresponding Scofield relative sensitivity factors. The backgrounds 

were corrected with a Shirley line shape. For peak fitting of the C=C bonds, an asym-

metric line shape (LA(1,2,0)) was used, whereas all other peaks were fitted with a 

symmetric GL(30) line shape.  

 
Figure 109: Principle of X-ray photoelectron spectroscopy (top) and the ESCA M-Probe spectrometer. 

 

Cyclic voltammetry 
Cyclic voltammetry measurements were performed to investigate the electrochemical 

oxidation and reduction potentials of the electrode materials. During the measurement, 

the working electrode potential is ramped up linearly vs. time to a limit before it is 

ramped in the opposite direction to the initial potential, while the current is measured.  

The cyclic voltammogram is plotted by the current of the working electrode vs. the 

applied voltage (Figure 110).  

Cyclic voltammetry measurements were carried out with an Autolab PGSTAT101 (from 

Metrohm) in defined voltage windows versus the corresponding metals in half-cell 
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configurations. Standard measurements were performed with a scan rate of  

0.15 mV s-1, whereas faster scan rates were tested for advanced analytics. 

 

 
Figure 110: Principle of cyclic voltammetry and photograph of the potentiostat Autolab PGSTAT 101. 

Galvanostatic charge-discharge measurements 
Galvanostatic charge-discharge measurements were performed to investigate the 

charge/discharge capacities, coulombic efficiencies, and cycle stabilities of the elec-

trochemical cells at different C-rates (1C = theoretical capacity per hour). Therefore, a 

constant current for charging and discharging is applied to the cell, while the potentials 

over time are measured (Figure 111).  
Galvanostatic charge-discharge curves were recorded in different voltage windows vs. 

the corresponding metals in half-cell configurations. The measurements were carried 

out by applying different C-rates using a BST8-MA battery analyzer (MTI Corporation) 

using Neware software. 

 
Figure 111: Principle of galvanostatic charge-discharge measurements and photograph 8-channel battery analyzer 

from MTI for galvanostatic charge-discharge measurements 

Raman spectroscopy 
Raman spectroscopy was performed to investigate the appearance of carbon coating 

on the active material through their vibrational modes. The Raman effect correlates 

with polarizability of the electrons in a material or molecule, which is a form of inelastic 

light scattering. Monochromatic light, mostly phonons from lasers, interacts with 
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molecular vibrations, phonons or other excitations in the material, leading to an energy 

shift (Stokes or Anti-Stokes) of the laser, which gives information about the vibrational 

modes (Figure 112).  

Raman spectroscopy (Lab Ram HR 800 Raman spectrometer) was carried out by us-

ing a 514.5 nm green line of Ar+ ion laser to study the crystallinity and disorder of the 

vanadium pentoxide materials.  

Raman spectroscopic measurements of TiNb2O7 and TiNb2O7/C were carried out at a 

RISE system using a UHTS 300 SMFC VIS-NIR spectrometer (532 nm laser, 80 mW 

max.) from WITec attached to a SEM Sigma 300 VP from Zeiss (Carl Zeiss Microscopy 

Deutschland GmbH, Germany) (Figure 114). 

 

 

Figure 112: Principle of Raman spectroscopy.  

Electrochemical impedance spectroscopy 
Electrochemical impedance measurements were done to investigate the interfacial 

properties related to electrochemical events occurring at the electrode surface.   
The electrochemical impedance measurements were conducted on a Versastat 4 po-

tentiostat with the potentiostat mode at the OCV conditions. A sinusoidal signal with a 

perturbation potential of 10 mV was applied to record the impedance spectra over a 

frequency range of 100 kHz to 0.1 Hz. The recorded impedance was verified to be of 
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high quality (less than 2% error) by Kramers–Kronig (KK) relation prior to the ECM and 

DRT analysis via ZView 4 software (Scribners) and DRTTools (Matlab code).384 

 

Scanning electron microscopy 
Scanning electron microscopy is a powerful technique to produce images of samples 

in the micrometer and nanometer sized region. Images are recorded by simply scan-

ning the surface with a focused electron beam. The interaction of the electrons and the 

atoms produce various signals that contain information about the surface topography 

and composition of the sample. Mostly secondary electrons are detected for the imag-

ing. Sometimes back-scattered electrons delivering additional information of the spec-

imen. Ejected X-rays from these interactions can be measured by energy-dispersive 

X-ray spectroscopy (Figure 113). 
The morphology and size of nanoparticles were evaluated using a Nova Nano SEM 

430 field emission scanning electron microscope with an acceleration voltage of 20 kV. 

For electron tomography, the samples were dispersed in ethanol or water and drop-

casted on a silicon wafer mounted on a graphite tape holder. 

The SEM measurements regarding the vanadium pentoxide nanofibers were recorded 

with a FEI Strata 235 Dual Beam and a field-emission scanning electron microscopy 

(FE-SEM) (SU9000, Hitachi High-Technologies Corporation, Tokyo, Japan). 

SEM measurements of TNO, TNOC, and all copper and iron sulfide materials, as well 

as post-mortem analysis, were carried out at a Sigma 300 VP from Zeiss (Carl Zeiss 

Microscopy Deutschland GmbH, Germany).  

 

 
Figure 113: Principle of scanning electron microscopy. 
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Figure 114: Photograph of the used Sigma 300 VP SEM from Zeiss equipped with an Oxford energy-dispersive  

X-ray spectroscopy detector (EDS), a variable pressure secondary electron detector (VP-SED), a back-scattered 
detector (BSD), and a RISE Raman system from WITec.  

 

Energy-dispersive X-ray spectroscopy 
Energy-dispersive X-ray spectroscopy is the detection of X-rays generated by the in-

teraction with a focused electron beam and a sample. The emitted X-rays, which can 

be measured by an energy-dispersive spectrometer, are characteristic for different 

types of atoms and can deliver information of the chemical composition of the sample. 
Energy-dispersive X-ray spectroscopy measurements were performed at a SEM 

Sigma 300 VP from Zeiss (Carl Zeiss Microscopy Deutschland GmbH, Germany) 

equipped with a 30 Xplore EDS detector from Oxford instruments (Figure 114).  

 

High-resolution transmission electron microscopy 
Transmission electron microscopy was used to measure the thickness of the carbon 

layer on the vanadium pentoxide nanofibers by using a JEOL JEM-2200 FS. Samples 

were prepared by drop coating the particles from diluted ethanolic dispersions of the 

powders on a carbon-free TEM grid. The solvent was evaporated under air before the 

measurement. Images were analyzed using the software ImageJ.  
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Thermogravimetric analysis 
Thermogravimetric analysis and differential scanning calorimetry of CuS were per-

formed using a PerkinElmer STA 6000 with defined scan rates under desired environ-

ments (N2) with a flow-rate of 19.8 ml min-1.  

Thermal analysis was performed on a TGA/DSC (Mettler-Toledo GmbH, Germany) in 

a nitrogen atmosphere (25 mL/min) at a rate of 10°C/min from 30 to 800°C  

(Figure 115). For the determination of the Li2S amount in the final product, synthetic 

air was used at a rate of 10°C/min from 30 to 800°C. This temperature was held for 

5 h. The sample weight was in the range of 5−20 mg. 

 

 
Figure 115: Principle and photograph of thermogravimetric analysis and differential scanning colorimetry. 

 

Power/Photo-conversion efficiency 
The overall photo-conversion efficiency was calculated based on the following equa-

tion:266,280,334 

𝜂+,-./00 =	
𝐸+12
𝐸34

∗ 100% =	
𝐸53678/.9-

𝑃34 ∗ 	𝑡:8 ∗ 	𝐴:8
∗ 100% 

 

where Edischarge (EVNF = 0.532 mWh – from BST8-MA battery analyzer, EVNF-C-120 = 

0.636 mWh) is the discharge energy at the specific current density of 10 mA g-1,  

Pin (= 11 mW cm-2 for 400 nm illumination source) is the intensity of illuminated light, 

tph (= 3 h) represents the time of photo-charge, and Aph (= 0.38 cm2) describes the il-

luminated surface area. The photo-conversion efficiencies for VNF and VNF-C-120 are 

4.24% and 5.07%. 
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Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a spectroscopic method for stud-

ying the electronic environment of individual atoms and the interactions with neighbor-

ing atoms. This enables the structure and dynamics of molecules to be elucidated and 

concentration determinations to be made. The method is based on nuclear magnetic 

resonance. A resonant interacts between the magnetic moment of the atomic nuclei of 

the sample, which is in a strong static magnetic field, and a high-frequency alternating 

magnetic field (Figure 116). 

NMR spectra were recorded on a Bruker Avance II 300 spectrometer; chemical shifts 

are quoted in parts per million relative to tetramethyl silane (1H and 13C). 

 

 
Figure 116: Photograph of nuclear magnetic resonance spectrometer and principle of NMR.  

 

  



  Experimental 

   150  

7.4 Methods 
 

Parts of the synthesis protocols are published in the associated publications mentioned 

in the chapters. For the reproductions in the thesis/dissertation as an author, permis-

sions are not required. 

 

7.4.1 Coin cell preparation 

Battery slurries were in general mixed in N-methyl-2-pyrrolidone with a weight ratio of 

80:10:10 or 70:15:15 of active material, polyvinylidene fluoride, and Super P, and were 

doctor blade coated on carbon felt (SGL AA 29, 300 µm), copper or aluminum disks 

(14 mm diameter). Minor changes were applied for the V2O5 fibers with a ratio of 

80:8:8:2:2 weight ratios of active material (VNF or VNF-C-120), PVDF, Super P, re-

duced graphene oxide, and poly(3-hexylthiophen-2,5-diyl) in NMP.  

For the Li2S-fibers, the ratio of active material, carbon black, and PVP was set to 

80:5:15. The corresponding slurry was cast on a non-woven carbon (Sigracet 28AA, 

SGL Carbon SE) by a doctor blade. Subsequently, the electrodes were dried at 90°C 

under vacuum for 16 hours. Finally, the electrodes with a diameter of 13 mm (coin 

cells) and 12 mm (Swagelok® T-cells) were punched out. The loading of Li2S was about 

0.5 mg cm-2. 

Lithium foil (12 mm diameter) or magnesium ribbon was used as counter and reference 

electrodes. The electrode performances were tested in a half-cell configuration using 

a standard two-electrode coin cell (CR2032) assembly. As an electrode separator, a 

Celgard 2400 separator (18 mm diameter) was soaked with 65 µl of a 1 M solution of 

LiPF6 in a 37:46:17 with a weight ratio of EC, EMC, DEC as electrolyte for Lithium-ion 

batteries (Figure 117). For magnesium-ion batteries a 0.35 M Mg(hexamethyldisilaz-

ane)2 * 2 AlCl3 in DME electrolyte and for Li-S systems a 1 M Lithium-bis(trifluoro-

methane)sulfonimide with 2 wt% lithium nitrate in 1,3-dioxolane and 1,2-dimethoxye-

thane (1:1, v:v) was used. For the V2O5 photobatteries, 75 µl of 1 M Lithium-bis(trifluo-

romethane)sulfonimide and 2 wt% lithium nitrate in 1,3-dioxolane and 1,2-dimethoxy-

ethane (1:1, v:v) was used. The coin cell assembly process was carried out in an Ar-

gon-filled glove box (MBraun, H2O>0.1 ppm, O2>0.1 ppm). 
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Figure 117: Assembly of a CR2032 coin cell in half-cell configuration. 

 

7.4.2 Photoresponsive tests  

Photoresponsive measurements were carried out in a modified CR2032 by punching 

a 7 mm hole (diameter) on the coin cell case and sealing it with a transparent glass 

window using EPOXY (EVO-STICK) Figure 117 (right). For the electronic conductivity 

between the casing and the photoelectrode, a ring of aluminum foil was placed in be-

tween. As a light source for illumination, a Diyeeni 9W USB UV lamp (λ = 400 nm, 

distance = ~15 cm) was used. With the reference cell (RR-1001 Shunted Si from Rera 

Solutions) a light intensity of ~11 mW cm-2 was measured (Figure 118). 

 

 
Figure 118: Photo charge set-up with UV lamp and casing. 

7.4.3 Electrospinning 

Electrospinning is a production method that uses electric forces to draw (nano)fibers 

from polymeric solutions. A liquid droplet is injected through a metallic needle towards 

a grounded metallic collector. A sufficiently high voltage is applied to the needle, while 
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the droplet becomes charged and electrostatic repulsion counteracts the surface ten-

sion so that the droplet is stretched. At a critical point a stream of liquid erupts from the 

surface (Taylor cone) and dries during the flight to the collector (Figure 119). The suc-

cess and the control of the nanofibers is affected by many parameters (solution pa-

rameters: viscosity, polymer concentration, molecular weight, conductivity, surface 

tension; processing parameters: voltage, tip to collector distance, feed rate; ambient 

parameters: humidity, temperature). If the polymeric solution contains additional addi-

tives, such as precursors or solids, the polymer can be pyrolyzed or converted into a 

carbon matrix when heat treated under the exclusion of air.  

A FuG electronics GmbH high voltage power supplier and a Landgraf Laborsysteme 

LA-100 syringe pump have been used for electrospinning. As spinnerets, 21G (inner 

diameter 0.5 mm) blunt needles were applied. 

 

 
Figure 119: Principle of electrospun nanofibers. 

 

7.4.4 Autoclave-assisted synthesis 

Autoclave-assisted synthesis is a specific synthetic pathway in the group of solvother-

mal synthesis. In an autoclave a solvent containing educts is set under high pressure 

and temperature for a period. The solubility of some products increases in the solvent 

compared to ambient conditions, enabling reactions which would normally not occur. 

By controlling the parameters of pressure, temperature, time, solvent, surfactant, and 

educt concentration the control of the crystal size and shape is possible. 
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Hydrothermal synthesis were carried out in a Berghof BLH 600 autoclave. Solutions of 

max. 20 ml were transferred in a Teflon tube (max. capacity 40 mL), which was placed 

in a stainless-steal Autoclave.  

 

7.4.5 Microwave-assisted hydrothermal synthesis 

Microwave-assisted synthesis is a specific synthetic pathway in the group of solvother-

mal synthesis. Compared to the autoclave synthesis the purpose is not to set the sam-

ple under high pressure, instead fast heating and the induction of microwave radiation 

is triggered. The working principle is based on aligning dipoles of the material in an 

external field via the excitation produced by microwave electromagnetic radiations. The 

synthesis of nanomaterials is enabled through the combination of speed and homoge-

neous heating of the precursor materials. Polar solvents are heated, whereby their 

component molecules are forced to rotate with the field and lose energy in collisions 

(Figure 120). 

Microwave-assisted synthesis were carried out in a Discover-S (CEM, Matthews, 

NC)(Figure 121). In a typical synthesis, a reaction volume of 5 ml was used in a max. 

10 ml capacity-sized microwave glass tube. 

 

 
 

Figure 120: Principle of solvothermal microwave-assisted synthesis. 
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Figure 121: Photograph of the Discover-S microwave. 

7.4.6 Plasma-enhanced chemical vapor deposition 

Plasma-enhanced chemical vapor deposition is a chemical vapor deposition process 

used to deposit thin films from a gas state to a solid state on a substrate. Compared to 

a CVD the dissociation of the molecules is additionally to the temperature triggered by 

the plasma. A plasma is a mixture of charged particles in any combination of ions and 

free electrons as well as neutral atoms and molecules. 

Plasma-enhanced chemical vapor deposition was used for carbon-coating using a 

commercial vacuum system from Plasma Electronics (CVD-PECVD DOMINO), work-

ing with a radio-frequency excitation (13.56 MHz). A defined flow rate in sccm of CH4 

was introduced into the reaction chamber through a mass flow controller (MKS MFC 

1179) controlled by a software interface during the reaction, and the reactor pressure 

was maintained at 3.5 Pa. The materials were placed in a ceramic boat on the heatable 

RF electrode to decompose the CH4 on the surface of the materials (Figure 122). 

 

 

Figure 122: Principle of plasma-enhanced chemical vapor deposition and photograph of the CVD-PECVD DOMINO. 
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7.5 Synthesis 
 

Parts of the synthesis protocols are published in the associated publications mentioned 

in the chapters. For the reproductions in the thesis/dissertation as an author, permis-

sions are not required. 

 

7.5.1 TiNb2O7 – sol-gel synthesis 

Nanoparticulate TiNb2O7 (TNO) was synthesized via a sol-gel process using as pre-

cursors niobium pentachloride (NbCl5) and titanium (IV) isopropoxide (TTIP). First, 

SOL 1 was prepared by dissolving 10 mmol of NbCl5 in 150 mmol glacial acetic acid 

under an inert environment. Second, SOL 1 and 5 mmol of TTIP were added at the 

same time to 5 mmol of pure water and 75 mmol of conc. HNO3. This reaction mixture 

was kept at 35°C for 60 h at 700 rpm. Afterward, the temperature was increased to 

100°C to remove the remaining solvents. The powder was ground and calcinated in a 

tubular furnace with a ramping rate of 10°C/min until 800°C in air. The temperature 

was held for 3 h. A white powder with a yield of 1.291 g was achieved.  

 

7.5.2 Carbon-coating on TiNb2O7 by plasma-enhanced chemical vapor deposition 

The pristine TiNb2O7 particles were carbon-coated by plasma-enhanced chemical va-

por deposition using methane (CH4) gas as a carbon precursor. The coating process 

was performed using a commercial vacuum system from Plasma Electronics (CVD-

PECVD DOMINO), working with a radio-frequency excitation (13.56 MHz). 40 sccm of 

CH4 were introduced into the reaction chamber through a mass flow controller (MKS 

MFC 1179) controlled by a software interface during the reaction, and the reactor pres-

sure was maintained at 3.5 Pa. The 0.2 g of TNO was placed in a ceramic boat on the 

heatable RF electrode to decompose the CH4 on the surface of the TNO. The temper-

ature was set to 500°C and the plasma power to 20 W (resulting in a bias of 180-200 V) 

for 1 h to achieve a thin carbon coating on TNO (TNOC). 

 

7.5.3 Synthesis Li2S – fibers 

All manipulations of air- and moisture-sensitive materials were carried out under a ni-

trogen atmosphere using Stock-type all-glass assemblies. All solvents and reactants 

were used without further purification except otherwise mentioned.  

The synthesis of (HSC2H4)2NMe I has been described before.95 
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For the synthesis of N-methyl-diethanethiolamine-lithium (LiSCH4)2NMe (I-Li), 

12.60 ml (31.20 mmol) of 2.5 M n-butyl lithium in n-hexane was added to a liquid nitro-

gen-cooled solution of N-methyl-diethanethiolamine (2.39 g, 15.60 mmol) in 10 ml 

heptane and stirred for 30 min at room temperature. The resulting colorless powder 

was washed several times with n-heptane. Afterward, the solvent was removed under 

reduced pressure. The product was isolated as a colorless solid with a yield of 94% 

(2.39 g, 14.60 mmol).		 	
1H NMR (D2O, 300 MHz, RT, ppm): 2.37 (s, 3H, -NCH3), 2.61 (m, 4H, - NCH2CH2S -), 

2.66 (m, 4H, -SCH2CH2N-). 

 
13C NMR (D2O, 75 MHz, RT, ppm): 20.4 (-SCH2CH2N-), 40.4 (-NCH3), 62.4 (-

SCH2CH2N-).   

 

Preparation of composite metal sulfide/conductive carbon fiber mats: 

In a typical electrospinning process, the corresponding spinning solution (Precursor 

Concentration [mol/L] = 0.46, PVP Concentration [mol/L] = 4.29·10-5) was fed with a 

feed rate of 10 µL/min. The distance between the needle and rotary drum collector was 

kept constant at 15 cm, and a high voltage of 15 kV was applied. The process was 

conducted at room temperature with relative humidity below 35%. 

The obtained green fibers have been calcined in a tubular furnace with a temperature 

program of 1°C/min up to 280°C (holding for 2 h) under ambient conditions, followed 

by a temperature increase of 1°C/min up to 700°C (holding for 3 h) under nitrogen 

atmosphere. All handling after calcination was performed under strictly inert conditions.  
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7.5.4 CuS precipitation 

CuS was precipitated from an aqueous copper chloric solution. First, 1 mmol of CuCl2 

was dissolved in 20 ml of dest. H2O (blue solution) in a 100 ml beaker. Second, in a 

second beaker (50 ml), 1 mmol of Na2S and 2 mmol of NH4Cl were dissolved in 20 ml 

of dest. H2O to form (NH4)2S (aq) and NaCl (aq). Afterward, the solution was trans-

ferred into a dropping funnel. CuS was precipitated by introducing dropwise the second 

solution to the first solution while a dark blue solid product was formed. After complete 

mixing, the reaction mixture was steered for 30 min at 25°C. The product was washed 

by filtration several times with water and ethanol. Finally, the product dried for 12 h at 

ambient conditions. 

CuS (150°C, 250°C, 350°C, 450°C, and 850°C) were synthesized by taking 200 mg in 

a ceramic boat treated at the desired temperature for 2 h in a tube furnace under inert 

(N2) conditions. The ramping time was set to 10°C/min. 

 

7.5.5 Cu2S precipitation (Cu2S-PR) 

For the precipitation of Cu2S, 2 mmol of CuCl was dissolved in 20 ml of pyridine (green 

solution) in a 100 ml beaker. In a second beaker (50 ml), 1 mmol of Na2S and 2 mmol 

of NH4Cl were dissolved in 20 ml of dest. H2O to form (NH4)2S (aq) and NaCl (aq). 

Afterward, the solution was transferred into a dropping funnel. Cu2S was precipitated 

by introducing dropwise the second solution to the first solution while a solid brown 

product was formed. After complete mixing, the reaction mixture was steered for 30 

min at 25°C. The product was washed by filtration several times with water and etha-

nol. Finally, the product dried for 12 h at ambient conditions. 

 

7.5.6 Synthesis of copper (II) sulfide by microwave (CuS-MW)  

Copper (II) sulfide particles were synthesized by a microwave-assisted hydrothermal 

route. In a 10 ml microwave vessel, CuCl2 (1 mmol) and L-cysteine (2 mmol) were 

dissolved in 5 ml dest. H2O. Afterward, the solution was transferred into the microwave 

and decomposed for 5 minutes under a dynamic program with the parameters set to 

55 W, 13 bar, and 160°C. After the solution cooled down to room temperature, the 

mixture was washed several times with H2O and ethanol using a centrifuge until the 

pH value was above 3. The wet powder was dried at 120°C for 6 hours under vacuum.  
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7.5.7 Synthesis of copper (I) sulfide by microwave (Cu2S-MW) 

Copper (I) sulfide particles were synthesized by a microwave-assisted hydrothermal 

route. In a 10 ml microwave vessel, CuCl2 (1 mmol) and L-cysteine (0.5 mmol) were 

dissolved in 5 ml dest. H2O. Afterward, the solution was transferred into the microwave 

and decomposed for 5 minutes under a dynamic program with the parameters set to 

55 W, 13 bar, and 160°C. After the solution cooled down to room temperature, the 

mixture was washed several times with H2O and ethanol using a centrifuge until the 

pH value was above 3. The wet powder was dried at 120°C for 6 hours under vacuum.  

 

7.5.8 Synthesis of Geigerite 

Geigerite (Fe3S4) particles were synthesized by a microwave-assisted hydrothermal 

route. In a 10 ml microwave vessel, FeCl2 (1 mmol) and L-cysteine (2 mmol) were 

dissolved in 5 ml dest. H2O. Afterward, the solution was transferred into the microwave 

and decomposed for 5 minutes under a dynamic program with the parameters set to 

55 W, 13 bar, and 160°C. After the solution cooled down to room temperature, the 

mixture was washed several times with H2O and ethanol using a centrifuge until the 

pH value was above 3. The wet powder was dried at 120°C for 6 hours under vacuum.  

 

7.5.9 Synthesis of CuFeS2 (CFS) 

Copper iron sulfide (CuFeS2) particles were synthesized by a hydrothermal synthesis 

route. CuCl2 (0.5 mmol), FeCl2 * 4 H2O (0.5 mmol), and L-cysteine (2 mmol) were dis-

solved in 20 ml of DI water and transferred to a Teflon tube. The reaction as carried 

out in a stainless-steal Autoclave for 12 h at 160°C. After the reaction cooled down to 

room temperature, the reaction mixture was washed several times with DI water and 

ethanol until a pH value of >3. The final product was vacuum dried for 6 h at 80°C.  

 

7.5.10 Synthesis graphene oxide 

A 9:1 mixture of concentrated H2SO4/H3PO4 (360:40 mL) was added to 3 g of graphite 

flakes. Following this, 18 g of KMnO4 was added to the mixture. The reaction was 

heated to 50°C and stirred for 12 h with a magnetic stirring bar. The reaction mixture 

was cooled to room temperature and poured onto ice (ca. 400 cm-3). A 33% solution 

of hydrogen peroxide was added to the mixture until the color changed to yellow, and 

no more gas evolution was observed. The product was washed in succession with 

200 ml of distilled water, 200 ml of 30% concentrated hydrochloric acid, 200 ml of 
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distilled water, and 200 ml of ethanol. The resulting solid was vacuum-dried overnight 

at room temperature. 

 

7.5.11 Reduction of graphene oxide 

Reduced graphene oxide was obtained from the thermal decomposition of GO powder. 

The thermal reduction was performed in a porcelain boat using a tube furnace at 800°C 

for 3 h in an Ar/H2 atmosphere (95/5) with a ramping rate of 10°C/min. The obtained 

rGO flakes have a lateral size of 0.5-1.5 µm and a layer number of 11-13. 

 

7.5.12 Preparation of rGO-films and CFS-rGO films  

For the free-standing GO and GO-CFS composite films, a GO-dispersion was pre-

pared first by mixing 1 mg mL-1 in DI water and ultrasonicated with a sonicate probe 

for 1 h with 80% power and 8 cycles. The dispersion was centrifugated at 4000 rpm 

for 10 min, and the supernatant was collected. For GO/CFS films, 50 ml of the GO 

dispersion was used, and 25 mg of the CFS-I was added. The mixture was sonicated 

again for 30 min. For native GO films, only 50 ml was used for the GO dispersion. The 

dispersions were filtered through the Whatman Anodisc 0.2 μm filter membrane to re-

ceive freestanding GO films. These films were then calcined in an Ar atmosphere at 

700°C for 3h with a ramping and cooling time of 2°C min-1 to obtain reduced rGO or 

rGO-CFS films, respectively. 

 

7.5.13 Synthesis of copper iron sulfide precursor (CFS-I) 

CuCl2 (1 mmol), FeCl2 * 4 H2O (1 mmol), and thiourea (4 mmol) were dissolved in 

20 ml of DI water and transferred to a Teflon tube. The reaction as carried out in a 

stainless-steal Autoclave for 12 h at 160°C. After the reaction cooled down to room 

temperature, the reaction mixture was washed several times with DI water and ethanol 

until a pH value of >3. The final product was vacuum dried for 6 h at 80°C.  

 

7.5.14 Synthesis of Mg(hexamethyldisilazane)2  

For the magnesium-based electrolyte, first, Mg(hexamethyldisilazane)2 was synthe-

sized at a Stock line by a transmetallation route of Sn(hexamethyldisilazane)2 and Mg 

powder. 

In an inert flask 7.13 ml HDMS (5.56 g, 34.5 mmol) was placed and cooled down 

to -196°C with liquid nitrogen. 13.7 ml n-Butyllithium (2.5 M, 34.3 mmol) was added 
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under nitrogen counterflow and the solution was allowed to warm up to room temper-

ature and was stirred for 30 min. SnCl2 (3.32 g, 17.5 mmol) was solved in 10 ml dry 

THF in another flask.  

Both solutions were put together at 0°C and the resulting orange solution was stirred 

for 1 d at room temperature. The solvent was removed under reduced pressure and 

the residue was distilled in a vacuum. The product was received at about 75°C head 

temperature as an orange oil.  

In an inert flask, 231 mg Sn(HDMS)2 (0.526 mmol) was placed. 20 ml dry THF and ten 

spatula tips of elemental magnesium powder were added under nitrogen counterflow. 

The mixture was allowed to stir for one week. For purification, Mg(hexamethyldisilaz-

ane)2 (aq) was first separated from Sn and the solvent was removed under reduced 

vacuum. Secondly, Mg(hexamethyldisilazane)2 was sublimed in vacuum at a temper-

ature of 100°C. A white powder was obtained. 

 

7.5.15 Synthesis of Mg(hexamethyldisilazane)2 / AlCl3 * DME electrolyte 

The as-synthesized Mg(hexamethyldisilazane)2 was used in a ratio of 1:2 to anhydrous 

AlCl3 to prepare the 0.35 M electrolyte. To receive 10 ml of the electrolyte, 1.208 g of 

Mg(hexamethyldisilazane)2 was added to 3.6 ml of dry DME. In a second round flask, 

0.934 g of AlCl3 was slowly added to 6.2 ml of dried DME. Once the AlCl3 was fully 

dissolved, the AlCl3 solution was slowly added to the Mg(hexamethyldisilazane)2 solu-

tion while stirring. The overnight stirring allowed the salts in the complex electrolyte 

solution to equilibrate.  

 

7.5.16 Synthesis of V2O5 electrospun (green)fibers and carbon coating 

The vanadium oxide nanofibers (VNF) were synthesized by simple electrospinning of 

VO(acac)2 in a polymeric solution. Poly(vinylpyrrolidone) (PVP, 0.08 mg ml-1) of mo-

lecular weight 1,300,000 and 0.08 g ml-1 vanadyl acetylacetonate (VO(acac)2) were 

dissolved in a mixture (1:4, v:v) of acetic acid and ethanol absolute by stirring for 12 h 

to obtain a homogenous solution. The precursor solution was loaded into a 5 ml syringe 

with a ∼ 0.514 mm diameter needle made of stainless steel and ejected with a flow 

rate of 2 ml h-1. A positive potential of 14 kV was applied between the needle tip and 

an aluminum foil collector at a distance of 10 cm. In the electric field, the ejected poly-

mer jet was accelerated toward the collector, and fibers were formed on the aluminum 
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foil after solvent evaporation. These electrospun fiber mats were heat-treated at 450°C 

for 75 min with a heating and cooling rate of 2°C min-1 under an air atmosphere. 

After calcination, the VNF were carbon-coated by plasma-enhanced chemical vapor 

deposition using methane gas as a carbon precursor. The coating process was per-

formed using a commercial vacuum system from Plasma Electronics (CVD-PECVD 

DOMINO), working with a radio-frequency excitation (13.56 MHz). 20 sccm of CH4 

were introduced into the reaction chamber through a mass flow controller (MKS MFC 

1179) controlled by a software interface during the reaction, and the reactor pressure 

was maintained at 3.5 Pa. The 0.02 g of VNF was placed in a ceramic boat on the 

heatable RF electrode to decompose the CH4 on the surface of the VNF. The temper-

ature was set to 450°C and the plasma power to 15 W (resulting in a bias of 250 V). 

The duration of the treatment was set to 60 (VNF-C-60) and 120 min (VNF-C-120). 
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7.5.17 Guide to understanding battery specifications 

 

C-rate 
The C-rate is often used to express the discharge current. It normalizes the battery 

capacity, which varies from different compositions and types of batteries. The C-rate 

describes the specific current with which the battery is discharged relative to its maxi-

mum capacity. As an example, if a battery has a capacity of 300 Ah and the applied 

rate is 1C, this means that the battery can is discharged with 300 A for one hour. By 

increasing the C-rate, the capacity decreases. The specific current is a description of 

the C-rate per unit mass (Ah kg-1).   

 

Terminal voltage 
The terminal voltage describes the different potential between the electrodes with an 

applied load, which varies depending on the state of charge of the battery.  

 

Open-circuit voltage 
The open-circuit voltage measures the potential between the electrodes without an 

applied load.  

 

Internal resistance 
The internal resistance varies depending on the charging and discharging processes 

as well as on the battery's state of charge. In principle, factors of size, state of charge, 

chemical properties, age, temperature, and the discharge current have an influence on 

the internal resistance of a battery. 

 

Impedance 
Impedance is an alternating electrical resistance describing the relationship of the volt-

age and amperage in a two-pole setup.  

 

Nominal voltage 
The reported or reference voltage of the battery.  
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Cut-off Voltage 
The minimum allowable voltage. In general, this voltage defines the ‘empty’ state of 

the battery. Beyond this voltage, the further discharge could cause harm to the battery. 

Modern electronic devices will automatically power off when the cut-off voltage has 

been reached. In contrast, the charge voltage is the voltage limit when the battery is 

fully charged.  

 

Capacity 
The capacity describes the maximally available amperes per hour when the battery is 

discharged fully discharged to the cut-off voltage at a certain discharge current (C-

rate). The specific capacity expresses the total capacity per unit mass (Ah kg-1).  

  

Energy 
The energy of the batteries is an expression of the total watts per hour when the battery 

is discharged fully discharged to the cut-off voltage at a specific discharge current (C-

rate). The energy is calculated by multiplying Amps by the terminal Voltage and the 

discharge time. The specific energy (or gravimetric energy density) expresses the total 

energy per unit mass (Wh kg-1), while the energy density (volumetric energy density) 

is the nominal energy per unit volume. 

 

Cycle Life 
The cycle life provides the number of discharge-charge cycles before the battery fails 

to meet specific performance criteria. Cycle life measurements are mainly performed 

at specific charge and discharge conditions as well as constant environmental condi-

tions such as temperature and humidity. 
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8 Abbreviations 
 

°   degree 

°C   degree Celsius 

A   Ampere 

Å   Angstrom, 1 Å = 10-10 m 

a.u.   Arbitrary unit  

acac   Acetylacetone 

at.%   Atomic concentration 

BE   Binding energy 

CB   Conduction band 

ccp   Cubic closest packing 

CEI   Cathode electrolyte interface 

CFS   CuFeS2 

CIGS   Copper indium gallium selenide thin-film cells 

CNF   Carbon nanofibers 

CPS   Counts per second 

CV   Cyclic voltammetry 

CVD   Chemical vapor deposition 

DEC   Diethyl carbonate  

DFT   Density Functional Theory  

DME   Dimethoxyethane 

DOL   Dioxolane 

DSC   Thermogravimetric analysis 

DSSC   Dye-sensitized solar cells  

EC   Ethylene carbonate 

EDX   Energy-dispersive X-ray spectroscopy 

EIS   Electrochemical impedance spectroscopy 

EMC   Ethyl methyl carbonate    

ETL   Electron transport layer 

eV   Electron volt 

fcc   Face-centered cubic  

FIB-SEM  Focus ion beam scanning electron microscope 

GO   Graphene oxide 
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h   Hours 

hcp   Hexagonal closest packing 

HMDS    Hexamethyldisilazane 

HR-SEM  High-resolution scanning electron microscopy 

HR-TEM  High-resolution transmission electron microscopy 

HTL   Hole transport layer 

JCPDS  Joint committee on powder diffraction standards 

KE   Kinetic energy 

kV    Kilo volt 

LCP   Lowest energy charged polymorph 

LDP   Lowest energy discharged polymorph    

LFP   Lithium-Iron-Phosphate 

LIB   Lithium-ion battery 

LiTFSI   Bis(trifluoromethane)sulfonimide lithium salt 

LMO   Lithium Manganese Oxide (LiMn2O4) 

LTO   Lithium Titanate 

mA   Milliampere 

mbar   Millibar 

MHz   Megahertz 

min   Minutes 

NCA   Nickel-Cobalt-Aluminium 

Nm   Nano meter 

NMC   Nickel-Manganese-Cobalt 

NMP   N-Methyl-2-pyrrolidone 

OCV   Open-circuit voltage 

OPV   Organic photovoltaic 

P3HT    Poly(3-hexylthiophene) 

Pa   Pascal 

PCE   Power/Photo conversion efficiency 
PECVD  Plasma-enhanced chemical vapor deposition 

ppm   Part per million 

PSC   Perovskite solar cell 

PV   Photovoltaic 

PVDF   Polyvinylidene difluoride 
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PVP   Polyvinylpyrrolidone 

RF   Radiofrequency 

rGO   reduced graphene oxide 

RMB   Rechargeable magnesium battery 

sccm   Standard cubic centimeters per minute 

SEI   Solid electrolyte interface 

SEM   Scanning electron microscopy 

TCO   Transparent conductive oxide 

TEM   Transmission electron microscopy 

TGA   Differential scanning calorimetry 

THF   Tetrahydrofuran 

TMS   Transition metal sulfide 

TNBO   TiNb2O7 

TNBO/KC  TiNb2O7 keratin carbon 

TNO   TiNb2O7 

TNO/C  TiNb2O7 carbon-coated 

TTIP   Titanium (IV) isopropoxide 

V   Volt 

v   Volume 

VB   Valence band 

VNF   Vanadium pentoxide nanofibers 

VNF -C-120  Vanadium pentoxide nanofibers 120 minutes carbon-coated  

VNF-C-60  Vanadium pentoxide nanofibers 60 minutes carbon-coated 

W   Watt 

wt.%   Weight percent 

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffractometry 

µm   Micrometer 
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öffentlichung der Dissertation vor Abschluss der Promotion nicht ohne Genehmigung 

des Promotionsausschusses vornehmen werde. Die Bestimmungen dieser Ordnung 

sind mir bekannt. Darüber hinaus erkläre ich hiermit, dass ich die Ordnung zur Siche-

rung guter wissenschaftlicher Praxis und zum Umgang mit wissenschaftlichem Fehl-

verhalten der Universität zu Köln gelesen und sie bei der Durchführung der Disserta-

tion zugrundeliegenden Arbeiten und der schriftlich verfassten Dissertation beachtet 

habe und verpflichte mich hiermit, die dort genannten Vorgaben bei allen wissenschaft-

lichen Tätigkeiten zu beachten und umzusetzen. Ich versichere, dass die eingereichte 

elektronische Fassung der eingereichten Druckfassung vollständig entspricht.  

 

Köln, den 19.03.2023 

 

 

————————— 

Michael Wilhelm 

 
 
(Eingebundene Teilpublikationen siehe S. XII)  
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Conference presentations: 
 
2022 

- MRS Spring Meeting & Exhibit, Honolulu, Hawai’i, Title: “Surface Modification 

of Few-Layered Graphene Nanoplatelets for Enhanced Energy Transportation 

in Nanofluids” 

- MRS Spring Meeting & Exhibit, Honolulu, Hawai’i, Title: “Enzymes Immobilized 

Nanocarriers for the Selective Degradation of Synthetic Polymers” 

- Nanotage 2022, Hamburg, Germany, Title: “Carbon coating on V2O5 nanofibers 

for increased performance of a photo-responsive lithium-ion battery” 

- MS&T 22 Pittsburgh, USA, Title: “Electrospun Vanadium Pentoxide Nanofibers 

as a Photocathode in a Light Rechargeable LIB” 

- MS&T 22 Pittsburgh, USA, Title: “Molecular Precursors for Li2S as Cathode Ma-

terial for Sustainable Energy Storage“ 

 
 
2021 

- CERAMICS 2021, 96th DKG Annual Meeting, Germany, Title: “Innovative ce-

ramic anode material based on TiNb2O7/carbon nanocomposites for lithium-ion 

batteries” (virtual) 

- CERAMICS 2021, 96th DKG Annual Meeting, Germany, Title: “Rhenium Nitride 

Thin Films via Magnetic Field-Assisted CVD from Volatile Rhenium Precursors” 

(virtual) 

- 8th International Congress on Ceramics (ICC8), Bexco, Busan, Korea, Title: 

”Ceramics in lithium-ion batteries TiNb2O7 a quick-charging anode material” (vir-

tual) 

- Materials Challenges in Alternative & Renewable Energy (MCARE), OH, USA, 

Title: “TiNb2O7 - a novel and fast-charging anode material for Li-ion batteries” 

(virtual) 

- MRS Fall Meeting & Exhibit, Boston, USA, Title: “Don’t Trust Fools when Look-

ing for Gold – Iron Sulfide as Cathode Material for Mg-Batteries” (virtual) 

- MRS Fall Meeting & Exhibit, Boston, USA, Title: “Copper Sulfide – A Conversion 

Cathode Material for Mg-Batteries” (virtual) 
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- Cologne Graduate School Chemistry, PhD Symposium, Cologne, Germany, Ti-

tle: “House of cards” (virtual, selected presenter) 

- GDCh-Wissenschaftsforum Chemie, Title: “Copper sulfide: A Conversion Cath-

ode Material for Rechargeable Magnesium Batteries” (virtual) 

 
2020 

- MRS Fall Meeting & Exhibit, Boston, USA, Title: “Transition Metal Sulfide (MS, 

M = Mn, Zn) Nanoparticles as Conversion Cathode Materials for Rechargeable 

Magnesium-Sulfur Batteries” (virtual) 

- MRS Fall Meeting & Exhibit, Boston, USA, Title: “Enhanced Heat Transfer of 

Functionalized Graphene Nanoplatelets in Nanofluids for Energy Conversion 

and Storage of Solar Power Plants” (virtual) 

- MSE, Darmstadt, Germany, Title: “Surface modified graphene nanoplatelets in 

nanofluids for heat transfer applications” (virtual) 

 
2019 

- Enhance, Cologne, Germany, Title: “Thermal Conductivity Enhancement of 

Functionalized Graphene Nanoplatelets for the Application in Heat Transfer Flu-

ids” (Poster) 

- German-Franco-Symposium, Cologne, Germany, Title: “Graphene-based Addi-

tives for Controlling the Thermal Conductivity in Fluids” 

- International XPS User Meeting, Thüringen, Germany, Title: “XPS analysis of 

nanomaterials for gas sensing and LIB applications” 

 
 

	

 

 

  



  Appendix 

   205  

Organized Workshop and Events:  
 

 

Winter 2020  BrainDrops – DieJuniorUni, University of Cologne 

Winter 2021  BrainDrops – DieJuniorUni, University of Cologne 

July 2022   Cologne Summer School - Sustainable Future Strategies in 
Advanced Functional Ceramics for Human Well-Being, Kra-
kow, Poland 

November 2021 School meets University, Battery Day, University of Cologne 
Since 2020  Sustainability workshop series 
Since 2020   MRS lecture series 

Includes: recruitment of international experts, organization of stu-

dent discussion, lab tours 

November 2021 PowerPoint Karaoke, 2021 MRS Fall Meeting (virtual) 
May 2022  PowerPoint Karaoke, 2022 MRS Spring Meeting 
November 2022 PowerPoint Karaoke, 2022 MRS Fall Meeting 

November 2022 Focus on Sustainability TF, hands-on activities, and video 
   competition: Sustainability in Action, 2022 MRS Fall Meeting 
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route to Li2S loaded carbon fibers for lithium–sulfur batteries. J. Mater. Chem. 
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9. Yang, Y., Hoang, M. T., Bhardwaj, A., Wilhelm, M., Mathur, S., & Wang, H. 

Perovskite solar cells based self-charging power packs: Fundamentals, 
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  Appendix 

   207  

10. Thiyagarajan, G. B., Mukkavilli, R. S., Graf, D., Fischer, T., Wilhelm, M., 
Christiansen, S., Mathur, S., & Kumar, R. Self-supported amorphous 

TaNx(Oy)/nickel foam thin film as an advanced electrocatalyst for hydrogen 

evolution reaction. Chem. Commun. 58, 3310–3313 (2022). 

11. Christoffels, R., Breitenbach (née Stastny), C., Weber, J. P., Körtgen, L., 

Tobeck, C., Wilhelm, M., Mathur, S., Neudörfl, J.-M., Farid, M. S. Z., Maslo, M., 

Strub, E., & Ruschewitz, U. UoC-3: A Metal–Organic Framework with an Anionic 

Framework Based on Uranyl UO22+ Nodes and Partly Fluorinated Benzene-

1,3,5-Tribenzoate Linkers. Cryst. Growth Des. 22, 681–692 (2022). 

12. Brune, V., Raydan, N., Sutorius, A., Hartl, F., Purohit, B., Gahlot, S., Bargiela, 

P., Burel, L., Wilhelm, M., Hegemann, C., Atamtürk, U., Mathur, S., & Mishra, 

S. Single source precursor route to nanometric tin chalcogenides. Dalt. Trans. 

50, 17346–17360 (2021). 

13. Wilhelm, M., Ludwig, T., Fischer, T., Yu, W., Singh, D., & Mathur, S. 

Functionalized few-layered graphene nanoplatelets for superior thermal 

management in heat transfer nanofluids. Int. J. Appl. Ceram. Technol. 19, 803–

812 (2022). 

14. Krakor, E., Saniternik, S., Gessner, I., Frohnhoven, R., Wilhelm, M., Drexelius, 

M., Tosun, N., Neundorf, I., & Mathur, S. Hollow mesoporous silica capsules 

loaded with copper, silver, and zinc oxide nanoclusters for sustained 

antibacterial efficacy. J. Am. Ceram. Soc. 105, 1685–1696 (2022). 

15. Thiyagarajan, G. B., Shanmugam, V., Wilhelm, M., Mathur, S., Moodakare, S. 

B., & Kumar, R. TiNb2O7-Keratin derived carbon nanocomposites as novel 

anode materials for high-capacity lithium-ion batteries. Open Ceram. 6, 100131 

(2021). 

16. Raauf, A., Leduc, J., Frank, M., Stadler, D., Graf, D., Wilhelm, M., Grosch, M., 

& Mathur, S. Magnetic Field-Assisted Chemical Vapor Deposition of UO2 Thin 

Films. Inorg. Chem. 60, 1915–1921 (2021). 

17. Krakor, E., Gessner, I., Wilhelm, M., Brune, V., Hohnsen, J., Frenzen, L., & 

Mathur, S. Selective degradation of synthetic polymers through enzymes 

immobilized on nanocarriers. MRS Commun. 11, 363–371 (2021). 

18. Hong, Z., Maleki, H., Ludwig, T., Zhen, Y., Wilhelm, M., Lee, D., Kim, K.-H., & 

Mathur, S. New insights into carbon-based and MXene anodes for Na and K-

ion storage: A review. J. Energy Chem. 62, 660–691 (2021). 
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19. Frank, M., Bulut, Y., Czympiel, L., Weißing, R., Nahrstedt, V., Wilhelm, M., 
Grosch, M., Raauf, A., Verma, A., Fischer, T., & Mathur, S. Piezo-enhanced 

activation of dinitrogen for room temperature production of ammonia. 
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M. A., Mukhortova, Y. R., Wilhelm, M., Ludwig, T., Mathur, S., Kholkin, A. L., 

Neyts, E., Parakhonskiy, B., Skirtach, A. G., & Surmenev, R. A. Enhanced 

piezoresponse and surface electric potential of hybrid biodegradable 

polyhydroxybutyrate scaffolds functionalized with reduced graphene oxide for 

tissue engineering. Nano Energy 89, 106473 (2021). 
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Coatings from Surface-Functionalized MgAl2O4 Nanoparticles. Adv. Eng. Ma-

ter., 23, 2000738 (2021). 
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Potentiometric Ethene Sensor for Postharvest Detection Applications. J. 
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Work experience: 
 

Since 01/2023  Junior Manager Advanced Analytics 
    Orion Engineered Carbons GmBH (Cologne, Germany) 

 

04/2021 – 12/2022  Scientific Assistant in Chemistry 

University of Cologne (UoC) – Germany 

Project planning and management 

Head of X-Ray Photoelectron Spectroscopy team 

Operator SEM 

Teaching Assistant 

Leader of the battery research team 

 

09/2017 – 03/2021  Research Assistant in Chemistry 

University of Cologne (UoC), Germany 

Redesign and organization a laboratory course/ module in 

chemistry 

Laboratory student assistance 

 

02/2017 -09/2017  Substitute Teacher 
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Awards:  
 
2022 Macromolecular Journals Best Presentation Award for an oral presenta-

tion during Nanotage 2022, Hamburg, Germany   

 

2021  1st Place as Slide Designer in the PPT Karaoke at ACerS MCARE 2021  

 

2019   Poster award at the ENHANCE Conference 2019, Cologne, Germany 

 

 

Academic Activities: 
 
2020-2022   President of the MRS University Chapter Cologne 

 

Since 2021   Ambassador of the MRS Student Engagement Subcommittee 

(Organizer of the MRS PowerPoint Karaoke at Fall (2021), Spring 

(2022), and Fall (2022) meetings) 
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