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ZUSAMMENFASSUNG 

 

Diese Dissertation befasst sich mit der Entwicklung elektrochemischer Energiespeicher, die die 

Leistung bestehender Lithium-Ionen-Batterien übertreffen. Die Forschung untersucht das Design und 

die Modifikation von Metalloxiden und -sulfiden, um die elektrochemische Leistung kommerzieller 

Batterieelektroden zu verbessern, und stellt die damit verbundenen Herausforderungen dar. Durch 

den Einsatz spezifischer Designstrategien und Derivatisierungsmethoden werden neuartige 

Materialien mit einzigartigen Eigenschaften synthetisiert, die sich von denen in kommerziellen 

Batterien unterscheiden. 

Für jedes untersuchte Material wird die Beziehung zwischen seiner elektrochemischen Leistung und 

verschiedenen anderen Materialeigenschaften untersucht, um bestehende Einschränkungen zu 

beseitigen. Im Falle der selbsttragenden Fasern wird der Einfluss der mechanischen Flexibilität auf die 

elektrochemischen Eigenschaften analysiert. Bei den Konversionsmaterialien wird der nachteilige 

Shuttling-Effekt oder das Ätzen der Elektroden durch das Aufbringen einer stabilen Beschichtung zum 

Schutz der aktiven Komponente vor Degradation abgeschwächt. Die Arbeit zielt darauf ab, pH-neutrale 

Synthesen und Niedertemperatur-Derivatisierung zu verwenden, um die Auswirkungen von 

aggressiven Komponenten und energiereichen Verfahren zu verringern, und stellt die 

Herausforderungen dar, die sich daraus ergeben. 

Darüber hinaus werden in dieser Arbeit ergänzende Ansätze zur Verbesserung der Grenzfläche 

zwischen Elektrode und Elektrolyt nach Modifizierung des Elektrodenmaterials durch 

Werkstofftechnik untersucht. Diese Strategien werden eingehend untersucht und als mögliche 

Lösungen zur Verbesserung der Gesamtleistung der Energiespeicher vorgestellt. 
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ABSTRACT 

 

This Ph.D. thesis focuses on developing electrochemical energy storage devices that outperform 

existing lithium-ion batteries. The research investigates the design and modification of metal oxides 

and sulfides to enhance the electrochemical performance of commercial battery electrodes and 

presents the challenges met. By employing specific design strategies and derivatization methods, novel 

materials with unique properties are synthesized, distinct from those found in commercial batteries. 

For each material studied, the thesis examines the relationship between its electrochemical 

performance and various other material properties to address existing limitations. In the case of self -

standing fibers, the influence of mechanical flexibility on electrochemical properties is analyzed. 

Similarly, for the conversion-type materials, the detrimental shuttling effect or electrode etching is 

mitigated by applying a stable coating to protect the active component from degradation. In parallel. 

this thesis aims to use pH-neutral syntheses and low-temperature derivatization to reduce the effect 

of harsh components and high-energy procedures and presents the challenges that arise from this. 

Additionally, this work explores complementary approaches to enhance the interface between the 

electrode and electrolyte after modifying the electrode material through materials engineering. These 

strategies are thoroughly investigated and presented as potential solutions to improve the overall 

performance of energy storage devices.



 

1 

1 INTRODUCTION AND MOTIVATION 

Energy storage is crucial to effectively achieve sustainable goals and to reduce our global 

carbon footprint since a large share of carbon emissions is caused by using fossil fuels for 

energy generation, and a transition to renewable energy sources demands an effective energy 

storage infrastructure. Figure 1 shows the global carbon dioxide equivalent emissions by 

sector. The energy sector accounts for 73.2% of the emissions and is the largest contributor. 

Under this sector, a large share of emissions stems from fossil fuel-based electricity production 

or direct fossil fuel consumption for transport.[1] To decrease the emissions, the electricity 

that is mainly generated from fossil fuels must shift to renewable energy sources. The same 

applies to the transport sector, which is transitioning from internal combustion to electric 

vehicles (EVs). While renewable energy is free of charge, the challenge of harnessing and 

accessing this energy at times of need remains an expensive hurdle. 

 

Figure 1 Equivalent CO2 global emissions by sector in 2016. [1] 

To solve this challenge, electrochemical energy storage has become the leading enabler 

among different energy storage systems.[2, 3] Due to their state of commercial availability, 

high efficiency, and high energy density, Li-ion batteries are explored to replace most 

applications that require energy storage. From hearing aids to large trucks, we use this battery 
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type to run and answer our daily needs. Figure 2 shows the growth of Li-ion battery use in 

different applications from 2015 to 2030 (estimated).[2] 

More than 60% of the costs for this advanced technology lie in the raw materials, mainly to 

produce the electrodes.[4] While the demand for Li-ion batteries increases yearly, the raw 

materials supply chain is challenged by the COVID pandemic and the Ukraine-Russia war, 

further increasing raw materials cost for Li-ion batteries, which are all critical for the European 

union (EU).[5] However, to increase sustainability in materials, societal and environmental 

baselines must be addressed in addition to the economic baseline. [6] Therefore, research and 

development of new electrode materials that improve these baselines are central columns to 

making the energy transition bridge sustainable. The key ingredients in the path toward new 

materials are advanced design and derivatization methods to enable next-generation Li-ion 

batteries. This thesis introduces different methods in detail to design rational morphologies 

such as self-standing fibers and core shells for new hybrids of metal oxides and sulfides. It then 

explains the additional steps after design and derivatization to increase the electrochemical 

performance of battery materials. 

 

Figure 2 Growth of Li-ion batteries in gigawatt hours for different applications.[2] 
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2 THEORETICAL BACKGROUND 

2.1 History of energy storage 

The history of energy storage encompasses a journey of technological advancements spanning 

several centuries.[7] The story begins in 1800 with the invention of the Voltaic Pile by the 

Italian physicist Alessandro Volta. [8] Consisting of alternating layers of zinc and copper 

separated by cardboard soaked in an electrolyte solution, the Voltaic Pile was the world's first 

practical battery. [9] It produced a steady electric current, providing a reliable source of 

energy. Volta's groundbreaking achievement laid the foundation for further experimentation 

and research into battery technologies. In the early 19th century, the field of energy storage 

grew following several inventions. In 1859, French scientist Gaston Planté developed the lead-

acid battery, which marked a significant milestone in the history of batteries. [10] The lead-

acid battery was the first rechargeable battery and found widespread use in various 

applications, including telegraphy, early electric lighting, and later, in the automotive industry. 

[11, 12] Due to their reliability and scalability, lead-acid batteries found prominence and 

enduring legacy. [13] 

The late 19th and early 20th centuries witnessed the emergence of several battery 

chemistries, each with unique characteristics and applications. In 1881, French inventor 

Camille Alphonse Faure further improved the lead-acid battery by introducing a pasted plate 

design, enhancing its capacity and performance. This development paved the way for the lead-

acid battery's widespread adoption in automobiles, providing a source of power for the rapidly 

growing transportation sector. [14] Around the same time, the nickel-cadmium (NiCd) battery, 

invented by Swedish engineer Waldemar Jungner in 1899, gained prominence. The NiCd 

battery offered higher energy density and longer cycle life compared to lead-acid batteries. It 

became a popular choice for portable applications and was widely used in early portable 

radios and flashlights. [15, 16] However, the cadmium used in NiCd batteries raised 

environmental concerns due to its toxicity[17], leading to a shift towards alternative 

chemistries in the future.  

As the world entered the digital age, a new era of portable electronic devices emerged, 

necessitating smaller, lighter, and more powerful energy storage solutions. This demand led 

to the development of the first commercial lithium battery in the 1970s. Several other 
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rechargeable battery technologies were developed, especially targeting stationary 

applications such as vanadium-flow and sodium-sulfur batteries. [18-20] These batteries, 

however, had a large volume and were not tailored for use in portable devices. Yet, it wasn't 

until 1991 that Sony Corporation introduced the first practical rechargeable lithium-ion 

battery. The Li-ion battery was a significant breakthrough, offering higher energy densities, 

longer lifespans, and reduced self-discharge rates compared to previous battery technologies. 

Its lightweight and compact design made it ideal for portable electronics such as laptops, 

smartphones, and digital cameras. [21] 

The success of Li-ion batteries revolutionized energy storage and facilitated the widespread 

adoption of EVs and renewable energy systems. [2, 5] With increasing global CO2 emissions 

and its future risks [22], countries need to transition their energy source from fossil fuels to 

renewables across all sectors.[23] While this is the long-term solution to reducing CO2 

emissions, it fully alters the energy storage infrastructure [24] and requires large 

investments.[25] Fossil fuels hold a global 61.3% share as the source of electricity production 

[26] and an 80% share as the primary energy source for consumption.[27] In contrast to fossil 

fuels, the amount of renewable energy cannot be predicted or managed at all times due to 

intermittency and requires a storage system to ensure a stable supply for consumers, 

especially during peak demand periods. A shortage of power for short periods in the industry 

    d            ff             ’  gross domestic product, especially those reliant on 

manufacturing. This was, for example, a €            loss in Germany per one hour of blackout 

in 2013. [28, 29] Li-ion batteries play a pivotal role in driving the global transition toward 

sustainable energy sources. The ability to store energy efficiently and deliver it when needed 

is instrumental in enabling the integration of renewable energy technologies such as solar and 

wind into the grid. 

2.2 Li-ion battery principles  

The concept of the Li-ion battery was developed and studied in the 1970s and 1980s based on 

the movement of Li-ion as the working ion to charge and discharge the battery (rocking chair 

concept), and several studies enabled them to become stable and usable in room 

temperature.[30] This battery technology was commercialized in 1991 and steadily grew in 

the market, while the price fell by more than tenfold with further development and extended 

use until this day.[31] Figure 3 shows the schematic of a Li-ion cell, its main components, and 
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major developments that enabled Li-ion battery commercialization.[30] The inventors of the 

Li-ion battery, John Goodenough, Stanley Whittingham, and Akira Yoshino were awarded the 

Nobel Prize in Chemistry in 2019 for their contribution to the development of the Li-ion 

battery.[32] Similar battery technologies, such as Li-sulfur, Li-air, all solid-state Li-ion, and 

post-Li batteries, were further studied and have been under constant development.[21, 33] 

 

Figure 3 Main components of a Li-ion cell and discovered concepts used to achieve stable 

performance for commercial Li-ion batteries. Lithium and electron flow are shown for the 

charge step. Adapted from [30]. 

 

2.2.1 Storage mechanism 

To understand the storage mechanism in Li-ion batteries, each cycle can be broken down into 

the charge and discharge steps. The framework of the conventional Li-ion cell is made of two 

electrodes immersed in an organic electrolyte with dissolved lithium salt (LiPF6).[34] These 

electrodes are separated by a porous polymeric membrane that conducts ions but keeps the 

electrodes away from each other. In the case of direct contact between the electrodes, the 

cell is internally short-circuited and releases a high amount of energy.[35] 

When the cell is charging, it follows the mechanism of an electrolytic cell , and during 

discharge, it acts as a galvanic cell.[36] Therefore, the oxidation and reduction at the 

electrodes are swapped in charge and discharge. However, the discharge nomenclature is 
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applied to batteries in general, and the electrode operating at higher potential is referred to 

as the cathode [37] (usually a mixed metal oxide), and the electrode operating at lower 

potential as the anode (usually a conductive carbon powder).[38] 

The specific capacity of anode and cathode material is the charge that can be stored per unit 

mass for each material. This is expressed in Ah/g and determined by the number of redox 

processes at a different potential. Every change in the         ’  oxidation state causes the 

release or uptake of an electron. A Li+ ion is released or uptaken in parallel to keep the charge 

neutrality. The theoretical specific capacity can be calculated according to Equation 1, where 

n is the number of exchanged electrons (or lithium ions), F is the Faraday constant, and M is 

the molar mass of the electrode material.[35] 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑝𝑒𝑟 𝑔𝑟𝑎𝑚 =
𝑛 × 𝐹

𝑀
 Equation 1 

After assembling, the cell has a voltage equal to the potential difference between the 

electrodes.[39] For simplification, we take the primary chemistry of the commercial cell with 

lithium cobalt oxide (LCO) as the cathode material and graphite as the anode material. With 

LCO redox potential at 4-5 V vs. Li/Li+ and graphite at ~0.1 V vs. Li/Li+, this chemistry offers a 

cell with a working voltage of 3.0-4.2 V, resulting in a nominal voltage of 3.6 V.[40] Since the 

cell energy results from the cell voltage multiplied by the capacity, the anode and cathode are 

chosen based on their potential to result in a high cell voltage and increase the energy; 

however, this voltage is limited by the electrochemical stability of the used electrolyte or other 

components such as the current collector and the binder. [41] 

The common carbonate-based electrolyte used in commercial Li-ion batteries is made of a 

mixture of the non-linear ethylene carbonate (EC) and at least one linear carbonate such as 

dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC) that 

lower the melting point of EC (36 C) [42] to be used at room temperature and simultaneously 

withstand about 4 V potential window from 1.0 V to 4.7 V vs. Li/Li+.[30] This stability window 

is determined by the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO). When the cell is assembled, the LUMO must be higher than the 

electrochemical potential of the anode (µa), and HOMO needs to be lower than the 

electrochemical potential of the cathode (µc) to remain stable.[41]  
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Graphite has a Li-intercalation potential of ~0.1 V vs. Li/Li+, while the stability range of the 

electrolyte starts from 1 V vs. Li/Li+. This potential difference causes the reduction and 

decomposition of electrolytes at the anode surface and results in the formation of the solid 

electrolyte interphase (SEI). Electrolyte oxidation can also happen at the cathode interface to 

form cathode electrolyte interphase (CEI) if the cathode potential is higher than the 

electrolyte HOMO potential [43] These interphases act as a bridge in the electrode-electrolyte 

potential difference, protecting the electrolyte from further reactions with the electrodes, and 

enable stable cycling of the battery. As a result, the potential window of electrolyte Eg widens 

to Vo with the formation of stable SEI and CEI [34, 44] (Figure 4). 

When the cell is charged, reduction at the anode and oxidation at the cathode occur. At the 

reduction sites, lithium ions in the electrolyte are absorbed in the anode and intercalated in 

the graphite layers. At the same time, intercalated lithium in the LCO layers is released in the 

electrolyte.[41] Therefore, in Li-ion batteries, electrode reduction is equal to lithiation or 

lithium introduction, and oxidation is equal to delithiation or lithium removal. 

 

Figure 4 Fermi energies of some cathode and anode redox pairs and their effect on widening 

the electrolyte potential window. If the electrolyte potential window does not overlap with 

the electrodes, the anode reduces the electrolyte and forms SEI at the anode/electrolyte 

interface, and the cathode oxidizes the electrolyte and produces CEI at the 

cathode/electrolyte interface. Adapted from [44]. 
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Lithiation and delithiation in batteries are primarily performed by Faradaic processes. That 

means the charge is stored when the active material undergoes chemical redox processes.[45] 

For example, in LCO, the cobalt atom is in the Co3+ oxidation state, which is oxidized to Co4+ 

during charging, and through this oxidation, a Li-ion is released from the LCO lattice. This is 

the major difference compared to other electrochemical storage systems, such as electrical 

double-layer capacitors that are governed by electrostatic (non-Faradaic) ion 

electrosorption.[20, 46] These redox processes determine the        d ’  potential and are 

studied in depth for different materials.[41] Voltammograms and charge-discharge curves are 

usually recorded to observe the redox processes and their potential.[37] Figure 5 shows the 

cyclic voltammogram and galvanostatic charge-discharge curve of LCO during charge and 

discharge and how these two electrochemical plots are connected. 

 

Figure 5 Cyclic voltammogram of LCO with the redox peaks for Co4+/Co3+ during charge and 

discharge (A) and galvanostatic charge-discharge curves for LCO (B). Sharp redox peaks in 

the voltammogram translate to elongated plateaus in charge-discharge curves and indicate 

Faradaic energy storage via redox reactions. 

In addition to the active material where the reduction and oxidation processes occur, two 

other components, namely the conductive carbon additive and the binder, are used in the 

electrode.[47, 48] The role of the carbon additive is to increase the conductivity of the active 

material. At the same time, the binder, often polyvinylidene fluoride (PVdF), keeps the carbon 

additive and active material particles in contact, as well as adhesion to the current collector, 

and ensures electron pathways are maintained during cycling.[49] Since binder and carbon 
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additives are usually inactive, they are kept at a minimum amount, so the highest possible 

capacity is achieved per unit mass of the electrode.[50] 

Regarding the lithiation mechanism, both LCO and graphite have a layered structure and 

intercalate lithium ions between these layers.[51] Insertion-type materials are also used in 

present battery cathodes that work similarly to the intercalation materials but insert the 

lithium in their interstitial lattice sites. Two main groups are the spinel and olivine materials 

with lithium manganese oxide (LMO) and lithium iron phosphate (LFP) as examples.[21] 

2.2.2 Development 

Most of the history of Li-ion battery development is focused on electrode research, as they 

directly determine the cell capacity and working voltage.[21] Lithium metal was used as the 

anode in the early batteries due to its high capacity (3,860 mAh/g) and low redox pair potential 

(-3.04 V vs. the standard hydrogen electrode (SHE) equal to 0.0 V vs. Li/Li+) [52]. However, 

lithium ions may not homogeneously plate during charging as a layer but rather form 

dendrites.[53, 54] These dendrites offer shorter diffusion paths when grown towards the 

cathode. Therefore, after many cycles, they constantly grow until they can finally pass through 

the separator, reach the cathode, and short the cell from the inside.[55, 56]  

For the cathode, the first intercalation material of TiS2 was reported by Whittingham, which 

was able to be reversibly charged and discharged against lithium metal anode [57] and 

commercialized by Exxon in the late 1970s.[40] The cell voltage was low due to the redox pairs 

of titanium and sulfur, but the structure and cycling performance inspired researchers to 

further work on intercalation cathode materials. Mizushima et al. [58] reported LCO with a 

layered structure that could reversibly be lithiated and delithiated at room temperature 

without undergoing bond breakage and reformation while simultaneously offering potentials 

higher than 4.0 V vs. Li/Li+. LCO also had lithium atoms in the molecule, eliminating the need 

for a metallic lithium anode.[59] This improved the safety and after further studies in the 

1980s, was successfully used versus a graphite anode in the first generation of commercialized 

Li-ion batteries by SONY in 1991.[35]  

LCO can release up to 50% of its lithium ions, translating to half of its theoretical capacity of 

274 mAh/g. For a full delithiation, voltages up to 5 V vs. Li/Li+ were needed, making electrolyte 

and LCO unstable. In addition, cobalt is not abundant and, therefore high in cost compared to 
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other rock-forming transition metals.[60] The commercial LCO chemistry was therefore 

tailored over time by introducing cheaper or more stable transition metals such as Ni, Al, and 

Mn into the structure to reduce the price and increase the capacity. This resulted in a variety 

of cathode chemistries in the market.[61] Among commercialized chemistries, lithium nickel 

cobalt aluminum oxide LiNi0.8Co0.15Al0.05O2 (NCA), lithium nickel manganese oxide 

Li(Ni0.5Mn0.5)O2 (NMO), lithium nickel manganese cobalt oxide (NMC) in different transition 

metal ratios can be named.[62] Other commercialized insertion-type materials in spinel 

structure, including lithium manganese oxide LixMn2O4 (LMO) [63] and in olivine structure 

lithium iron phosphate LiFePO4 (LFP) are noteworthy. Each of these chemistries has its certain 

shortcoming and advantages, making them desired in different applications. Table 1 shows a 

summary of these chemistries, their energy density, and their working voltage as the decisive 

parameter for their applications.  

Table 1 Common chemistries of commercialized Li-ion batteries and their specifications.[64] 

Symbol Cathode Anode Cell voltage (V) Specific energy (Wh/kg) 

NCA LiNiCoAlO2 Graphite 3.65 130 

NMC LiNiCoCoO2 Graphite 3.8-4.0 170 

LFP LiFePO4 Li4Ti5O12  2.3-2.5 100 

LMO LiMnO4 Graphite 4.0 120 

LCO LiCoO2 Graphite 3.7-3.9 140 

 

2.3 Present challenges for next-generation batteries 

The state-of-the-art Li-ion batteries are usually compared based on the electrodes used in the 

cell and known as the different cell chemistries.[65] This assessment is done in a variety of 

performance parameters depending on the battery application, such as the electrochemical 

performance at different temperatures and potential ranges, their self-discharge, their cost of 

production, their safety during service, and environmental impacts such as recyclability, raw 

material toxicity, and energy needed for production. To improve these key parameter 

indicators, three main strategies are followed. First, tailoring the present components such as 

mixing silicon with graphite to increase the capacity. Second, replacing the components for 

example non-flammable aqueous electrolytes instead of organic carbonate-based ones,[66] 
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or using cheaper cathodes to decrease the cell cost such as LFP instead of NMC.[67] And third, 

developing post-lithium technologies, such as sodium-ion batteries. [68] 

To compare these systems, five major parameters of energy, power, cost, safety, and 

sustainability are relevant in every technology and application and therefore discussed further 

in detail. 

2.3.1 Energy 

The     ’         can be measured per unit mass (specific energy; Wh/kg) or volume (energy 

density; Wh/L), depending on the application and requirements.[69] This is achieved by 

multiplying the achievable cell capacity and working voltage window and the most critical 

parameter for portable electronic devices as larger energy means more charge stored in the 

battery and less frequent charging.[70] 

Due to             ’      w        d         z , a high specific energy and energy density 

compared to other battery types can be reached at the cell level.[65, 71] The battery energy 

density and specific energy decrease through the scale-up due to the addition of several 

components such as the separator, current collectors, and cooling system from the cell level 

to the module level that add to the mass and volume without contributing to the lithium 

storage capacity. Therefore, energy is calculated in each step depending on the external 

components in the battery. Figure 6 shows the steps in the scale-up of the electrode material 

to a pack for two chemistries of graphite ǁ NCA and graphite-SiOx ǁ LFP parallel to their energy 

density and specific energy changes, showing that the theoretical active material energy is 

reduced by 5- to 10-fold when it reaches the pack level.[67] 



 

12 

 

Figure 6 Energy density and specific energy change from theoretical achievable to pack level 

for graphite ǁ NCA and graphite-SiOx ǁ LFP chemistries. Adapted from [67]. 

2.3.2 Power 

Like energy density, power can be measured per mass or volume unit, resulting in specific 

power (W/kg) and power density (W/L), respectively. Power is used to measure how fast the 

stored energy can be inserted or withdrawn from the battery and is of significant importance 

for electric mobility since long charging times cause range anxiety in the consumer.[72] To 

mitigate this, various strategies from material to pack level are used to offer fast charging 

times. 

At the cell level, conductivity (active material, electrolyte, and SEI), lithium dissolution in the 

electrolyte, and electrode porosity and tortuosity [73] play a direct role in quick lithium ion 

transfer and effective charge and discharge.[74] A battery can be forced to charge at higher 

rates, but if the material and electrolyte do not conduct the current, instead of storing lithium 

ions Ohmic polarization at the electrode takes place, resulting in lower energy in the battery 

and lithium plating on the anode.[75] Figure 7 shows the path of lithium ions during cycling 

and material properties at the cell level that aid lithium transfer and therefore increase 

achievable power.[72] 
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Figure 7 Path of lithium ions between the electrodes during cycling and the effect of cell 

components on lithium ion transfer. Adapted from [72]. 

2.3.3 Cost 

Since the commercialization of Li-ion batteries, the price per kilowatt hour has decreased by 

97% for different cell types.[76] This price decline can be broken down into battery component 

costs, including electrode materials, electrolytes, and inactive components. Figure 8A shows 

the price decline for different cell types in the last decade, and Figure 8B shows the share of 

different battery components in cost decline for the 1995-2000 period compared to 2010-

2015.[31] These graphs indicate that all parts of the battery have been subject to cost decline 

and that the cathode material is the most cost-intensive component of battery production. 

However, while the manufacturing costs fall steadily as the technology becomes more mature, 

the raw materials costs are highly volatile depending on the supply chain.[60, 77] 
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Figure 8 Cost breakdown of a battery cell into its hardware components and the comparison 

for 1995-2000 and 2010-2015.[31] 

Still, the main contributor to the cost decline for Li-ion batteries is the reduced cost of the 

cathode materials, with over 20% contribution due to charge capacity increase per volume 

and over 15% due to lower cathode material price.[31] This shows the improvement in the 

cathode material in terms of higher performance and lower costs plays the largest role in the 

battery cost decline. Estimation studies show slight volatility in the main raw materials price 

used in these batteries namely lithium, graphite, cobalt, nickel, and manganese can hinder the 

battery price decline in the following years. [60] 

Most of these raw materials are on the European           ’  list of critical minerals and 

metals [78, 79], and in addition to their criticality, their volatile costs with increasing demand 

accelerate research and development of new electrode chemistries for present Li-ion 

batteries and new technologies such as post-Li-ion technologies. 

2.3.4 Safety 

The safety hazards posed by using Li-ion batteries can be divided into three stages of battery 

life: Before application, during service, and after the end of life. Certainly, the safety 

considerations also strongly depend on the target application (electric vehicles vs. mobile 
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computing, for example). The hazards before and after the application are mainly connected 

to the environmental impact during mining or waste disposal and will be discussed under their 

sustainability issue (chapter 2.3.4).[80] Here the focus is put on safety hazards during the 

utilization of batteries which are mainly connected to the thermal runaway of the cell. 

The Li-ion battery can be strained under different circumstances, such as thermal, mechanical, 

and electrical abuse. However, all these issues result in the same detrimental effect on the 

battery called thermal runaway. This can be summarized as the effect caused by a series of 

exothermic reactions that increase the battery temperature and instability accompanied by 

gas detection. The sharp temperature increase accelerates the        ’  chemical reaction, 

destabilizes the        ’  active material, and can lead to a fire hazard.[81] 

The use mentioned earlier can trigger thermal runaway through different mechanisms. 

Mechanical abuse, for example, results in destructive deformation due to an applied force to 

the battery.[82] This can be due to a collision, for example, a car crash, or the penetration of 

the battery by external sharp objects and subsequent damage to the separator and internal 

short circuit between the electrodes.[83] Electrical abuse mainly results from external factors 

such as external electric shocks, short circuits, and water exposure. However, 

mismanagement of the applied current or voltage on the battery causes overcharge or over-

discharge, subsequently increasing the cell temperature.[84] Thermal abuse can result from 

electrical and mechanical abuse, or directly from thermal shocks and local heating. To protect 

the battery, several safety standards are followed beyond the cell level to ensure the   d   ’  

safety. This includes the introduction of cooling systems, cushions, and a battery management 

system.[81, 85] 

All these safety issues, however, are rooted in the cell level and largely dependent on the 

electrode chemistry which defines the safe voltage window and charge and discharge states, 

as well as the electrolyte used in the cell. [86] Regarding the electrolyte, although the organic 

carbonate-based solvents form a stable SEI layer on the negative anode, they are extremely 

flammable and also unstable above 4.3 V vs. Li/Li+. [87] In parallel, the high resistive nature of 

SEI can pose additional thermal risks. For salt, LiPF6 is the common choice due to its high 

conductivity but a safety risk due to the low thermal stability temperature of 50 °C and the 

formation of corrosive HF.[88] 
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For the positive electrode, safety issues strongly depend on the material. Commercialized LCO 

cathode material, for example, becomes unstable in structure if more than 50% of the lithium 

atoms are removed from the layers. For lithium nickel oxide LiNiO2 (LNO), the lithium-deprived 

oxide has a strong oxidizing nature and can oxidize the electrolyte that it encounters.[89] NCA 

has a low thermal stability of 200 °C investigated by differential scanning calorimetry.[90] 

Olivine-type LFP is a safer choice compared to the layered oxides due to the robust structure 

and high thermal stability, however, this comes at the cost of a lower energy density. [91] 

For internal reactions on the cell level, advanced engineering and understanding of the 

electrode and electrolyte materials are essential, as well as increasing the thermal resistance 

of the separator to avoid its burning and internal shorting of the cell .[86] This includes an 

understanding of the cell stability potential and temperature window, stability of the 

electrodes and electrolyte at different charge and discharge rates, and engineering of the 

electrode/electrolyte interfaces. 

2.3.5 Sustainability 

For a technology to be sustainable, economic, social, and environmental impacts need to be 

considered.[6] This includes the costs of the raw materials and covers the safety hazards of 

the overall technology. Therefore, here we focus on the environmental impacts of Li -ion 

batteries. The total environmental impact of the cell can be broken down into the impact of 

chemical composition, synthesis process and processing, implementation in the system, and 

end of life (EOL).[92] 

The choice of raw materials directly affects the impact of chemical composition. Elements that 

can be found in the biosphere and naturally exchanged by other compartments impose a 

lower environmental impact.[93] These elements can be recycled in nature and are shown in 

green in Figure 9. Additionally, using organic compounds derived from nature can provide a 

sustainable option for use in electrodes while reducing toxicity.[92] Two major setbacks of 

organic compounds are their lower cycle life and low volumetric capacity due to the large size 

of the molecules.[94]  
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Figure 9 Periodic table showing the elements used in Li-ion batteries and elements that are 

degraded in nature in green. Shift to these biomass elements decrease the environmental 

impact of the batteries.[92] 

During the material synthesis and processing, a large amount of energy is consumed when 

using high temperatures.[92] Reducing heat treatment steps and the utilized temperature for 

synthesis and introducing CO2-consuming reactions for latter processing decrease the 

environmental impact of this stage.[95, 96] Implementing the processed material in the next 

step is mainly done by slurry preparation from the electrode components. Drying of the 

electrodes and dry room conditioning contribute to the largest share of energy consumed 

during cell manufacturing.[97] The main reason is the use of organic solvents such as N-

methyl-2-pyrrolidone (NMP) for slurry preparation that needs a high temperature of 140 °C to 

be fully removed. This pricey solvent is then recovered by vaporization to save costs. [98, 99] 

NMP particularly poses severe toxicity issues in addition. Other organic solvents such as 

dimethyl sulfoxide (DMSO) and triethyl phosphate (TEP) are investigated as a greener option 

with fewer safety hazards, while at the same time providing the same slurry rheology and 

compatibility with PVdF binder. [100, 101] Still, aqueous solvents, dry electrode processing, 

and solvent-free self-standing electrode production would decrease the energy and cost 

needed for electrode preparation and simplify manufacturing. [99, 102] Figure 10 shows the 

share of energy consumed for different components in battery cell manufacturing for a 

graphite-LMO cell chemistry. [97] 
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Figure 10 Energy consumption for battery materials and cell manufacturing with the 

respective share of different components for an LMO battery pack. Adapted from [97]. 

Li-ion batteries that have reached the end of their useful life in one application, such as electric 

vehicles or consumer electronics, can still retain a significant portion of their original capacity. 

These batteries can be repurposed for secondary applications, including energy storage 

systems for homes, businesses, or even grid-scale applications. [103] By repurposing these 

batteries for a second life, their value is maximized, reducing the need for new battery 

production and minimizing environmental impact. Additionally, the repurposing of Li-ion 

batteries for secondary applications can help offset the cost of battery replacements and 

provide an economic incentive for adopting renewable energy and energy storage solutions. 

Proper management and testing are crucial to ensure the safety and reliability of Li-ion 

batteries in their second life. [104] Challenges that are faced in large-scale use of EV batteries 

for a second life in industry, residential, or grid application are the requirements of the second 

life application in terms of safety and warranties, and the mismatch of different EV batteries. 

[105] 
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2.4 Advanced materials for next-generation batteries 

The challenges mentioned above accelerate the research and development of electrode 

materials for next-generation batteries. An increase in demand and electrochemical 

performance requirements are driving forces in cost reduction and energy density 

enhancement.[106] Simultaneously, national, and international regulations and standards 

drive an increase in safety and sustainability.[24, 107, 108]  

Two main areas in materials engineering are needed to address current challenges and to 

support these developments for next-generation batteries. First, the chemistry resulting from 

the derivatization method, and second, the morphology resulting from the design 

strategy.[62] New electrode compositions can be created by tuning the composition during 

derivatization,[109] while for design rational morphologies are engineered with respect to 

particle size, shape, and porosity by tuning the synthesis and processing 

parameters.[110]These two fields are highly interconnected. For example, certain design 

strategies are needed for enabling complex compositions, otherwise, stable cycling will not be 

achievable.[111] After careful engineering of the composition and morphology, further 

improvement at the electrode/electrolyte interface can be implemented to complement the 

advancement of the electrode materials and enhance the performance. 

2.4.1 Chemistry: Derivatization 

Current commercial layered and insertion-type compounds are limited in the attainable 

capacity due to the definite number of lithiation spaces per active material mass unit.[21] For 

this reason, other groups of electrode materials namely conversion and alloying-type 

materials are researched to enable higher capacities.[112] In these materials, lithium reacts 

with the active electrode material to form a new product or an alloy.[113] The conversion and 

alloying reactions can accommodate a larger number of lithium ions, and therefore reach 

higher capacities, but also undergo a larger volume expansion during lithiation which is 

detrimental to the structure stability.[114] This expansion causes the detachment of particles 

and the loss of electric pathways by pulverization and as a result, less material will be 

accessible for lithiation after each cycle and capacity fades quickly. Additionally, pulverization 

exposes new surfaces of the active material to the electrolyte and as a result, the continuous 
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formation of SEI on new surfaces depletes the lithium reservoir and increases the electric 

impedance.[109] 

Depending on the redox potential and the counter electrode, they can be candidates for the 

cathode or anode side. Alloying elements such as Si, Sn, Sb, Ge, and P that bind with Li at lower 

potentials are investigated as anode materials and can be added to a graphite matrix or other 

layered active material with less volumetric expansion to dampen the capacity fading of 

alloying material.[106] Sulfur also reacts with lithium at potentials lower than 3 V vs. Li/Li+ but 

is used as a cathode material in batteries.[115] At higher potentials, transition metal oxides 

and sulfides are present. Depending on the metallic element, the redox potential varies greatly 

from ~1 V to ~5 V vs. Li/Li+. Figure 11A shows the potential of different transition metal oxides 

and sulfides. [41] With every redox pair a Li-ion is added or removed to the material; therefore, 

to increase the specific energy in a cell, researchers aim to increase the redox pairs per unit 

mass of active material as well cathode redox potential.[33] 

To increase the number of transferred electrons while improving stability, mixed metal 

compounds are pursued to achieve higher capacities compared to single metal compounds. 

With this strategy, the volumetric expansion is broken down into multiple steps.[116] For 

example, if all the capacity is reliant on the Fe2+/3+, all volumetric expansion takes place at the 

redox potential of iron. But with the presence of other redox pairs, lithiation, and delithiation 

occurs stepwise and less strain is put on the material during the process which increases the 

cycle life and cycling stability.[62] A drawback to the mixed compound is the possibility of one-

sided reactions and material deterioration. Especially at larger voltage windows, the mixed 

compound decomposes into more thermodynamically stable species during lithiation and 

does not convert to its initial mixed composition during delithiation.[117] 

Another approach to increase the energy is to tailor the bonding energies of the material to 

increase the potential of electrode redox pairs.[118] A successful example of this is the 

development of LFP. In the phosphate polyanion PO4, strong P-     d    d             π-

bond Fe-O covalence, therefore increasing the Fe2+/3+ redox potential from 2.5 V vs. Li/Li+ in 

Fe2O3 to 3.5 V vs. Li/Li+ in LFP. Different phosphate groups and other polyanions such as SO4, 

and BO4 were tested to examine their effect on the iron redox peak.[119] Figure 11B shows 

the iron redox peak shift for different phosphate groups relative to lithium with the lowest 

energy for LFP, translating to the highest potential.[120] 
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Figure 11. A Examples of transition metal oxide and sulfides (Ti: red, V: green, Mn: orange, 

Co: blue, mixed: yellow) with their approximate capacity and potential vs. Li/Li+.  Adapted 

from [41]. B Fermi energy levels of Fe2+/3+ relative to lithium for different iron phosphates. 

Adapted from [120]. 

Because of the higher electronegativity of oxygen versus sulfur and higher achievable redox 

potentials, current cathode materials are focused on metal oxides.[44] However, metal 

sulfides can provide higher capacities due to the available sulfur that takes part in redox 

reactions.[115] While redox of oxygen atoms at high potentials produces free oxygen radicals 

that are detrimental to battery stability, sulfur can be reduced and oxidated alongside the 

transition metals while providing a high theoretical capacity of 1675 mAh/g.[41] The drawback 

is the loss of sulfur due to the solubility of lithium polysulfide species Li2Sx ( ≤ ≤ ) in the 

electrolyte and its shuttling between the electrodes.[121] This phenomenon decreases the 

charge efficiency and results in the capacity fading of the active material.[122] Therefore, the 

sulfide compounds need a design strategy to preserve the sulfur element from shuttling and 

avoid its loss.[123] 

2.4.2 Morphology: Design 

In addition to          ’ chemistry, morphology design plays an essential role in achievable 

capacity. Different design strategies are utilized to decrease lithium diffusion length and to 

increase specific surface and conductivity. For certain compounds such as sulfides and other 

conversion and alloying type material, caging and coating strategies are commonly used to 

retain the particles and active elements intact.[124, 125] Synthesis methods and parameters 
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are here critical to design rational morphologies such as fibers [126], core-shells [127], 

nanoparticles [114], and hollow structures. [128] Among many synthesis methods, co-

precipitation at room temperature, [92] hydrothermal or solvothermal synthesis at 

temperatures 100-200 °C,[129] and solid-state synthesis at temperatures 800-1000 °C are 

standard synthesis procedures in the order of consumed energy.[130] 

With an increase in temperature, higher crystallinity is achieved, but control over morphology 

is more difficult as the particle growth rate increases. Through standard co-precipitation up to 

100 °C, nanoparticles are commonly produced.[131] An example of this synthesis method is 

the formation of Prussian blue analogs (PBA) that can be tuned in size and morphology.[132] 

Smaller particles with finer features reduce lithium diffusion length, relieve the mechanical 

stress from cycling, and provide more reactive sites.[133] Combining co-precipitation with 

other methods such as anion and cation exchange, enables more intricate features including 

pores and advanced hollow morphologies.[134] These strategies increase the efficiency of the 

material by providing access to new parts of the material that was not easily reachable in a 

bulk particle (Figure 12).[135] 

 

Figure 12 Comparison of a bulk and hollow structure and the role of morphology design in 

material efficiency by increasing the available surface area and shortening the diffusion 

length. Adapted from [135]. 

Hydrothermal and solvothermal methods can be used to produce 2D and wire morphologies 

due to the present temperature and concentration gradients in the media and the directional 

growth of the particles.[136] These structures are effective in providing a higher specific area 

and shortening the diffusion path. To achieve a higher degree of crystallinity or deriving 
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oxides, an additional heat treatment step is followed in the furnace and careful attention to 

the treatment parameters is needed to avoid structure collapse.[129] 

Solid-state synthesis is performed by combining powder precursors and heating them to high 

temperatures to obtain the target compound. Due to the high temperatures used in this 

method, synthesis and processing take place simultaneously and further heat treatments are 

not carried out. This method is commonly used for commercial cathode materials by 

combining lithium precursors of LiOH or Li2CO3 and that of transition metals. High 

temperatures and long processing times make this method energy intensive and difficult to 

structure tuning. Using a microwave-assisted method can decrease the needed temperature 

for this synthesis.[130] 

In addition to these standard methods, two synthesis approaches that provide flexibility in 

morphology design and are researched as battery material synthesis methods are template-

directed synthesis and electrospinning. Templating enables the design of hollow structures 

and core-shells and can be performed via soft templating using organic materials such as 

surfactants,[137] and polymers[138] or hard templating using inorganic ones such as 

silica.[139] For this, a template is used as the substrate for the growth or deposition of the 

target material. Usually, a chemical or thermal treatment then removes the hard and soft 

template, respectively while the target material remains present and retains the template 

shape.[140] The template removal additionally creates porosity in the remaining shell, which 

is advantageous for lithium diffusion.[141] Figure 13 schematically shows the steps in a 

template-directed synthesis.[142] This method is comparable to carbon coating of active 

material particles; a popular and common strategy to increase the conductivity of the active 

material or to protect it from direct etching and deterioration by the electrolyte.[129] 

However, in core-shell structures, more space can be provided between the core and the shell. 

This gives more room for core volume expansion and reduces the possibility of shell fracture 

and material loss. 
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Figure 13 Schematic representation of hard templating and soft templating mechanism. 

Adapted from [142]. 

While coating and core-shell design are effective strategies to create a protective layer on the 

active material, electrospinning is used to synthesize continuous fibers of the active material, 

increase the surface area, as well as enable self-standing electrodes.[143] For this, a solution, 

melt, or sol-gel of the active material is prepared [144] and connected to a needle at high 

voltages of 15-30 V versus a conductive substrate below the needle in the form of a flat plate 

or a rotating cylinder.[145] The applied voltage creates a jet of the electrospinning fluid, which 

exits the needle and dries as continuous fibers upon deposition on the substrate.[146] Several 

parameters affect the stability of the jet, including the humidity and the temperature of the 

atmosphere, applied voltage, and distance between the needle and the substrate, and need 

to be carefully optimized for the used fluid. [147-150] These continuous fibers form a non-

woven fibrous mat and are then heat-treated to form compounds such as oxides and sulfides 

as battery electrode materials.[151] 

Figure 14 illustrates a schematic representation of the electrospinning method.[152] The 

precursor solution is often prepared in a polymer matrix to ensure the continuity of the fibers 

and stable sol-gel consistency.[153] The polymer matrix is transformed into a carbon shell or 

a carbonaceous network after the heat treatment. The conductivity of this network can be 

increased by higher heat-treatment temperatures, but a full transformation of the polymer to 

carbon causes the collapse of fibers due to the increased brittleness and loss of ductility.[154] 

For direct use of electrospun fiber mats as self-standing electrodes without subsequent 

coating preparation, it is therefore essential to pay attention to the mechanical stability of the 

fibers during the heat treatment.[155] 
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Figure 14 Schematic representation of an electrospinning setup with a plate substrate as 

fiber collector. Adapted from [152]. 

2.4.3 Improvement beyond derivatization and design 

Electrochemical performance and cell reactions depend not only on the electrode materials 

but also on the electrode/electrolyte interface at which corrosion of the electrode material 

takes place and capacity is lost due to metal dissolution in the electrolyte.[156] While 

hybridization of the electrode particles by using protective layers such as carbon coating can 

improve the         ’  stability, the electrolyte interface can also be further engineered to 

improve the SEI and CEI layers and increase the conductivity in these interphases.  

The strategies used at the electrode and electrolyte interface are very dependent on the 

electrolyte, namely liquid and solid electrolytes since the composition of the formed 

interphase at the electrode/electrolyte interface is highly dependent on the nature of the 

present electrolyte.[157] Generally, the surface of the electrodes can be modified by creating 

a coating layer with respect to the electrolyte and the interphase nature to increase the 
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stability against corrosive reactions.[158] Synthesis methods such as co-precipitation, 

solvothermal, sol-gel, atomic layer deposition, and ball-milling can be employed for this target 

and are chosen based on the coating thickness, and degree of parameter control such as 

temperature and pH.[159]  

Additionally, using additives in the electrolyte can affect the formed interphase between the 

electrode and electrolyte and increase cycling stability.[160] Although an easier approach than 

tuning the electrode materials surface, this lacks the selectivity on the cathode or anode and 

affects both electrodes. Apart from chemical tuning, testing parameters, and electrode 

preparation can be used to further improve the performance stability. This can be for example 

in the form of conditioning via a constant current or voltage in the electrochemical 

conditioning [161], or changing pressure and mass loading of the electrode material in the 

coating preparation.[162] 
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3 A  ROACH AND OVERVIEW 

The present thesis comprises three sections to explore advanced Li-ion battery electrodes 

while simultaneously designing them for higher sustainability. The first section introduces 

design and derivatization principles. These principles are then applied through four chapters 

in section two. The third section then completes these reports, showing complementary steps 

to electrode design and derivatization to improve the battery performance. An overview of 

these sections is shown in Figure 15. 

Section 1: Chapter 1 reviews PBAs as a template for the derivatization of a variety of transition 

metal compounds such as oxides, sulfides, phosphides, nitrides, porous carbons, and metal 

alloys. Further advanced structure designs are also explained. Due to the extensiveness and 

complexity of strategies for design and derivatization from Prussian blue analogs, they are 

broken down into three steps: pre-treatment, derivatization, and post-treatment, and the 

effect of each step on the final product has been explained. Finally, this chapter introduces 

the principles of design and derivatization using PBAs, later used for core chapters. 

Section 2: To apply the principles introduced in Section 1, three chapters are introduced in 

Section 2. Every chapter has three points of focus: using design or derivatization principles, 

oxide or sulfide material chemistry optimization, and improvement of an aspect to increase 

the material sustainability. These aspects sequentially are raw materials choice, synthesis and 

processing, electrode preparation, performance, and lifetime optimization. For material 

synthesis, parameters such as pH and temperature are brought to the ambient conditions to 

save energy costs by heating or reducing the hazards of using acidic pHs. In the next step, the 

processing is improved. Here, we target the heat treatment of the synthesized precursor into 

its respective sulfide or oxide and reduce the treatment temperature and duration or change 

the reactive gas to CO2 to decrease the carbon footprint. The third step is electrode 

preparation, where organic and toxic solvents and the subsequent solvent drying can be 

avoided. Finally, all the steps are optimized for electrochemical performance and the lifetime 

of the battery material. The work starts with pure derivatization and then how morphology 

d       ff             ’  derivatization. 

The first original work is introduced in Chapter 2 and emphasizes on the derivatization of 

mixed metal sulfide from iron-copper PBA and the challenges that come with the 
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derivatization of mixed metal compounds. Non-EU-critical elements were used, and a 

treatment for 10 min was employed for the derivatization of the sulfide material. Here we 

coat the particles during synthesis and show that the coating agent directly affects the 

synthesis and particle size.  

Chapter 3 covers a mixed metal oxide of iron and vanadium, a complex system which can 

deteriorate during cycling. The work focuses on derivatization from iron-vanadium PBA and 

its stabilization via surfactant for electrochemical energy storage. At the same time, material 

design principles are introduced to remove the use of binder and wet coating preparation. 

Self-standing electrodes were prepared by dispersion in ethanol and vacuum filtration to 

reduce environmental impact during the electrode preparation. Subsequent heat treatment 

also took place under CO2 flow and by infrared heating.  

Chapter 4 explores an advanced design strategy using electrospinning methodology to 

produce single metal oxide vanadium trioxide and optimize its fiber design. The synthesized 

electrospun fibers were used directly as free-standing electrodes without slurry preparation. 

The use of electrospinning eliminates the drying process and the use of solvent and binder. 

Here, the mechanical properties of the fibers and their effect on the electrochemical 

properties are assessed. 

Section 3: Chapter 5 reviews complementary steps to the design and derivatization to further 

stabilize the performance of advanced battery materials. This is explained by engineering the 

electrode/electrolyte interface for both the anode and cathode to increase their lifetime. The 

methods of choice need to be tailored based on the composition of the electrode, and the 

electrolyte, as well as how they interfere with each other such as the corrosiveness of the 

electrolyte towards the active material. Some of these complementary steps can be integrated 

into the synthesis and processing of the electrode material, for example by using atomic layer 

deposition to form an artificial coating on the active material. 
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Figure 15. Chapter overview of results and discussion 
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4 RESULTS AND DISCUSSION 

4.1 Prussian blue and its analogues as functional template materials: control 

of derived structure compositions and morphologies  

4.2 Mixed Cu–Fe sulfide derived from polydopamine-coated Prussian blue 

analogue as a lithium-ion battery electrode  

4.3 Surfactant-stabilization of vanadium iron oxide derived from Prussian 

blue analog for lithium-ion battery electrodes 

4.4 Mechanically stable, binder‐free, and free‐standing vanadium 

trioxide/carbon hybrid fiber electrodes for lithium‐ion batteries 

4.5 Recent advances in nanoengineering of electrode-electrolyte interfaces to 

realize high-performance Li-ion batteries 
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5 CONCLUSION AND OUTLOOK 

 

This thesis investigated the role of materials design and derivatization engineering for use in 

energy storage and the challenges that are faced when exploring new compositions. Different 

metal oxides and metal sulfides hybridized with carbon materials were derived for use in 

battery electrodes to store lithium and were then tuned in morphology and chemistry to 

improve their electrochemical performance. Special attention was given in every step to 

improve the sustainability of the procedure such as using water-based synthesis and low- 

temperature processing. For derivatization, PBAs were used for self-templating of the active 

material, and different strategies for tuning the derivative were reviewed such as etching, 

coating, ion-exchange, and templating. Different methods of derivatization such as thermal, 

hydrothermal, and liquid were reviewed in parallel to show the great potential PBAs offer as 

a self-template precursor. With the covered literature, two new PBA derivatives were studied 

with unique synthesis and derivatization processes using the introduced derivatization 

strategies. 

• Potassium-free and potassium-rich copper iron sulfide were derived for the first time 

by using H2S gas. This procedure showed a much shorter time and lower temperatures 

for mixed-metal sulfide derivatization compared to the reported use of sulfur powder. 

A treatment time of 10 min at 300 °C resulted in successful sulfidation. Furthermore, 

an in-situ coating process was carried out during synthesis by applying polydopamine 

as a carbonaceous precursor. It was shown that this coating decreases the particle size 

and stabilizes potassium in the lattice, however, at the same time, it hinders sulfur loss 

during cycling and improves the capacity stability. 

• Additionally, iron vanadium oxide was derived for the first time using CO2 gas. The use 

of this gas resulted in a homogeneous mixed-metal oxide of vanadium and iron. The 

choice of the right electrolyte and molarity decreased the vanadium etching and full 

stabilization was achieved by using surfactants during the synthesis. By following the 

concentration of the remained metals in the synthesis solution and thermogravimetric 

analysis, the order and type of effective surfactant were determined.  

In addition to the obtained knowledge in the derivatization, two different design strategies 

were used to create hybrids of metal oxides and it was analyzed how they interact with the 
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materials composition. CNTs can be employed as a substrate for growth of PBA to create a 

self-standing electrode and in parallel act as a conductive carbon network between the active 

material particles. On the other hand, using continuous fibers for self-standing electrodes by 

electrospinning can be a great strategy for free-standing electrode preparation made of 100% 

active material and omitting the slurry preparation step, the use of binders, and organic 

solvents, while at the same time hybridizing the active material with carbon or add other 

additives in the electrospinning mixture to create a functional composite. The free-standing 

electrode is reliant on its inherent mechanical properties since it lacks the presence of a 

binder. Therefore, great care needs to be taken during the synthesis and heat-treatment in 

order to keep the electrodes easy to handle between each step. 

• FeV-CNT composite was synthesized in one step by adding the FeV-PBA precursors to 

CNT powder. Optimization in the amount of CNT powder in relation to the PBA and 

surfactant precursor resulted in a homogeneous composite preparation. The 

composite was also used directly for heat-treatment and by choosing a low oxidizing 

atmosphere, successful derivatization was carried out while maintaining the design 

strategy. This resulted in the preparation of self-standing electrode upon filtration in 

ethanol. 

• Free-standing fiber morphology was used to prepare vanadium oxide/carbon hybrid 

electrodes without the need for slurry preparation. Electrospinning was carried out 

with and without the use of a carbon powder additive. Subsequent heat treatment 

under different conditions was carried out as well to analyze the effect of processing 

parameters on the electrochemical performance and mechanical flexibility. Self-

standing electrodes were bent to half of their height until cracking and full failure. In 

the case of self-standing electrodes, a direct correlation with the electrochemical 

performance and mechanical flexibility of the electrodes was observed. Higher 

temperatures, which are commonly preferred for powder electrodes to increase 

material crystallinity or carbon conductivity, are harmful for self-standing electrodes 

as they increase the brittleness and loss of conductive paths in the electrode. 

Therefore, for self-standing electrodes processing parameters are not to be only 

chosen based on their effect on composition, but also on mechanical properties. 

Complementary to the presented results and gained knowledge in design and 

derivatization, further steps in tuning the electrode and electrolyte interphase were 
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covered to create a holistic overview of the materials engineering in the Li-based batteries 

for their main components of electrodes and electrolyte. Separate engineering of the 

electrode interface at the electrolyte can improve the overall cell performance without 

compromising the electrode performance or composition. In many cases, this is carried 

out by applying an artificial layer between the electrode and electrolyte to stabilize their 

contact interface. This could act as an SEI on the anode side or a protective coating for 

active materials that are prone to dissolution and etching by electrolyte. Coating via an 

additional step such as atomic layer deposition, which provides a nanoscale and 

homogeneous layer is an example of this. Of course, the coating application can be carried 

out simultaneously during the synthesis or processing of the electrode material. In the 

presented work on the iron-vanadium oxide from the FeV PBA for example, different 

surfactants are used to this end. As the particles resulting from the processing are under 

20 nm in diameter, they are extensively prone to side reactions during cycling or the 

dissolution of their active redox metal, in this case, highly soluble vanadium. The used 

surfactant, if chosen and applied correctly, transforms into a stable coating during the 

heat-treatment. 

The main conclusions and the continuation of the work can be summarized below: 

• Although PBAs offer great potential as a functional template due to their water-

based synthesis, tunable chemistry and morphology, and easy derivatization, many 

PBAs and their derivatization are unexplored. In this work, CuFe for derivatization 

of mixed metal sulfide and FeV for derivatization of mixed metal oxide were 

studied and it was observed, that for these new derivatives, tuning of the materials 

composition and morphology is not similar to that of PB or commonly reported 

PBAs such as CoFe. In the case of CuFe, for example, the use of polydopamine did 

not only result in coating formation but also affected the synthesis and stabilizing 

of potassium in the PBA structure.  

• For FeV, the use of surfactants also was shown to be dependent on the order in 

which they are added to the metal salts. So far, these surfactants were mainly 

reported to successfully tune the morphology and size, but for more complex PBAs 

such as FeV with high solubility, the use of PVP surfactant caused the dissolution 

of the PBA by strong bonding to the present metals. Further research is needed in 

this regard to understand how different PBAs respond to changes in synthesis 
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parameters. The use of CO2 and H2S can also be a great tool to derive new 

chemistries which were not attainable by using sulfur powder and oxygen gas. This 

would then enable more complex derivatizations from ternary and quaternary 

PBAs and their successful derivatization for use in energy storage. 

• In electrospun fibers we observed the take on materials design needs to be more 

holistic rather than focused on the morphology alone. For electrospun fibers, this 

was observed in the effect of processing parameters on the mechanical properties. 

The role of different solution properties and electrospinning parameters needs to 

be revisited with a focus on their effect on the mechanical properties of the 

electrode. This enables the use of the electrospinning method on a larger scale to 

produce free-standing electrodes.  
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6 ABBREVIATIONS 

 

CEI cathode electrolyte interphase  

DEC diethyl carbonate  

DMC dimethyl carbonate  

DMSO dimethyl sulfoxide  

EVs electric vehicles  

EOL end of life  

EMC ethyl methyl carbonate  

EC ethylene carbonate  

EU European union  

HOMO highest occupied molecular orbital  

SHE hydrogen electrode  

LCO lithium cobalt oxide 

LFP lithium iron phosphate  

LMO lithium manganese oxide  

NCA lithium nickel cobalt aluminum oxide  

NMC lithium nickel manganese cobalt oxide  

NMO lithium nickel manganese oxide  

LNO lithium nickel oxide  

LUMO lowest unoccupied molecular orbital  

NMP N-methyl-2-pyrrolidone  

PVdF polyvinylidene fluoride  

PBA Prussian blue analog 

SEI solid electrolyte interphase 

TEP triethyl phosphate  
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