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Zusammenfassung 
 

Die Reduktion von CO2 Emissionen ist eine unabdingbare Konsequenz für das Weiterbestehen 

des globalen Ökosystems. Zum Erreichen dieses Ziels muss die gesamte Weltwirtschaft den 

Übergang von einer rohölbasierten hin zu einer von erneuerbaren Energien angetriebenen 

Gesellschaft und Wirtschaft vollbringen. Energiespeicherung, ihre Nutzung und das 

Transportwesen sind die entscheidenden Sektoren für eine effiziente Energienutzung. 

Zentrale Bestandteile dieser Entwicklung sind neue Anwendungen und technische Lösungen 

für fortschrittliche Batterie- und Kondensatormaterialien. Nach der Entdeckung von Graphen 

vor 20 Jahren als das erste sogenannte „2D Material“, sind kohlenstoffbasierte Materialen 

aufgrund ihrer hohen spezifischen Oberfläche und der großen Leitfähigkeit zum Gegenstand 

und Mittelpunkt der Kondensatorforschung herangewachsen. Diese Eigenschaften sind ideal 

für die Entwicklung von Superkondensatoren, welche die Brücke bilden zwischen Batterien 

mit hoher Energiedichte und Kondensatoren mit hoher Leistungsdichte. Zusätzlich hat die 

Entdeckung von Graphen einen weiteren wissenschaftlichen Zweig eröffnet, die Forschung an 

zweidimensionalen Materialien. Hier sind besonders Übergangsmetalldichalkogenide 

hervorzuheben, die im Gegensatz zu Graphen eine Bandlücke aufweisen. Aufgrund ihrer 

Eigenschaften ist ein breites Forschungsspektrum für diese Materialien in den Bereichen von 

Energiespeicherung, Transistortechnik, Wasserstoffsynthese und Sensortechnik gewachsen. 

Die Kombination von Übergangsmetalldichalkogeniden mit Kohlenstoffmaterialien ist 

Gegenstand der Forschung für flexible und leichte Energiespeicherung, dessen Bedarf in der 

heutigen Welt stetig am Wachsen ist. 

Diese Dissertation leistet in den Themen der Entwicklung und Optimierung von 

Energiespeichersystemen, mit besonderem Augenmerk auf Superkondensatoren und flexible 

Energiespeicher, ihren Beitrag. Auf der einen Seite liegt der Fokus auf fundamentaler 

Verbesserung im Herstellungsprozess und der Temperierung von Kohlenstoffnanofasern, zur 

Erhöhung der spezifischen Kapazität, welche eine wichtige Rolle als Trägermaterialien in 

Superkondensatoren einnehmen. Auf der anderen Seite untersucht diese Dissertation die 

Kombination von diversen Kohlenstoffmaterialien mit den oben genannten 

Übergangsmetalldichalkogeniden. Dafür wurde ein wasserbasierter Prozess zur Exfolierung 

von WS2, MoS2 und Bi2S3 Materialien verwendet, um flexible Kondensatoren und Dünnfilme 

herzustellen. 



 

VIII 
 

Besonderes Augenmerk wurde hierbei auf die Optimierung von Exfolierungsprozessen für das 

jeweilige Übergangsmetalldichalkogenid gelegt. Die jeweiligen Tenside und ihre idealen 

Konzentrationen für die Exfolierung wurden untersucht, um die Effizienz des Prozesses und 

die Konzentration der Suspensionen zu optimieren. Ziel ist die Verbesserung und Verwendung 

von wasserbasierten Verfahren als nachhaltigere Alternative für die Verwendung von N-

Methyl-2-pyrrolidon, welches aufgrund seiner Eigenschaften häufig bevorzugt wird. 

Das Wissen aus Exfolierung und der Herstellung von Nanofasern wurde genutzt, um flexible, 

symmetrische Kondensatoren basierend auf Polyethylennanofasern herzustellen. Hierfür 

wurde zweidimensionales WS2 mit Kohlenstoffmaterialien wie Kohlenstoffnanoröhrchen und 

Ruß kombiniert. Durch diese Materialkombination konnten Kondensatoren hergestellt 

werden, die Synergieeffekte zwischen den aktiven Materialien aufzeigten. Diese Effekte 

ermöglichen verbesserte elektrochemische Eigenschaften wie zum Beispiel die Erhöhung der 

spezifischen Kapazität und leisten somit einen fundamentalen Beitrag zur Forschung an 

leichten und flexiblen Energiespeichersystemen. 
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Abstract 
 

The urgent transition from a fossil fuel-based economy to one powered by renewable energy 

is critical for reducing CO2 emissions and ensuring global ecosystem stability. Energy storage, 

energy consumption and transportation are the crucial sectors for efficient energy usage. 

Central to this effort are new approaches and technical solutions for advanced battery and 

capacitor materials. Carbon-based materials, particularly since the discovery of graphene as 

the first 2D material 20 years ago, have gained significant attention for their high surface area 

and conductivity. These properties are ideal for the development of supercapacitors, which 

are bridging the gap between high-power density materials like capacitors and high-energy 

density materials like batteries. After the discovery of graphene, transition metal 

dichalcogenides have emerged as interesting materials due to their intrinsic bandgap, which 

graphene lacks. Therefore, these materials are explored for various applications, including 

charge storage, transistors, hydrogen production and sensing. This dissertation contributes to 

the field by developing and optimizing charge storage devices, with particular emphasis on 

supercapacitors and flexible energy storage. On the one hand, it focuses on the fundamental 

improvement of carbon nanofibers, being a backbone and key material for supercapacitor 

applications. Here, the optimization of the temperature treatment was done to increase the 

specific capacitance and improve the performance of the supercapacitor. On the other hand, 

the dissertation explores the combination of carbon materials with transition metal 

dichalcogenides. Therefore, water-based exfoliation processes were used to obtain 

bidimensional WS2, MoS2 and Bi2S3 suspensions for applications as flexible capacitors or thin 

films. Emphasis was put on optimizing surfactant species and their concentrations for the 

individual transition metal dichalcogenides following the urge for greener methods in 

production using water-surfactant combinations instead of N-Methyl pyrrolidone. This 

knowledge gained from these studies was applied to combine carbon materials with 

bidimensional WS2 to investigate the energy storage properties in flexible and symmetric 

capacitors produced from poly(ethylene oxide) fibers. Using the combination of carbon-based 

materials like carbon black and multi-walled carbon nanotubes with bidimensional WS2 and 

polymer fibers as backbone material, we were able to demonstrate a flexible symmetric 

capacitor device. 
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2D Bidimensional NMP N-Methyl pyrrolidone 

AcAc Acetyl acetate OHP Outer Helmholtz Plane 

ALD Atomic layer deposition PANI Polyaniline 
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Poly-3,4-
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Scanning electron 
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EDLC 
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EDX 
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Transition metal 
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IHP Inner Helmholtz Plane v0 Vibrational ground state 

IPA Isopropanol v1-v6 
Vibrational energy states 1 – 
6  

LIBs Lithium Ion Batteries VdW Van-der-Waals 

LPE Liquid phase Exfoliation XPS 
X-ray photoelectron 
spectroscopy 

MBE Molecular beam epitaxy XRD X-ray diffraction 

MWCNTs 
Multi-walled carbon 
nanotubes 

ZP Zeta potential 

NaCh Sodium cholate   
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1. Introduction 
 

Climate crisis emphasizes the scientific community to focus on the development and 

improvement of key technologies for succeeding the transition from a fossil fuel-driven 

economy towards a less CO2 emitting one. Energy production and its distribution is the largest 

CO2-producing industry. With about 13 million barrels per day petrochemical industry is the 

second largest consumer of crude oil which is only 13.49 % of the daily production of  96.4 

million barrels per day according to Statista.1,2 Therefore, a majority of about 86 % of crude 

oil is used for energy production in the sectors of transportation, heating and electricity. 

Humanity's reliance on energy has intensified with advancements in technology and 

digitalization, leading to increased energy consumption. Additionally, the shift in the mobility 

sector from fossil fuel-driven engines to electric vehicles further amplifies energy demand. A 

majority of energy demand in the past was met by fossil fuels and as shown above, is mostly 

until today. However, in response to the climate crisis, the transition from fossil fuels to CO2-

neutral energy sources is becoming increasingly crucial. Addressing this need, primary energy 

production focuses on CO2-neutral sources such as solar power, wind power, biomass, and 

hydroelectric power plants (see Figure 1a). From 2004 to 2022 the share of renewable energy 

production in Europe increased nearly 2.5-fold, rising from 15.9 % in 2004 up to 39.4 % in 

2022.3 As a result, renewable energy now constitutes the largest segment of primary energy 

production in Europe. However, the reliance on wind- and solar power introduces a challenge: 

These sources are characterized by an inconsistent power profile – if there is no wind and no 

sunlight, less or no power is generated. To address this issue, it is essential to store excess 

energy generated during periods of high production for use during low-power phases, such as 

at night. Consequently, a diversified energy storage system is crucial for balancing peak 

consumption and periods of low production, ensuring a stable and reliable electricity grid 

across Europe. Further, reliance on single elements and materials, such as lithium, poses risks 

to the European Union’s energy independence. Therefore, diversification is not only important 

for the energy grid but from the materials’ perspective as well. To mitigate these risks, a 

variety of energy storage solutions have been developed, including sodium-ion batteries 

(SIBs), Vanadium redox flow batteries, smart electricity grids including car batteries as a 

buffer, flywheels, hydroelectric storage, compressed air energy storage and many more types 

of batteries, capacitors and physical energy storage systems have that been developed to 
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diversify energy storage.4 Among these, one promising example for energy storage devices 

are transition metal dichalcogenides (TMDCs). For instance, the substitution of graphite in 

lithium-ion batteries (LIBSs) with WS2 for example was achieving 45 % higher capacitances 

referred to the theoretical limit of graphite.5–7 The layered structure of TMDCs cannot only be 

used for LIBs but also for the intercalation of sodium for SIB applications.8,9 Lastly, the large 

surface area that layered TMDCs provide addresses the major need for supercapacitor 

applications.10,11 To fully leverage the advantageous properties of TMDCs, single layers have 

to be separated, as this transition from bulk material to monolayers results in a shift from an 

indirect to a direct band gap.12 The interest towards 2D materials arose when Novoselov and 

Geim first excluded single layers of graphite into graphene in 2004.13 As illustrated in Figure 1b 

between 2000 and 2005, exfoliation – the process of separating single layers of 2D materials 

– became prominent in the scientific community. With the rise of the liquid phase exfoliation 

(LPE), Coleman et al. in 2011 were exfoliating several different types of TMDCs enabling the 

effective application of TMDCs.14 Especially for transistors, sensors and energy storage from 

2013 many articles were published as depicted in Figure 1c. Since then, TMDCs have become 

integral to various scientific fields, going from solar cell applications and transistors to energy 

storage and flexible electronics. In recent years, aside from their applications in batteries, the 

research focus on TMDCs has increasingly shifted towards supercapacitors (SCs). This shift is 

driven by the large surface area of TMDCs, which is a critical factor for optimizing SC 

performance, as the surface area is key to maximize the charge storage. The potential of 

TMDCs in supercapacitors, demonstrating impressive energy density (Ed) and power density 

(Pd), represents a significant breakthrough. These properties not only promise advancements 

in large-scale energy storage but also hold considerable promise for flexible electronics. The 

high energy densities achievable with TMDC composites make them particularly attractive for 

applications in wearable devices, where flexibility and efficiency are crucial.15,16 Low weight 

and flexibility are essential characteristics of electronic devices designed for everyday use. 

Given the synergistic effects observed between TMDCs and carbon composites in energy 

storage applications, I chose to investigate these material combinations in my 

dissertation.7,9,14,17–19 
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Figure 1: a) Energy production of the European Union in 2022, staggered by the producing source. b) The number of 
publications in the “Web of Science” using the keywords “Exfoliation” and “Transition Metal Dichalcogenides” plotted against 
the years going from 1970 until today. c) The number of publications in “Google Scholar” using the keyword “Electrospinning” 
plotted against the years from 1990 until today. d) The number of publications in the “Web of Science” using the keyword 
“Transition Metal Dichalcogenides X” plotted against X. X stands for the in the diagram described keywords. 

By exploring the interplay between TMDCs and carbon materials, my research aims to 

leverage their combined properties to enhance the performance and practicality of energy 

storage solutions, particularly in flexible and wearable electronics. For clothing and flexible 

applications, fibers are an excellent choice as a backbone material due to their high surface 

area and inherent flexibility. Electrospinning allows the production of thin fibers ranging from 

several nm to μm, offering large surface-to-volume ratios and significant nano-porosity. These 

physical properties are beneficial, especially for SCs. With the rise of nanomaterials and their 

expanding range of applications, including TMDCs, electrospinning became a prominent field 

of research (see Figure 1d), enabling the implementation of nanomaterials into macroscopic 

tissues for devices, such as flexible electronics or membranes.20,21 
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During my dissertation, I focused on exploring nanomaterials for flexible energy storage 

devices, specifically addressing the exfoliation process and the preparation of fibrous 

materials using electrospinning. In publication 1, I concentrated on optimizing CNFs as 

backbone materials for SC applications. The samples were prepared by electrospinning 

polyacrylonitrile dissolved in dimethyl formamide, followed by various temperature 

treatments for carbonization. The stabilization temperature of the polymer fibers and their 

subsequent carbonization under a nitrogen atmosphere were found to significantly influence 

the final performance of the supercapacitors. Our work emphasized optimizing the charge 

storage capacity by controlling the surface area through precise heat treatments. 

Electrospinning also enabled the preparation of flexible substrates, which we further explored 

in publication 2. Here, we combined electrospinning with TMDC-exfoliation to investigate the 

synergetic effect of carbon-based materials, such as carbon nanotubes (CNTs) and carbon 

black (CB), with WS2. The composites were dispersed into a polymer solution, enabling the 

electrospinning of suspensions to create flexible capacitors that leverage both their 

electrochemical properties and mechanical resilience. Our main focus was on optimizing the 

performance and spinnability by adjusting the ratios of active species. These flexible 

capacitors maintained their structure through several bending cycles and additionally 

demonstrated clear synergistic effects between the carbon materials and exfoliated WS₂ 

sheets. Given the promising results with 2D-WS₂ as a representative TMDC, the exfoliation 

process became a key area of focus in Publications 3 and 4. We investigated the exfoliation 

conditions for MoS₂, WS₂, and Bi₂S₃ to optimize their application in gels, fibers, and thin films. 

Various surfactants at different concentrations were tested to understand their impact on the 

stability, concentration, and degree of exfoliation in the resulting TMDC suspensions. Further 

analysis of the stable 2D-WS2 suspensions was conducted in Publication 5, where these 

suspensions were applied to gel-like materials. My role involved characterizing and producing 

exfoliated WS₂ nanosheets, which Matteo Crisci then used to create WS₂-polyaniline (PANI) 

hybrid materials for flexible energy storage and pressure sensing applications. In summary, 

the exfoliation of various suspensions and electrospinning techniques were central to my work 

as a doctoral student, as I sought to combine nanoparticle production with manufacturing 

methods to develop devices suited for energy storage and flexible applications. 
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2. Theoretical Background 

2.1. Production of Transition Metal Dichalcogenides 
 

The topic of exfoliation arose in 2004 when Novoselov and Geim were the first being able to 

produce monolayers of graphite – graphene. Additionally, they were able to show excellent 

conductive properties of graphene for electric currents.13,22,23 There was significant interest in 

this new material due to its unique properties, such as large in-plane conductivity and high 

mechanical strength. This interest extended to graphene-derived species like CNTs, 

nanoribbons, graphene oxides, and graphene-based composites.24–28 With the successful 

delamination quickly other materials got into the focus of the scientific community having 

properties different to graphene. The zero bandgap of graphene is exceptional for electronic 

conductivity but excludes graphene in next-generation semiconductor applications.29 Here, 

TMDCs jump in having tuneable band gap compositions with an indirect-direct bandgap 

transition in the bidimensional state.30,31 Comparable to graphite the structure of TMDCs is 

characterized by in-plane covalent bonds between the chalcogenides and the metal atoms. 

Out-of-plane only weak Van-der-Waals (VdW) interactions are present facilitating the 

mechanical exfoliation of individual layers of the material.12,14,30,32,33 During this separation 

quantum confinement occurs causing a change of the electronic structure affecting the band-

gap.31,34 For technical applications, the direct band gap of two-dimensional MoS2, is 

particularly interesting because, unlike graphene, it does not require complex fabrication to 

achieve a tuneable bandgap. The first example of a transistor based on MoS2 monolayers was 

given by Radisavljevic et al. in 2011.35 The quantum confinement of the d-electrons in 

materials like MoS2 leading to an indirect-direct band gap transition that was proven by 

Splendiani et al. in 2010 showing strong photoluminescence after exfoliation. This discovery 

highlighted the potential for precisely tuning the electronic structure on the nanoscale.33
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2.1.1 Exfoliation 
 

The production of bidimensional materials in general is able by following two approaches: 

Bottom-up and Top-down as shown in Figure 2. Bottom-up syntheses like chemical vapour 

deposition (CVD), atomic layer deposition (ALD), electrochemical deposition or wet-chemical 

approaches like sol-gel or hydrothermal syntheses use small building blocks, molecules or 

atoms for the preparation of larger structures, special shapes or thin layers of product.37,38 

 

Figure 2: Differentiation between top-down and bottom-up approaches for the production of 2D materials. Reprinted with 
permission from Mengjiao Wang, Michal Langer, Roberto Altieri, Matteo Crisci, Silvio Osella, Teresa Gatti, ACS Nano 2024, 
18, 13, 9245-84. Copyright 2024 American Chemical Society.36 

As an example, we look at the WS2 production. In CVD normally WS2 is produced directly from 

the sulfurization of WO3 using sulfur or H2S as sulfur sources.39–41 In the case of ALD normally 

quite expensive precursor materials are used like W(CO)6 or bis(tert-butylimido)-

bis(dimethylamido)-tungsten to produce monolayered materials of high quality.42,43 In 

contrast, while other bottom-up approaches like hydrothermal synthesis allow for the growth 

of nanoparticles in various shapes, it does not offer precise control over their thickness or the 

number of layers.44–48 On the other hand, methods like CVD and ALD can produce single layers 

of WS₂, but they come with significant drawbacks: the processes are long, expensive, and 

poorly scalable, yielding only small quantities of high-quality monolayered material.49,50 
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Starting from the other side, the top-down approaches show other difficulties. For example, 

in pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) elemental W and S in a 

stochiometric ratio or WS2 targets are typically used as precursors. These methods primarily 

yield polycrystalline and multi-layered systems.51–53 Here, as for hydrothermal synthesis, 

controlling the number of layers is challenging since bulk material is randomly divided into 

smaller particles down to the nanoscale. The top-down approach of separating individual 

layers is feasible only for specific types of materials like graphite and TMDCs where distinct 

bonding interactions exist between layers.32,33,54,55 This process, known as exfoliation, is 

unique because it requires applying enough force to overcome VdW forces between layers 

while keeping the atomic bonds within the material sheets intact.14,56,57 Many approaches 

have been developed to successfully exfoliate 2D materials like graphite, following its initial 

exfoliation using scotch tape. Nowadays commonly used methods are electrochemical 

intercalation, ball milling, ultrasonication and shear mixing to name a few.10,14,37,54,56–58 Ball 

milling is the simplest method but is less commonly used today due to issues with 

contamination and low scalability.37 Ion intercalation, particularly with Li+ ions, weakens VdW 

interactions by increasing the interlayer distance due to repulsive forces. However, this 

method also risks contamination. Additionally, electrochemical methods containing Lithium 

are expensive and energy-consuming.10,59 Shear mixing and tip sonication will be discussed 

extensively, as we used these methods for exfoliation. They are commonly employed, easily 

scalable and cost-effective. Both techniques operate in liquid media, which is why they are 

collectively referred to as Liquid Phase Exfoliation (LPE).60 

Here, the material is exfoliated using strong shock waves in the case of tip sonication or by 

large shear forces caused by a rotor-stator couple under high rotation speed.37,54 For both 

methods a three-step process occurs during exfoliation: First, the VdW forces are overcome 

by energy input. The second step is the stabilization by penetration of solvent within the 

layers. In the final step, particles with varying average numbers of layers need to be separated. 

The exfoliated material is polydisperse which means that a spectrum of particle sizes and 

numbers of layers is obtained after exfoliation. This is shown from dried suspension Scanning 

electron microscopy (SEM) images and dynamic light scattering (DLS) data in Figure 5b & c. To 

separate well-exfoliated sheets from bulk-like particles, gravitational methods such as 

sedimentation or centrifugation are used to separate lighter from heavier particles.60–62 



2.1.2. Shear Mixing 

8 
 

N-methyl pyrrolidone (NMP) has proven to be an ideal solvent for stabilizing exfoliated sheets 

of graphene, MoS2 and WS2 among other materials. However, its toxicity and the high cost 

disqualify it for large-scale applications. Surfactant-assisted liquid phase exfoliation (SA-LPE) 

offers a viable alternative to exfoliation in NMP. Surfactants effectively weaken VdW forces 

and prevent exfoliated particles from restacking by creating a physical barrier and increasing 

the distance between them. Commonly used surfactants include Sodium dodecyl sulfate 

(SDS), Sodium dodecylbenzene sulfonate (SDBS), Sodium Cholate (NaCh) and Polyvinyl 

pyrrolidone (PVP) in the process to substitute NMP with H2O offering a more economical and 

environmentally friendly alternative.10,32,60,61,63,64 

2.1.2. Shear Mixing 

 

In shear mixing a combination of a rotor and a fixed stator is used to apply large shear forces 

into solutions and dispersions. The energy dissipation rate and the shear rate are directly 

correlated to the narrow gap between the rotor and stator which ranges from 100 – 3000 μm, 

and to the high rotor speeds of up to 50 m s-1 (as depicted in Figure 3a).65 Shear rates can 

reach up to 105 s-1 resulting in significant energy dissipation rates into the solvent and 

contained particles of a suspension. Below shear rates of 104 s-1, the delamination rate is low, 

and particle sheets are poorly exfoliated.54,66 In the case of WS2 even higher shear rates of 

3.5∙104 s-1 are needed for successful exfoliation in H2O.67 The highest shear forces, which are 

most effective for delamination, occur at the edges of the holes in the stator (Figure 3a). 

However, simulations and experimental studies by Utomo et al. have shown that only 7.6% of 

the energy is concentrated in these high-shear-force regions, with the remainder being 

dissipated through general volume agitation.66 Two primary mechanisms drive the exfoliation 

process. First, there are pure shear forces (Figure 3a) and the interaction with the solvent layer 

(Figure 3c) to separate individual layers. Second, high velocities lead to jet cavitation, where 

microjets and shock waves deliver substantial energy to the material sheets (Figure 4b). 

Additionally, random collisions with other particles and the edges of the rotor and stator 

(Figures 3b and 3d) further contribute to exfoliation. As a result, longer processing times and 

smaller volumes lead to higher concentrations of 2D materials, as increased collisions promote 

more effective exfoliation. However, due to polydispersity, monolayered material can be 

present even after short exfoliation times.37,54,57,65,68 Nonetheless, a minimum shear rate must 

be reached to achieve effective exfoliation. The required shear rates for delamination are 
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highly dependent on the solvent, additives such as surfactants in SA-LPE, and the material 

being exfoliated, as determined by the following equation: 

 
𝛾̇𝑚𝑖𝑛 =

[√𝐸𝑆,𝑊𝑆2
− √𝐸𝑆,𝐿]

2

𝜂𝐿
 (1) 

Where 𝛾̇𝑚𝑖𝑛 is the shear minimum, 𝜂 the solvent viscosity, L is the minimal platelet length 

which can be exfoliated, 𝐸𝑆,𝑊𝑆2
 and ES,L are the surface energies of WS2 and the liquid.67 

 

Figure 3: a) Stator-edge collision of a particle consisting of a bi-dimensionally stacked material in a shear mixer depicting the 
most effective exfoliation process in LPE using a Shear mixer. b) The particle-particle collision during LPE using a shear mixer 
causes exfoliation. c) Shear force and exfoliation of the wetting solvent layer on a bi-dimensionally stacked material in an LPE 
process using a shear mixer. d) Frontal particle-stator collision and exfoliation in a shear mixer Rotor-Stator setup during LPE. 

2.1.3. Tip Sonication 

 

The cavitation effect, previously mentioned as one of the primary mechanisms of exfoliation 

in shear mixers, is also the main driving force for exfoliation when using a tip sonicator (a 

metal probe inserted into a liquid medium). Cavitation bubbles induce chemical or physical 

changes in materials near the site of cavitation.69 Ultrasonic waves propagate through the 

solvent, creating alternating high- and low-pressure regions that apply stress and strain to 

molecules and particles. Simultaneously, rarefaction causes microbubbles to form and grow 

with each high-frequent phase shift until a critical size is reached.70 Upon reaching that size, 

the bubbles implode, generating extreme temperature changes and shockwaves with 
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cavitation temperatures reaching up to 5075 K, pressures up to 20 MPa and temperature 

gradients up to 109 K s-1.56,57,70,71 The collapse causes micro-jets directly applying a 

compressive stress wave into the particle. This wave is reflected at the borders of the particle 

and overlaps with other stress waves coming from the oscillating energy input delaminating 

individual layers by tensile stress (Figure 4a). A second process is also caused by the cavitation 

which is a direct shearing or “wedging” of individual sheets being ripped apart from each other 

(Figure 4b).54,68 The efficiency of both processes is highly dependent on the volume, as energy 

transfer diminishes rapidly with increasing scale. Cavitation density decreases significantly 

with distance to the ultrasonic source, leading to greater polydispersity in larger batches, 

where material ranges from bulk particles to monolayers due to insufficient mixing.72–75 The 

directionality coefficient (D) further illustrates the strong dependence of the energy transfer 

on the ultrasound propagation angle, as depicted in Figure 4c, ranging from – 60° to 60°:76  

 

𝐷 = |
sin (𝜋

2𝑎
λ

sin 𝜃)

𝜋
2𝑎
λ

sin(𝜃)
| (2) 

a is the diameter of the oscillator, λ the wavelength of ultrasound and θ the propagation angle. 

Directly beneath the ultrasonic source, exfoliation is effective; however, as batch size and 

diameter increase, the efficiency of the exfoliation process decreases if the ultrasonic source 

remains unchanged.75,76 

 

Figure 4: a) Delamination in a tip sonicator setup of single 2D layers of a bi-dimensionally stacked material caused by 
cavitation above the particle. Cavitation forces are reflected within the particle borders and separate single layers. b) 
Cavitation next to a bi-dimensionally stacked material particle. Cavitation forces shear apart individual sheets from a bi-
dimensionally stacked material particle. c) Reproduction of the relationship between the acoustic directionality coefficient 
(D) and ultrasound propagation angle according to Formula 2. Going from -60 ° to 60 ° for θ, the assumptions were made 
using an ultrasonic wavelength λ = 7.5 mm and a diameter of the oscillator being 65 mm.76 
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2.2. Characterization Methods 
 

Exfoliation is employed to separate bulk TMDCs into sheets, as explained in the previous 

chapter. The structural changes that accompany exfoliation are associated with alterations in 

the material’s physical and optical properties that can be observed for example in Raman 

spectroscopy (see Figure 5a). The proof of these changes is given by several techniques that 

were used to analyse obtained suspensions after SA-LPE and subsequent centrifugation. 

Imaging techniques like Transmission Electron Microscopy (TEM) and SEM were used in all 

publications 1 - 5 to obtain direct proof of the exfoliation of materials and the overall 

appearance of particles (see Figure 5c). However, this technique does not give further 

information about the physical properties. The surface area, e.g., an important parameter for 

SCs, was measured using physisorption measurements like in publication 1. 

Thermogravimetric analysis (TGA) was done to investigate the polymer decomposition of 

fibers to CNFs in publication 1. The thermal stability of WS2 particles was investigated in 

publication 2 using TGA. Besides thermal stability, mechanical stability was tested in Genova 

by Dr. Marta Fadda to investigate the stability towards stress and strain of the flexible energy 

storage material from publication 2. For structural analysis, X-ray diffractograms (XRD) were 

acquired to prove the phase stability and the crystallite size of WS2 and carbon-based 

materials (publications 1, 2 and 5). Additionally, in publication 1, the interlayer distance of 

the stacked carbon layers was determined from XRD data. For compositional analysis, Energy 

Dispersive X-ray spectroscopy (EDX) was used to do elemental analysis of fibrous materials, 

particles and powders in publications 1 and 2. Additionally, in publication 1 x-ray 

photoelectron spectroscopy (XPS) analysis was done to obtain the ratio of differently bond 

nitrogen phases in the CNFs to understand chemical changes leading to differing specific 

capacitances (Cs). A significant portion of the characterization focuses on the suspension of 

TMDCs. To gain an initial understanding of these suspensions post-exfoliation, DLS was 

conducted, along with Zeta-Potential measurements (ZP). The exfoliation and separation 

through gravitational methods result in polydisperse suspensions, which are divided into 2D 

materials or few-layered materials and more bulk-like particles. DLS provides an initial 

indication by revealing the particle size distribution within the suspension (Figure 5b). ZP 

measurements are employed to assess the stability of particles in the solvent, as 

demonstrated in publication 3 and publication 4. If stable suspensions with a small 
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polydispersity are produced, the properties of the suspensions differ from the bulk-like ones. 

UV-Vis-spectroscopy was done for suspensions to see an exciton formation at 550 nm and 

650 nm as shown in Figure 5d, which is not visible for the bulk-like suspensions.77 However, 

Raman spectroscopy is the most reasonable method to prove the presence of bidimensional 

materials.12 Using this technique, the existence of bidimensional materials was verified not 

only in suspensions but also after redispersion, drying and integration into fibrous materials 

afterwards, as demonstrated in publication 2 and shown in (Figure 5a). 

 

Figure 5: a) Raman spectra of bulk 2D-WS2 (purple), dried supernatant suspension after exfoliation (red), filtered 2D-WS2 
suspension on a membrane filter (black), re-dispersed and dried 2D-WS2 suspension after exfoliation and filtering (blue), 
liquid 2D-WS2 suspension after exfoliation, filtering and redispersion (green). b) Average particle sizes of 2D-WS2 suspensions 
after centrifugation including the particle size distribution from DLS experiments. c) TEM and SEM images of 2D-WS2 particles 
showing the polydispersity of particles at a magnification of 50.000. d) UV-Vis spectra of bulk WS2 suspensions (purple), 
exfoliated 2D-WS2 in a mixture of isopropanol/H2O (red) and exfoliated 2D-WS2 in NMP (black) showing excitons A and B at 
550 nm and 650 nm, respectively.77 
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2.2.1. Raman Spectroscopy of Tungsten Disulfide 

 

In order to analyse exfoliated materials as described in the previous chapters, Raman 

spectroscopy is used. Initially, a typical spectrum is provided for a suspension containing 

exfoliated WS2 particles, taken at different depths of a bottle that has been at rest for an 

extended period without agitation (Figure 6). If we compare the purple reference graph in 

Figure 5a with the exfoliated materials and the stable suspension from Figure 6. The 

transitions from bulk material to exfoliated and restacked particles (Figure 5a, black line), and 

then to the suspensions, are observable by comparing the intensities of the Raman bands at 

360 cm-1 and 430 cm-1. In addition to shifts in intensity, the position of the peaks also changes. 

Therefore, this method provides a “fingerprint” not only of the material itself but also of the 

specific chemical structure of the molecule stacks within the material. 

 

Figure 6: 2D-WS2 suspension in an IPA/H2O mixture of 7:3 after sedimentation for 40 days (left). From the suspension, the 
three depicted regions top, middle and bottom, carefully liquid was withdrawn and investigated using Raman spectroscopy 
(right) to prove the degree of exfoliation throughout the entire 500 mL bottle. 

Raman spectroscopy peaks arise from the inelastic scattering of photons from a 

monochromatic light source, typically lasers, that are scattered by chemical bonds and 

molecules. Infrared absorption and thermal motion induce rotation or vibration of molecular 

bonds, increasing the probability of electrons being excited into specific vibrational energy 

states (v1-v6) as illustrated in Figure 7. The energy levels of these states are unique to each 

material and bond, depending on the energy present within the system. This uniqueness 
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allows the individual identification of materials using Raman spectroscopy.78 The interaction 

of photons in this process is a high-energy event, exciting electrons to much higher virtual 

energy states compared to energy levels associated with vibrations, phonons and other 

excitations within the material system (v1-v6). The three existing processes of excitation and 

recombination are depicted in Figure 7. Rayleigh scattering is the most probable process. The 

energy of the initial photon enforces an electron excitation into a virtual energy state. From 

there, electrons recombine into the ground state (v0) back again and emit another photon 

with the same frequency – an elastic collision. This process dominates in terms of intensity, 

overshadowing the other possible scattering processes and does not contribute towards 

electron excitation into vibrational modes or phonon formation within the system. The 

process of Stokes-Raman scattering occurs when an excited electron transitions from the 

ground state to the virtual state but does not recombine into the ground- but an excited 

vibrational energy state. Here, excitation of the system occurs into a vibrational energy mode 

v1-v6 after recombination. As a consequence, a photon with a reduced energy is emitted 

experiencing a redshift of the wavelength– this process is inelastic (red arrow). If the energy 

of the photon after recombination is larger than initially, this is called an Anti-Stokes-Raman 

process (purple arrow). The electron already has been in an excited state due to previous 

absorption (v1-v6) and recombines into the ground state v0 after the scattering. During this 

process, energy is transferred to the photon, shifting its wavelength towards higher energies 

after recombination. Since this process depends on two absorption events, it is the least likely 

to occur.78–80  
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Figure 7: Depiction of the Morse potential according to the following equation: F(R) = (1.6 ∙ exp(-4.5∙R))2. Shown are the 
dissociation energy and binding energy of electrons as well as the vibrational and virtual energy states after excitation with a 
laser. Depicted are all possible electron excitation mechanisms: Rayleigh scattering (blue), Stokes-Raman scattering (red), and 
Anti-Stokes scattering (violet). 

The vibrational energy states are individual for each material. Consequently, the energy shift 

and wavelength of emitted photons are individual for each molecular bond. Based on shifts of 

the wavenumber and intensities of peaks, phase switching, physical changes and 

implemented defects can be quantified and qualitatively analysed as it is possible for example 

in WS2 to distinguish bulk- from monolayered material. WS2 as well as most TMDCs under 

ambient conditions are present in the trigonal prismatic phase, also known as hexagonal or 

2H-phase which is shown in Figure 8a. 

 
Figure 8: a) Metal coordination and stacking sequences of the trigonal prismatic (1T-phase), hexagonal (2H-phase) and 
rhombohedral (3R-phase) phases of TMDCs. Reprinted from Kolobov A, Tominaga J, Springer Series in Material Science, 2016, 
29-77, 239 with permission from Springer Nature. Copyright 2016 Springer Nature.81,82 b) Electronic band structure of WS2 
bulk and c) the monolayer of WS2, both showing the direct band gap at the K point and the decrease of the band structure 
from Γ-K and Γ-M going from the bulk to the monolayer. Adapted with permission Berkdemir, A., Gutiérrez, H., Botello-
Méndez, A. et al. Identification of individual and few layers of WS2 using Raman Spectroscopy. Sci Rep 3, 1755 (2013). 
https://doi.org/10.1038/srep01755. With permission from Springer Nature. Copyright 2013 Springer Nature.12 

https://doi.org/10.1038/srep01755
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WS2 and MoS2 typically crystallize in the hexagonal phase under ambient conditions, while the 

metallic 1T-phase represents a metastable phase with an octahedral structure. These different 

phases can be distinguished by using Raman spectroscopy since the metallic phase reveals 

additional Raman modes.5,83 In the metallic phase no bandgap occurs due to overlapping of 

the density of states which is different to the typically obtained 2H-phase.19,84 

In the 2H phase, Berkdemir et al. showed that with a degree of exfoliation the band alignment 

changes and switches to a direct bandgap of 2.1 eV in the monolayer. Additionally, electron 

energy loss spectroscopy was used by Kumar and Ahluwalia to prove the changes in the 

electronic structure going from the bulk to a monolayer. 12,34 Experimentally, the direct band 

gap of WS2 has been found to range from 1.54 eV to 1.79 eV and even 2.1 eV.12,31,85 Berkdemir 

et al. show accurate calculations between experimental data and DFT calculations (see 

Figure 8b and 8c). The identification of single-layer sheets up to several layers and the bulk 

material were identified by using Raman spectroscopy in combination with AFM 

measurements as discussed before. They were able to differentiate between single sheets, 

and two or three layers by conducting investigations by changing the laser frequency. 

Obtained from DFT analysis the longitudinal acoustic phonon around the M point of the 

Brillouin zone was experimentally found to be the Raman mode at 176 cm-1 with 514 nm 

irradiation wavelength. The exact double of this frequency at 352 cm-1 is considered to be the 

second-order mode of the LA(M) frequency. This 2LA(M) mode in WS2 is special. At this 

specific laser wavelength, a change of intensity of the A1g and (2LA+E2g) bands is observed with 

layer thickness. While the A1g band in the case of the bulk down to two layers is prominent 

over the (2LA+E2g) band, a drastic change occurs in the monolayer state due to a double 

resonance process. The intensity and full width at half maximum (FWHM) completely changed 

towards the (2LA+E2g) band when a monolayered WS2 flake was investigated. For the 

wavelengths of 488 nm and 647 nm, this was not observed.12,30,34,58,86 Additionally, UV-Vis 

spectroscopy is a suitable and non-invasive technique to identify exfoliated WS2. Absorption 

increases with smaller particle sizes and a higher degree of exfoliation since the indirect-to-

direct bandgap transition also facilitates direct absorption of light. Additionally, literature 

commonly reports a blueshift towards higher energies of all excitonic absorption peaks in 

exfoliated WS2.14,55,77,87 Using these two techniques it was possible to identify the degree of 

exfoliation of WS2 in composite materials, blends, inks and finally fibers as it was done in 

publications 2 – 5. 
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Exfoliation techniques and subsequent analysis have confirmed the successful production of 

a class of 2D materials with remarkable potential for energy storage applications. These 

materials can feature exceptionally large surface areas and additionally show a high capacity 

for ion intercalation, including ions like Li⁺, and BF₄⁻, and molecules such as acetonitrile, 

attributed to their bidimensional layers stacking. These nanomaterials are of interest not only 

for electrochemical applications and energy storage but for flexible energy storage devices as 

well. For flexible energy storage, 2D nanomaterials can be implemented in all sorts of 

materials due to their small size, the probability of failure of an electrochemical cell is 

drastically reduced as long as conductivity is preserved.88 
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2.3. Flexible Energy Storage 
 

Rising demand for smart devices and the growing integration of technology into daily life, the 

intersection between humans and electronics is expanding. Smart watches, glasses and 

phones are already in close proximity to the human body and the requirements towards 

lighter and better technology is further accelerating this trend. Flexible devices that can be 

worn directly on the skin or integrated into flexible materials like clothing are becoming 

increasingly important. Especially, sensing and data acquisition using bioelectrical sensors for 

health care have a need for long-term applications and the health systems of societies. 

Effective and long-lasting sensors are important for the optimization of patient treatment or 

purposes of disease prevention.88 The primary challenge for the scientific community is 

lightweight energy storage. While sensors with low weight, compact size, and diverse data 

acquisition capabilities are feasible, powering these devices over extended periods remains 

difficult, especially for those implanted in the human body. From skin applications to 

biosensors attached to individual organs, these small devices have the potential to 

significantly impact human health. Low-power devices with long lifespans that can withstand 

mechanical strain and bending, typical of human tissue, are a key factor for the future of smart 

medicine.  Furthermore, flexible screens, foldable smartphones or rollable solar cells are 

important for lightweight and space-efficient devices for daily-life applications regarding 

energy production as well as energy storage and space applications. In the transition from 

rigid to more strain-resistant electronics, several approaches are explored in the scientific 

community. Conductive polymers like Polyacrylonitrile (PANI) and Poly-3,4-

ethylendioxythiophen (PEDOT) combine electronic conductivity with flexibility enabling 

flexible electronic devices. These polymers have been used to create thin films, membranes, 

fibers and nanoparticle-based composites for a wide range of applications including sensing, 

energy storage and more.20,21 Besides using inherently flexible materials like the above-

mentioned polymers, silica and carbon-based materials are also being implemented into 

flexible structures. The reduction of particle sizes to the nanoscale, including 0D, 1D and 2D 

nanomaterials, tremendously decreases rigidity. By reducing the size of active materials, the 

risk of mechanical failure is decreased since small particle sizes are less likely to break apart. 

Further, these materials exhibit a range of properties: nanoparticles often have large surface 

areas, 2D materials often show increased charge storage capacitance, 1D materials like CNTs 
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provide enhanced conductivity, and 0D quantum dots besides all other mentioned materials 

display strong quantum confinement effects.88 Improving resilience towards deformation and 

strain is not just a challenge but an opportunity and might be accompanied by performance 

improvement for energy storage as well as sensing. To further advance flexible energy storage 

technologies, it is essential to develop materials that combine both mechanical flexibility and 

high electrochemical performance. This is where electrospinning comes into play as a versatile 

technique. By creating nanofibers with large surface areas and tuneable porosity, 

electrospinning offers a powerful tool for fabricating materials tailored for energy storage 

applications. Electrospun nanofibers have demonstrated significant potential by enhancing 

the flexibility and conductivity of supercapacitors and batteries, thereby advancing the field 

of flexible energy storage. This technique not only facilitates the development of adaptable 

energy devices but also paves the way for their integration into wearable technologies. To 

delve deeper into this promising method, the next chapter will explore the origins of 

electrospinning, detail the underlying techniques and methodologies, and provide a 

comprehensive overview of current research in the field.89  
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2.4. Electrospinning 
 

Electrospinning is grounded in the physical principles first mathematically described by 

Rayleigh in 1882, where a high potential causes a spill of solutions by overcoming the surface 

tension of a liquid.90 This concept was further developed by Morton in a 1902 patent, which 

describes the potential-driven dispersion of fluids.91 This electro-spraying process was first 

adapted into electrospinning by A. Formhals adding cellulose acetate (CA) or mixed esters into 

solutions.92 The large molecular weight solutions form continuous jets instead of small 

droplets leading to continuous fibrous materials after drying.92–94 The most prominent person 

in the field of electrospinning is Geoffrey Taylor, who developed a mathematical model 

describing the shape a droplet disintegrates under the influence of a high electric potential – 

now known as the Taylor cone.95,96 Apart from his fundamental work in the 1970s, the field of 

electrospinning did not garner widespread interest, as evidenced by the limited number of 

publications per year during that period, as shown in Figure 1c. Finally, electrospun fibers 

protruded due to comparably small diameters achieved for a multifaceted set of polymer 

materials down to 16 nm for polyethylene oxide (PEO) and polyvinyl alcohol (PVA) e.g.97,98 

Consequently, the emerging interest towards nanomaterials and nanotechnologies caused a 

growing interest into electrospun materials. Based on the work of Reneker et al.99 in 1995 

which explored the process and applications of electrospun fibers, there has been a 

significant, almost exponential rise in interest within the scientific community over the past 

25 years. This surge in interest appears to be reaching a saturation point recently, as illustrated 

in Figure 1c. Mainly, the large surface area100,101, large aspect ratios102–105 and small 

dimensions were considered to be ideal for various applications as a backbone material, active 

material or membranes.93,94,98,99,106,107 Reasonably this technique was used in publication 1 

and publication 2 to prepare fibrous SCs exploiting all of the benefits going from flexibility 

towards large surface area carbon materials and composite materials.
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Figure 9: Depicted are the schematic image of the electrospinning process and the three different processing parameters. 
The polymer solution, the processing and the environment during the electrospinning are the crucial parameters to control 
to precisely adjust the electrospinning and the resulting fibers. As one example a clipping of a fiber mat and an SEM images 
of the PEO-WS2-CB-MWCNT composite fibers from publication 2 are shown. 

2.4.1. Setup and Process 
 

The process of electrospinning is straightforward: a charged polymer solution is steadily and 

slowly extruded through a needle tip using a syringe pump (typically at ~ 0.2 mL h-1). A 

potential up to 40 kV is applied between the needle tip and a counter electrode generating 

low currents around 10-9- 10-6 A, driven by charges on the polymer solutions surface. These 

charges as well as the surrounding electric field cause deformation of the surface of the 

polymer solution which is known as the above-described Taylor-Cone, depicted in 

Figure 10a & b.95,99,108–110At a certain threshold potential the surface tension of the polymer 

solution is overcome by the large electric force. As a consequence, the polymer solution 

accelerates and forms a so-called jet towards the contradictorily charged electrode.111 In 
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electrospinning, long-chain polymers are employed to produce continuous fibers. The 

acceleration of the polymer solution during the process results in the formation of ultra-thin 

fibers, with diameters ranging from μm to several nm in thickness. However, to be able to 

prepare a versatile set of various fibrous materials this simple setup must be optimized and 

becomes more complex. The solvent, polymer concentration and polymer chain length are 

crucial factors for controlling the surface tension, conductivity and viscosity of the solution. 

These parameters are essential for enabling, adjusting and optimizing electrospinning 

processes. Electrospraying can occur as a result of low polymer concentrations or insufficient 

chain length, that adequate entanglement of the polymer chains cannot be ensured. Further, 

fragmentation of the polymers is possible since large electric forces combined with high 

surface tension can rip the polymer chains apart.112 Besides the spinning solution there are 

several parameters that can be controlled using an electrospinning setup as they are collected 

in Figure 9: The electric field is primarily influenced by the applied potential of the two 

electrodes, their distance, and the shape of the collector. A higher potential and closer 

electrode placement increase the applied electric field, leading to greater acceleration of the 

polymer jet. This increased acceleration enhances the elongation of the spun fibers, affecting 

their thickness. Consequently, the thickness of the fibers is directly influenced by the 

magnitude of the electrical force applied during the process.113–116 The fiber-collecting 

electrode can come in various shapes such as simple plates, rotating drums (shown in 

Figure 9), or sticks. The choice of electrode shape influences how the fibers are collected and 

assembled, tailoring the fiber arrangement to suit specific applications. The polymer solution 

flow is also influenced by the applied potential. Greater acceleration results in increased 

consumption of the polymer solution, which can lead to bead formation along the fiber if the 

supply is inconsistent.117,118 Therefore, an equilibrium must be established between the flow 

rate, applied potential and electrode distance for each specific polymer solution. In addition 

to the factors mentioned, solvent evaporation during electrospinning is crucial for forming 

stable polymer fibers. The rate of evaporation is significantly influenced by the atmosphere 

and its flow dynamics. Therefore, temperature and humidity in the electrospinning setup must 

be carefully monitored and controlled to ensure reproducibility and maintain stable 

conditions.110,119 
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2.4.2. Jet Instabilities 
 

Establishing an equilibrium for a stable electrospinning process is complex. However, the 

trajectory of the polymer jet can be affected by physical instabilities caused by various 

interactive forces, as illustrated in Figure 10. By adjusting the above-mentioned processing 

parameters – such as electrostatic conditions, the ambient environment, and the polymer 

solution properties – it is possible to transition between different instability modes. The three 

existing modes are Rayleigh, Axisymmetric and Whipping. Understanding these instability 

patterns can help to address and rectify stability issues in a non-stable electrospinning 

process.120,121 

The Rayleigh instability (Figure 10a) is observed for all liquids and describes the segmentation 

of a liquid into smaller droplets. This occurs due to driving forces that decrease the surface 

area, thereby lowering the system’s free energy by reducing surface tension.120,121 Prevention 

is possible by imposing a sufficiently strong electric field that the viscoelastic force suppresses 

the break-up mechanism caused by surface tension.120,122 However, by exceeding the electric 

field above a certain threshold, the jet diameter decreases until the so-called varicose jet 

break-up occurs and droplets form again.120 

The Axisymmetrical instability (Figure 10b) is charge-driven and is caused by variations in 

surface charge density (σ0+Δ and σ0-Δ). Statistical fluctuations in the jet’s thickness lead to 

corresponding changes in surface charge distribution. These imbalances create tangential 

forces that further push the solution toward areas with a thicker radius. Consequently, this 

exacerbates thickness variations, resulting in bead-like structures along the fibers, with beads 

aligning along the thinner radius of the fibers.119,123,124 

Whipping instability (Figure 10c) of the fiber is the final and most significant instability 

occurring during electrospinning. Here, instability is caused by perturbations of the surface 

charge density (σ0+Δ and σ0-Δ) causing tangential stress imbalances on the surface and electric 

attractions that both cause fiber bending (indicated by the arrows). Whipping occurs when 

interacting external forces like viscous drag or high charge densities interact with the fiber.120 

As the electric field increases, this effect intensifies, causing the fibers to enter a rapid spiral 

motion with an increasing radius causing fiber stretching while tapering its diameter.123 The 

physical instabilities can hinder the process and need to be precisely controlled, but in the first 
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place whipping is the reason to enable the formation of nanometer-thin fibers without 

decomposition. No other technique is capable of achieving stretching rates up to 105 s-1, as 

well as large orientation and a high degree of polymer crystallization unlike electrospinning.119 

 

Figure 10: With E0 being the external electric potential, different instabilities can occur that are depicted. a) Rayleigh 
Instabilities showing the jet-breakup and droplet formation. b) Axisymmetric Instabilities caused by perturbations of the 
surface charge in thinner and thicker regions of a fiber (inlet). c) Whipping instabilities caused by surface charge perturbations 
bending the fiber due to attractive forces. 

2.4.3. Composites from Electrospinning 

Besides single-phase polymers, there are methods to produce composite polymer fibers using 

electrospinning. Organic precursors, emulsions or particles can be used in the polymer 

solution to either produce oxide fibers, induce porosity, or distribute particles throughout the 

nanofibers. A wide range of fibers with different additives has been produced in the past, 

allowing for tailored properties and functionalities in the resulting composite fibers. Mainly 

PVP, PVA and PEO are used for their solubility in less toxic solvents like Acetyl acetone (AcAc), 

isopropanol (IPA), H2O and ethanol (EtOH). However, these examples represent just a fraction 

of many successful electrospun material systems. The nanoscale nature of electrospun fibers, 

whether incorporating particles or bulk materials, has garnered significant interest from the 

scientific community. Numerous examples exist of active materials created from electrospun 

fibers, including: Al2O3-fibers for microelectronics and catalysis125, CeO2-fibers for pollutant 

removal126, CuO- and CuS-fibers as H2S detectors or semiconductors127, fibrous Co3O4 for 

glucose detection128, Fe2O3 as photoanodes129, IrO2/Pt as membranes for OER130, LiCoO2 for 

energy storage as electrode materials131, MoS2 for H2 storage and catalysis132, NiO as anode 

material133, for large surface membranes of SiO2 for catalysis134, as gas sensors made from 
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SnO2 or WO3 and ZnO135–137, TiO2 as DSSCs and photocatalyst138 and ZnO for health 

applications.139 

However, there must be a distinction between precursor and sol-gel-based approaches for 

fiber preparation and the incorporation of nanoparticles into fibers. In certain cases, material 

properties can only be achieved by using pre-designed particles. For example, SiO2 particles 

with tailored surface areas, multiwalled carbon nanotubes (MWCNTs) that must be produced 

in advance, or exfoliated MoS2 or WS2, where 2D sheets need to be prepared in solution before 

being incorporated into fibers, all require specialized preparation to obtain desired 

characteristics.48,62,109,134,140 Producing WS2 or MoS2 from sol-gel or wet chemical methods 

typically results in bulk-like particles rather than monolayers, which affects material 

properties as discussed previously in chapter 2.1. Blair et al. found that the loading and size 

of particles (up to 10 μm) in dispersion do not significantly impact the fiber thickness, provided 

there is no clogging of the nozzle. The primary influence on fiber structures comes from 

changes in the viscosity and conductivity of the dispersion, which affect the process of 

electrospinning according to the above-mentioned physical instabilities.141 From this 

perspective, the proceeding of dispersions, sol-gel-based mixtures, or pure polymer solutions 

is similar as long as the procedure parameters are within the above-discussed range of the 

solution parameters and the applied potential. 

After knowing that active particles like exfoliated TMDCs can be easily incorporated into 

fibrous materials without disturbing the structural benefits of nanofibers, these materials can 

be exploited for the preparation of flexible charge storage materials. Exfoliated TMDCs like 

MoS2 and WS2 in combination with electrospun polymers or carbon precursors are capable of 

storing surface charges. Especially carbon-based materials are considered to show capacitive 

behaviour. They are called supercapacitors since large surface areas enable the storage of 

many charges at the surface. The definition of a capacitor, supercapacitor and pseudo 

capacitor is given in the following chapter to understand the effective exploitation of these 

composite materials as energy storage devices.  
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2.5. Supercapacitors and Electrochemistry 
 

To understand the functionality of capacitors and supercapacitors, it is essential to consider 

several foundational models that describe the behaviour of ions in an electrolyte when a metal 

surface is introduced. These models, depicted in Figure 11, trace the evolution of capacitor 

theory, illustrating how our understanding of ion orientation and movement at the electrode-

electrolyte interface has advanced over time. Each model represents a significant step in the 

development of capacitor theory, providing deeper insights into the mechanisms governing 

energy storage in these devices. 

2.5.1. Helmholtz-Model 

In 1879, H. Helmholtz introduced the concept of the electrical double layer (EDL), a 

fundamental idea in electrochemistry. At the interface of a solid electrode and an electrolyte, 

an EDL forms due to the concentration shift of ions in the electrolyte and the corresponding 

charge shift of electrons in the electrode.142 This dynamic interaction is crucial because the 

ionic conductivity of the electrolyte and the electronic conductivity of the electrode 

significantly influence the behaviour and efficiency of these systems. The formation of the EDL 

plays a vital role in the performance of capacitors and other electrochemical devices, as it 

directly impacts how charge is stored and transferred at the interface. When a negatively 

charged electrode – common in carbon-based materials – is introduced, cations from the 

electrolyte coordinate around the electrode. These cations directly adsorb onto the electrode 

surface, forming a compact layer, while the electrode itself accumulates electrons at the 

electrode-electrolyte interface. This arrangement establishes the foundation of the electrical 

double layer, crucial for the functioning of capacitors and supercapacitors. However, in 

Helmholtz’s theory, only metal electrodes have been described. Additionally, this rigid layer 

proposed by Helmholtz does not include diffusion of ions in the electrolyte. In fact, the model 

did not meet the experimental data observed.143,144 
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2.5.2. Gouy-Chapman-Model  

In 1910 and 1913, Gouy and Chapman introduced the concept of a diffusive layer of ions, 

which expanded upon Helmholtz’s earlier model of the EDL.144 They proposed that, beyond 

the rigid Helmholtz layer, ions in the electrolyte experience thermal motion, leading to a 

diffusive layer where ions are not rigidly adsorbed but are instead in constant motion. This 

thermal diffusion causes a continuous exchange of charges at the boundary of the Helmholtz 

layer, resulting in a reduction of the space-charge region. The extent of this reduction depends 

on the ion concentration in the electrolyte, adding a dynamic aspect to the structure of the 

electrical double layer. The potential decreases as a function of the distance to the electrode 

surface and follows a Poisson-Boltzmann distribution leading to an exponential decrease of 

the potential with increasing distance to the electrode. In this model, rather than a single layer 

of ions being tightly coordinated at the electrode surface, a concentration gradient of charged 

ions extends from the metallic electrode across several molecular layers (see Figure 11). A 

layer of cations nearby, and coordinated around the electrode shield the negatively charged 

anode, this exerts attractive forces on nearby anions in the electrolyte that themselves attract 

further cations, respectively. This cascading effect converts into a concentration gradient of 

ions that forms around a charged electrode with decreasing concentrations of anions and 

cations with increasing distance to the electrode.143,144 

2.5.3. Gouy-Chapman-Stern-Model 

The Gouy-Chapman model, while innovative, faced limitations under conditions of high charge 

density. It struggled to accurately describe the behaviour of ions near the electrode surface 

when high charging states were reached. To address these shortcomings, in 1924 Stern 

combined the concepts of Helmholtz and Gouy-Chapman. A strongly adsorbed double layer is 

forming at the electrode surface following a linear decrease in the distance to the electrode 

similar to the Helmholtz model. The width of the linear region is defined by the diameter of 

solvated counterions in the nearest approach to the electrode's surface.143,145 Beyond this 

rigid layer, the potential is described by the diffusive layer according to Gouy and Chapman. 

The potential follows a concentration gradient and therefore decreases with the distance 

according to Poisson-Boltzmann in an exponential decay with increasing distance 

(see Figure 11).143 
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Figure 11: Depicted is the Helmholtz model from 1879 with the linear potential decrease of the fundamental electrochemical 
double layer. The Gouy-Chapman model from 1913, considers a diffusive layer due to thermal motion. The Gouy-Chapman-
Stern model from 1924, combines the first two models especially for strong electric fields. Lastly, the Grahame model from 
1947, including ion adsorption at the surface as an explanation for pseudocapacitive behaviour. 

2.5.4. Grahame-Model 

In 1947 Grahame further refined the Gouy-Chapman-Stern-Model and incorporated 

additional complexities into the descriptions of the EDL. The effect of the solvent, the 

dissolution of ions, as well as the specific and non-specific adsorption of ions at the electrode 

surface. The specifically adsorbed ions and solvent molecules closest to the electrode form 

the so-called Inner-Helmholtz-Plane (IHP). Specific adsorbed ions are in direct contact with the 

electrode, displacing solvent molecules, while non-specifically adsorbed ions remain 

surrounded by solvent molecules as they interact with the electrode. 

The Outer-Helmholtz-Plane (OHP) refers to the ions that are coordinating around the IHP due 

to coulombic forces. These ions have an intact solvent shell. The two layers (IHP and OHP) are 

considered as a physical capacitor following the behaviour of Formula 3.146 
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 C = ε0 ε𝑟  
𝐴

𝑑
 (3) 

Where C is the capacitance, ε0 is the permittivity of vacuum, εr the the permittivity of the 

material in between the capacitor, A the area of the capacitor and d is the distance of the 

electrodes. In the above-described cases, the distance of the capacitor is in the range of 

molecular distances and physically described as the Debye length. It is defined as the distance 

at which the electrical potential of a local surplus charge decreases to 
1

e
 (about 37 %) of its 

initial potential.144 The non-ideal pseudocapacitive behaviour observed in real SCs was 

explained by Bockris et al. According to their explanation based on the Grahame model in 

Figure 11, specifically adsorbed ions in the electrolyte undergo redox processes by adopting 

the electrodes’ polarity. Since this process is reversible ions can be re-dissolved and therefore 

contribute to a pseudo-capacitive behaviour through redox processes on the electrode's 

surface.147 

2.5.5. Supercapacitors – Definition & Methods 

Winter et al. define a supercapacitor using the Ragone plot (see Figure 12), positioning it 

within the energy and power density range between traditional capacitors and batteries.146 

Supercapacitors serve as energy storage systems that are thin, porous and use a separator for 

charge separation characterized by low intrinsic resistance.144,146 The Ragone plot is a tool 

used to compare the power- and energy density of different materials, charge storage 

technologies and their applications – for a description of a supercapacitor these are the most 

important physical properties.148–150 The power density (Pd) and energy density (Ed) are 

calculated by the following equations according to publication 1: 

 
𝐸𝑑 =

1

2
𝐶𝑠∆𝑉2

1

3.6
= [𝑊ℎ 𝑘𝑔−1] (4) 

 

 
𝑃𝑑 =

𝐸𝑑

∆𝑡
 3600 = [𝑊 𝑘𝑔−1] (5) 

 

In these equations, ΔV represents the applied potential window, and Δt is the discharge time. 

Besides the above-described pseudo-capacitive behaviour, a supercapacitor operates on the 

same charge storage mechanism as a capacitor where surface charging leads to the formation 
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of an EDL. The key difference is that supercapacitors use high-surface-area materials, such as 

porous carbon, in combination with aqueous electrolytes to enhance their performance.146 

 

Figure 12: Simplified Ragone plot of the energy storage domains for the various electrochemical energy conversion systems 
compared to an internal combustion engine, turbines and conventional capacitors. Reprinted with permission from Martin 
Winter and Ralph J. Brodd., Chem. Rev. 2004, 104, 10, 4245–4270, https://doi.org/10.1021/cr020730k, Copyright 2004 
American Chemical Society. 

In order to calculate Ed electrochemical analysis must be conducted to determine the 

capacitance and Cs values as required for Equation 4. For the analysis of SCs, potentiostatic or 

galvanostatic methods, such as cyclic voltammetry (CV), are commonly used to measure 

capacitance. Cyclic voltammetry is a potentiostatic method where a defined potential sweep 

is applied to a system. It was used in publication 1 and publication 2 for the electrochemical 

characterization. The scan rate is defining how large the potential sweep will be as a response 

the resulting current is measured by a potentiostat. It is given by the following equations:89 

 
𝐶 =

1

E𝑣
∫ 𝑖 𝑑𝑉

𝑣2

𝑣1

 (6) 

E is the potential window, with v1 and v2 are the potential boundaries. ν is the scan rate, i as 

the charge-discharge currents and dV is the potential change. 

 
𝐶𝑠 =

1

mE𝑣
∫ 𝑖 𝑑𝑉

𝑣2

𝑣1

 (7) 

To obtain Cs, the integral of the current over the potential range is divided by the potential 

window (E), the mass (m) and the scan rate (ν). In Equations 6 and 7 the area enclosed 

between the charge and discharge curves during cyclic voltammetry is directly related to the 

mass and the specifics of the measurement. 

https://doi.org/10.1021/cr020730k
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Consequently, Cs is a function of the scan rate. The potential window typically is chosen as 

large as possible to maximize the performance and capacity of the supercapacitor. However, 

it is crucial to avoid degradation processes, as excessive potential can trigger chemical 

reactions within the system. Such reactions can lead to irreversible changes, compromising 

the reproducibility and reliability of the results. Therefore, the potential window must be 

carefully selected to balance high performance with the stability and longevity of the material. 

Besides the potential range, the velocity of the changing potential, the scan rate, is a crucial 

factor of a cyclic voltammetry measurement. With increasing scan rate the system cannot 

follow the potential change due to diffusion limitation. This is because the diffusion layer, 

which is the region within which the electroactive species diffuse to the electrode surface, 

becomes thinner. As a result, the current increases due to the reduced thickness of the 

diffusion layer, which intensifies the concentration gradients of the electroactive species near 

the electrode.151 Generally, an increased scan rate reveals a more pronounced non-

equilibrium state in the system. Diffusion is limited and charging and discharging become less 

effective due to ion diffusion through the electrolyte. As a consequence, a lower Cs is observed 

with increasing the scan rate even if the current increases. The ideal, rectangular shape of a 

SC becomes more and more “leaf”-like, as shown in publications 1 and 2 in several examples. 

Another way to measure Cs is to acquire galvanostatic-charge-discharge curves (GCD). A 

constant current which is defined by the active mass of the measured system is applied and 

the potential as a function of time is obtained. Galvanostatic measurements were conducted 

in publication 1, publication 2 and publication 5. Cs is calculated by the integral in the 

following equation:  

 C𝑠 =
1

𝑉
∫ 𝐼 𝑑𝑡

𝑡2

𝑡1

 (8) 
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The capacitance is given by the quotient of the integral of the current over time and the 

potential. The current density is calculated based on the active mass of the system according 

to the following equation: 

 
𝐽 =

𝐼

𝑚
= [𝐴 𝑔−1] (9) 

Common values of the current density range from 10 mA g-1 up to 5000 mA g-1. It is 

recommended to use a range of current densities for the calculation of capacitance to obtain 

a comprehensive understanding of the material's performance under different conditions. 

Additionally, as it was done in publications 1 and 2 this technique is used for long-term 

electrochemical stability tests. In real-life applications, energy storage devices undergo 

repeated charging and discharging over several hundreds and even thousands of cycles. This 

way the lifetime of energy storage devices is simulated to see changes in the charging and 

discharging behaviour over the years of usage. Cs depends on the current density since large 

currents always cause diffusion limitation and a decrease in the diffusion layer. Here, large 

potential changes over time are the consequence. Both galvanostatic charge-discharge and 

cyclic voltammetry methods can be used to determine Cs for capacitors and supercapacitor 

materials. However, these methods apply primarily to those, which are based on charge 

storage mechanisms such as electric double layer formation and pseudo capacitance since 

battery-like behaviour cannot be described by these equations due to electrochemical 

processes, such as more complex redox reactions. 

2.5.6. Transition Metal Dichalcogenides as Energy Storage Materials 

TMDCs such as MoS2 and WS2, are emerging as promising charge storage materials for several 

reasons. While graphite is widely used as an anode material in LIBs due to its ability to store 

Li⁺-ions within its layers, its charge storage capacity of 372 mA h g⁻¹ limits its application in 

high-energy contexts.152 This has driven significant interest in alternative two-dimensional 

materials like TMDCs.5,7,153,154 Here, TMDCs are of interest to the scientific community towards 

high-energy electrochemical applications, especially in three decisive fields of research.7 First, 

there is the substitution of graphite in LIBs to increase charge storage capacity. It was found 

to achieve 674.8 mA h g-1 for WS2 electrodes instead of graphite.6 Furthermore, an additional 

stress-induced increase of the capacitance was observed when Li+-ions intercalate into the 

WS2 lattice.155 Secondly, the intercalation of ions into layered materials enhances their charge 

storage properties, making TMDCs particularly promising for SIBs.8,9 Wang et al. demonstrated 
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that a MoS₂-carbon composite material could achieve a capacity of 390 mA h g⁻¹ when used 

as an electrode in SIBs, highlighting the potential of TMDCs for improved energy storage in 

these systems.156 The third area where TMDCs are promising candidates is in supercapacitors. 

As explained in Chapter 2.5.1. – 2.5.5., supercapacitor charge storage involves the formation 

of an EDL as well as pseudo-capacitive effects resulting from chemical changes according to 

the model of Grahame.157–159 The layered structure of TMDCs is advantageous for both 

mechanisms. The large surface area of 2D-layered structures is the first argument for their 

applicability getting close to graphene reaching up to 2630 m2 g-1.10,11,160,161 For the electric 

double layer capacitor (EDLC) a large accessible surface area is crucial and mandatory for their 

effectiveness. The individual layers cause a large surface-volume ratio for these materials as 

long as no restacking of the sheets is ensured.16,19,49,156,162 With increasing surface area and 

surface-volume ratio the number of active sites increases as well.18,41,163 These active sites 

undergo partial surface restructuring and redox reactions giving a pseudocapacitive character 

to the charge storage behaviour of TMDCs.19,45,64,164 The primary drawback of MoS2 and WS2 

is their intrinsic low conductivity when they are in the stable and semiconducting 2H-phase, 

which prohibits extraordinary performances as SCs or batteries.7,18,19,45,165  During the in-depth 

literature research conducted as a part of this thesis, the literature does not report SCs made 

from pure WS2 or MoS2 phases due to these conductivity limitations. 

To address the limitation of low conductivity in MoS2 and WS2, composite materials are 

produced by incorporating conductive species or by preparing conductive backbone materials. 

For instance, conductive polymer scaffolds such as PANI or PEDOT:PSS are combined with 

TMDCs or a direct polymerization of EDOT on TMDC sheets is performed. Both polymers 

enhance the overall capacitance not only due to an increase in conductivity but by inducing a 

pseudo-capacitive species to the system. PEDOT and PANI undergo a redox reaction within 

charging and discharging.21,64,166 Most TMDC-based supercapacitors are developed by 

coupling TMDCs with carbon-based materials such as CB, CNTs, CNFs, graphene oxide (GO), 

reduced graphene oxide (rGO), graphene, and graphite. This approach is prevalent in the 

scientific community due to the synergistic benefits it offers by enhancing the performance of 

supercapacitors.7,9,14,18,62,161,167–175 

Summarizing: high-surface-area carbon materials have extraordinary capacitances due to the 

large surface areas that are achieved.11 Additionally, they have high electric conductivity, 
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making them ideal complements to TMDCs. Besides adding conductive species, the trigonal 

prismatic structure can be transferred to the octahedral structure which causes a band 

transition from the semiconducting to the metallic phase which is the intrinsically more 

conductive phase of TMDCs.5,83 Consequently, metallic phases of MoS2 and WS2 are frequently 

used for composites with mixtures of 2H- and 1T-phase or in other combinations with carbon 

materials e.g.11,171,176,177 Hydrothermally produced MoS2 for example always contains a 

mixture of the metallic and semiconducting phases as seen in the literature.178 XPS data of my 

research underline these results by finding mixtures of both phases at the particle surface of 

hydrothermally produced MoS2 in Figure 13. Interestingly, a similar transition from the 

semiconducting 2H-phase towards the metallic 1T-phase is observed for TMDC materials if 

combined with carbon materials. This transition occurs at the carbon-TMDC interface, 

providing an additional benefit of integrating these two material classes.19 However, the same 

effect is observed when intercalation of Li+ into MoS2 layers is done. The increasing layer 

distance causes the same phase transition.164,179,180  

 

Figure 13: XPS spectra of hydrothermally produced MoS2 after a reaction time of 18 hours in an autoclave, showing a high 
degree of 1T-phase production of about 87 %, but never full conversion. 

Therefore, the synergistic effect of carbon materials combined with TMDCs is observed many 

times in the literature that also was observed for the carbon-WS2 interfaces in publication 2, 

where a synergy of the combined materials was observed leading to larger Cs of the capacitors 

compared to the individual species. Convincingly, one can assume that the effect of the 

surface transition of the TMDCs paired with large porous systems of carbon-based materials 

will become important for future developments. In addition, with the tuneable direct band 

gap of the monolayered WS2 and MoS2, high-energy electronics, new-generation transistors 

and improved sodium storage, TMDCs are having manifold future applications.8,35,49,180
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3. Publications 
 

My publications as first author, a shared first authorship, and two publications as co-author 

are listed in the following. For each publication, a short introduction addresses the scientific 

context and current state of literature when it was published for reasons of justification. To 

differentiate my contribution from the co-authors' work each contribution of myself and the 

other authors is described for each publication: 

Publication 1 is based on the master thesis of Leonardo Merola, my former student who was 

supervised by myself and Prof. Teresa Gatti. He achieved a major part of the experimental 

data reported in this publication during his thesis period. I performed additional physisorption 

measurements, SEM, TGA, electrochemical impedance spectroscopy (EIS) and CV 

measurements. Data interpretation was carried out by myself, Leonardo Merola, Francesco 

Lamberti (a collaborator of Prof. Gatti from the University of Padova, Italy) and Prof. Teresa 

Gatti. Matteo Crisci measured XPS spectra and also helped analyse them. I prepared all drafts 

of the manuscript, supporting information and figures with the supervision of Prof. Gatti, who 

gave fruitful suggestions for manuscript improvement. Dr. Lamberti also helped in the 

organization of the drafts. 

Publication 2 is a result of experimental work and sample production done by Melissa Happel, 

a former master's student who was supervised by Prof. Gatti and myself. Melissa produced 

samples and conducted a major part of CV measurements in the Swagelok cells. I conducted 

other CVs, EIS, Raman, XRD, SEM, EDX, conductivity measurements, TGA, bending tests and 

electrochemical stability tests. Mechanical stress-strain tests were done by Marta Fadda, 

supervised by Dr. Giovanni Perotto, both members of the Smart Materials Group at the Italian 

Institute of Technology in Genova ( Italy). Both also contributed to the analysis and 

interpretation of mechanical stress-strain curves. Interpretation of the datasets was done by 

me and discussed with Prof. Gatti. The figures, the manuscript text and the supporting 

information were drafted by me and discussed with all co-authors before submission.
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Publication 3 is a shared first authorship between Matteo Crisci, Micaela Pozzati and myself. 

The experimental concept was mainly outlined by myself and Matteo Crisci. I produced a 

majority of samples and conducted Raman measurements. Additionally, I wrote the paragraph 

on Raman analysis in the manuscript and contributed to its overall finalization. Matteo Crisci 

did sample preparation and DLS measurements. Micaela Pozzati contributed to sample 

preparation and measured UV-Vis spectroscopy data and TEM, she also wrote major parts of 

the manuscript. Analysis and interpretation of data was done in a collaboration between all 

of us while being supervised by Dr. Mengjiao Wang and Prof. Teresa Gatti. 

Publication 4 is another co-authorship where I contributed with my work on exfoliation. 

Similarly to publication 3, I conducted a major part of the sample preparation and Raman 

analysis. DLS measurements were carried out by Matteo Crisci. All other data were gathered 

by Micaela Pozzati, namely UV-Vis spectroscopy, TEM, SEM and thin film preparation. 

Interpretation of the Raman data and the elaboration into a paragraph were my contributions 

to the manuscript, which was then completed and assembled by Micaela Pozzati, supervised 

by Dr. Wang and Prof. Teresa Gatti. 

Publication 5 is a work from Matteo Crisci. My contribution is based on the production of the 

bidimensional 2H-phase of WS2 in suspension, which was used as electrochemically active 

material in composites with a conducting polymer (PANI). I provided UV-Vis spectroscopy and 

Raman spectroscopy data, including their interpretation, as characterization tools for the WS2. 

My contribution is to the chapter “Liquid-phase exfoliation of WS2”. 
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3.1. List of Publications 
 

Publication 1: 

“Assessing the Effect of Stabilization and Carbonization Temperatures on Electrochemical 

Performance of Electrospun Carbon Nanofibers from Polyacrylonitrile” 

Advanced Energy & Sustainability Research 2023, 4, 2300121, 

https://doi.org/10.1002/aesr.202300121 

 

Publication 2: 
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Storage” 

ACS Applied Energy Materials, 2024, 7, 11, 4733 – 4744, 
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Publication 3: 

“Systematic Investigation on the Surfactant-Assisted Liquid-Phase Exfoliation of MoS2 and WS2 

in Water for Sustainable 2D Material Inks” 

Physica Status Solidi Rapid Research Letters, 2024, 2400039, 1 – 9, 

https://doi.org/10.1002/pssr.202400039 

 

Publication 4: 

“Water-Based Bi2S3 Nano-Inks Obtained with Surfactant-Assisted Liquid Phase Exfoliation and 

Their Direct Processing into Thin Films” 

Colloids and Interfaces, 2024, 8, 28, https://doi.org/10.3390/colloids8030028 

 

Publication 5: 

“Nanostructures 2D-WS2@PANI nanohybrids for electrochemical energy storage” 

Frontiers in Chemistry, 2022, 10, 1 – 11, https://doi.org/10.3389/fchem.2022.1000910 
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EUROMAT 2021, 2021, Graz, Austria (online) 

Preparation of Porous Thin Films from „Green“ 2D Material Inks of WS2 from Liquid Phase 
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Polyacrylonitrile (PAN) is considered one of the most commonly used precursor polymers for 

high conductivity and large capacitive CNFs.181 According to the literature, countless examples 

of CNFs are produced from several imaginable precursor materials, from synthetic polymers 

to nature-based ones. PAN, PVP, CA which was electrospun first by A. Formhals92, PVA, 

Polymethyl methacrylate (PMMA) and polyimide (PI) are only some of the most used 

precursors.181,182  The literature consistently highlights the significant impact of temperature 

treatment on the properties of CNF. Ramos et al. as one example demonstrated the clear 

dependency of the (Brunauer-Emmet-Teller) BET surface area with increasing temperature, 

ranging from 500 °C to 3000 °C. Towards larger temperatures, graphitization and sintering of 

the carbon material occur leading to a decrease in surface area of the CNFs.105,183 For 

capacitive applications especially the surface area is a substantial property of a material for its 

success. CNFs provide huge surface areas of up to 720 m2 g-1 or even 1230 m2 g-1, owing to 

their high meso- and nano-porosity.184,185 For nearly all types of CNFs, regardless of precursor 

material or heating treatment, a range of structural analyses are typically conducted, including 

BET measurements, XRD, Raman, infrared spectroscopy (IR), SEM and TEM images.105,183,186–

191 These methods provide valuable insights into the structure, stacking, defect ratio and 

overall appearance of fibrous material can be observed quite well. The structure can be 

related to the surface area that is – as mentioned – strongly depending on the temperature 

treatment. 

To gain insights into charge storage behaviour and internal resistance, it is essential to perform 

charge-discharge cycles, CV, EIS or volume resistance measurements.185,187–189,191 These 

techniques are widely used in the field and provide crucial information on the performance 

and efficiency of supercapacitors, beyond what structural properties alone can reveal. In the 

aforementioned publications, no clear trend can be observed to understand the resulting Cs 

by only looking at the BET surface area. The capacitance cannot be directly related to only the 

surface area, moreover, the composition of the final product is of tremendous importance for 

the final performance. 
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Besides Carbon, additionally Nitrogen and Oxygen are incorporated into the fiber’s structure, 

diffuse into the fiber and form active sites and defects, contributing to Cs.192–195 The presence 

and distribution of these heteroatoms depend on the temperature treatment and the 

composition of the initial fibers. There are four different kinds of nitrogen atoms bonding into 

the carbon lattice, all contributing differently to the charge storage capacitance.196 

Additionally, not only one but two distinct temperature treatments with stabilization and 

carbonization are needed to produce cyclic structures in the carbon lattice to enable efficient 

graphitization. The complex stabilization where dehydrogenization, oxidation and cyclization 

occur, is drastically affecting the fibers’ composition.197–199 Therefore, stabilized PAN fibers 

exhibit skin-core structure due to diffusion effects during the stabilization process. 

Consequently, a different chemical environment is present at the surface of the CNFs 

compared to its core after the stabilization step, leading to variations in composition and 

properties across the fiber.191–195 

This was the starting point for the following publication. Kim et al.189 presented a versatile 

analysis focusing solely on the structural characteristics, Cs and the chemical composition but 

only for the final CNFs. However, our work extends beyond this, by providing an analysis of 

the structural and compositional changes of CNFs not only addressing the carbonization 

process, but also the crucial stabilization step. To achieve this, we supplemented traditional 

analysis methods such as Raman spectroscopy, XRD, SEM etc. with XPS data. XPS, being highly 

surface-sensitive, provided detailed information on the oxidation states of nitrogen and 

oxygen species present at the CNF surface. Further, we correlated the measured Cs of the 

symmetric supercapacitor device with the surface area and the surrounding elements 

differently bonded to the surface. In this manner, we optimized not only the CNF's 

performance in terms of Cs in their final state but also were able to show the effect of the 

stabilization treatment on the CNFs towards their Cs. 
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In the context of electrospinning for SCs, carbon is widely utilized due to its large surface area, 

especially CNFs as shown in the previous publication are considered state-of-the-art. 

However, pure carbon-based materials contain one large drawback – their inherent 

brittleness.192 Despite offering excellent conductivity and a large surface area, which 

contribute to their ideal charge storage capabilities as previously dicussed.105,182 The problem 

with carbon-based networks and matrices lies in their unsuitability for flexible charge-storage 

devices. In brittle materials, bending, tilting or any form of rumpling can lead to breakage and 

contact loss, creating an insurmountable hurdle for maintaining device integrity. In order to 

overcome this issue, plenty of approaches to prepare flexible charge-storage devices have 

been done going from foils, over membranes, towards flexible and conductive polymers, 

printed inks on flexible substrates, skeleton-structured hybrid films, hydrogels and most likely 

even more.10,20,64,107,200–207 Another factor that comes into play is the sustainable approach 

that is a crucial demand for future devices in an industrial context. Recycling is especially 

crucial for Europe, where resource availability is limited, as highlighted by the “European 

Critical Raw Materials Act”, published annually.208 The act underscores the importance of 

recycling solid waste, particularly waste generated by batteries due to their lithium content. 

Ensuring effective recycling processes is essential to conserve these critical resources. Rare 

elements need to be recycled to ensure an intact supply chain but also for more abundant 

materials like graphite, with a far-reaching view, recycling is considered to be important.208–

214 

From this starting point we were inspired to work on flexible nanofibrous materials for energy 

storage using simple, abundant resources and sustainable and non-toxic preparation 

methods. The primary demand for such charge-storage solutions arises from wearable and 

portable devices designed for close proximity to the human body which further pushes 

research towards non-hazardous chemicals in this field of research.88,205,215 From the literature 

2D-material based composites made from any sort of conductive carbon species and 

bidimensional materials like MoS2 and WS2 are frequently used for supercapacitor 

applications obtaining large Cs as it was discussed previously.170,177,207,216–220 As 

publications 2 – 5 indicate, over the years I was able to collect an expertise in the field of top-

down exfoliation methods like shear mixing, tip sonication, intercalation methods and 
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electrochemical exfoliation. It was used to prepare mono- and few-layered WS2 for charge 

storage. Here, Raman spectroscopy is a valid choice of analysis method to prove the two-

dimensionality since the intensity and position of the (2LA+E2g) and A1g bands change with 

decreasing number of layers.12,29,31,221 For wet chemical top-down approaches mainly NMP is 

used as solvent in the literature since the highest yields of exfoliated material were achieved. 

The drawback is its toxicity and the high price which brought me to the choice of a water-

isopropanol mixture to reduce cost and facilitate recyclability.14,67,222–224 As backbone 

materials I also decided to follow the philosophy of simplicity. PEO is the most prominent 

polymer for electrospinning due to its easy handling, low price and the possibility of using H2O 

as a solvent.102,109,225–227 To overcome the issue of low conductivity of PEO, I used a 

nanoparticle-based approach adding MWCNTs and CB conductive species besides 2D-WS2 to 

combine the properties of all these materials. Indeed, using a versatile set of data analysis 

including imaging methods like SEM, and compositional methods like XRD, Raman and EDX we 

were able to prove the presence of all species in the produced fibers. Subsequently bending 

tests and stability tests were conducted to prove the fibers’ flexibility. Electrochemical analysis 

revealed a synergistic effect contributing to higher Cs compared to each individual species. 

This effect is related to the overall enlargement of conductivity but also an intimate contact 

between carbon materials and 2D-WS2 as TEM, SEM, EDX and TGA obtain. The 

nanoengineering of functional materials in different compositions led to a flexible device using 

sustainable working processes being potentially embedded into low-power and lightweight 

electronics. 
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This publication is related to the top-down approach of producing monolayered and few-

layered transition metal dichalcogenides and joins the ranks with the following publications 

(publication 4 and publication 5). As a recap, it is essential to recognize the potential impact 

that TMDCs could have on the future of nanoscale electronics. The significance of these 

materials became evident in 2004 when Novoselov and Geim successfully produced 

monolayers of graphite, known as graphene, and demonstrated its exceptional conductive 

properties for electric currents.13,22,23 From there on the scientific community quickly went on 

to the idea of single-layered semiconductors for transistor applications.35,49 TMDCs were 

considered to be sufficient choices for monolayered materials based on the chemical structure 

having weak VdW-interactions between stacked layers instead of chemical bonds.12,14,30,33 To 

obtain the monolayered material both top-down and bottom-up approaches can be 

employed. Bottom-up approaches like CVD typically yield higher quality, producing perfect 

triangular monolayers of MoS2 or WS2.228,229 However, the top-down approach is more cost-

effective, sustainable and scalable. Here, shear forces are used to exfoliate monolayers from 

the bulk material.14,67,230 Normally, NMP is used as a solvent but in order to follow a 

sustainable approach we chose water-based LPE methods instead.14,223 To increase the yield 

and concentration of 2D material the exfoliation process is supported by adding surfactants 

into TMDC-H2O suspensions.12,14,55,67,87,222,223,231 While most publications argue that there is a 

dependence between the surfactant concentration, the yield and the quality of exfoliation, 

some argue that the influence of concentration is negligible.232,233 To understand a possible 

correlation between concentration and exfoliation yield we performed a series of 

experiments. The concentration of initially three different surfactants was varied from the 

CMC and stepwise below. SDS, SDBS and SHS were chosen as surfactants, having different 

molecular masses which gives tendencies if larger surfactant chains are beneficial for the 

exfoliation process. The quality of exfoliation was exploited using UV-Vis spectroscopy, Raman 

spectroscopy and the specific Zeta potentials for all suspensions. This approach allowed for 

the evaluation of various surfactants based on their effectiveness in stabilizing exfoliated MoS2 

and WS2 suspensions. Key factors such as quality, exfoliation efficiency, band gap, suspension 

stability, and concentration were used to compare and classify each surfactant's performance. 

We observed that different surfactants and their concentrations yielded varying results for 
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WS2 and MoS2. For MoS2, SHS at a concentration of 8.2 mM provided the best suspension 

stability, while SDBS at 1.0 mM was most effective in terms of yield. For WS2, an intermediate 

concentration of 4.1 mM SHS achieved the best balance between suspension stability and 

exfoliation quality. It is important to learn two things from the conducted experiments. First 

of all, the most effective concentrations of SDBS and SHS were above the CMC for each 

surfactant resulting in the best performing suspensions. However, no single surfactant 

emerged as the definitive choice. The exfoliation process must be tailored for each material 

and its intended application, balancing suspension stability and exfoliation quality. This 

balance often involves compromises, as increasing the concentration of TMDCs or surfactants 

tends to negatively impact stability. 



3.5. Publication 3  

102 
 

 
 



  3.5. Publication 3 

103 
 

 

 



3.5. Publication 3  

104 
 

 

 



  3.5. Publication 3 

105 
 

 



3.5. Publication 3  

106 
 

 



  3.5. Publication 3 

107 
 

 



3.5. Publication 3  

108 
 

 



  3.5. Publication 3 

109 
 

 



3.5. Publication 3  

110 
 

 



  3.5. Publication 3 

111 
 

3.5.1. Supporting Information – Publication 3 

 



3.6. Publication 4  

112 
 

3.6. Publication 4 
 

In a collaborative effort, similar to the previous publication of WS2 and MoS2 exfoliation, in 

this co-authorship I worked together with Matteo Crisci and Micaela Pozzati on the exfoliation 

of Bi2S3. 2D-Bi2S3 is potentially interesting for many applications like energy harvesting, for 

sensors, optoelectronics and in thermoelectricity. The low thermal conductivity, strong spin-

orbit couple, high absorption coefficient and direct band structure in the bidimensional state 

are the most interesting properties related to this material.231,234–240 We employed a similar 

exfoliation approach to our previous work with MoS2 and WS2, utilizing water-based methods 

and various surfactants to optimize the yield and quality of the exfoliated Bi2S3. Given Bi2S3's 

lamellar structure, characterized by covalent bonds in-plane and weaker Van-der-Waals 

interactions out-of-plane, it can be mechanically exfoliated much like other metal 

dichalcogenides.12,14,32,33 Therefore, we treated the Bi2S3 in the same way as WS2 and MoS2 

regarding surfactant choice and its concentrations. For experimental analysis we utilized TEM, 

SEM, Raman spectroscopy, UV-Vis absorption and DLS analysis for quantifying the 

concentration, band gap, average particle size and overall appearance of the suspended 

particles in the same manner as previous. In general, the highest yields of exfoliated product 

were obtained for 8.2 mM SHS surfactant independent from the TMDC. However, the 

maximum yield of Bi2S33 of 1.4 % reaches almost half of the obtained yield for WS2 as reported 

in publication 3. Further, the largest colloidal stability was achieved using SDBS as surfactant 

for produced suspensions. Using the suspensions, it was possible for Micaela Pozzati to show 

that a tuneable bandgap of the Bi2S3 thin films can be achieved by changing deposition 

parameters and film thickness. 
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Matteo Crisi produced different hydrogels from WS2 and PANI hybrids for electrochemical 

applications as supercapacitors. By using a cost-effective and straightforward templating 

approach with NaCl, he was able to tune the morphological characteristics and performance 

of these materials as energy storage devices. The observed capacitive behaviour was linked to 

structural changes induced by varying the ratio of active materials and NaCl loadings. It is 

desirable to integrate these hybrid materials into wearable and flexible electronics, utilizing 

gel or fiber-type scaffolds in future projects. To produce these hybrid materials, I contributed 

by exfoliating WS2 in a sustainable approach using IPA and H2O as solvents in a 7:3 v/v 

ratio.14,223 As proof of exfoliation I also performed Raman spectroscopy measurements and 

UV-Vis spectroscopy measurements as well as analysed the excitons and vibration modes to 

show the shift and intensity changes of the wavenumber correlated to the degree of 

exfoliation.12,58,87,241 By implementing conductive agents like PANI into hybrid materials the 

low conductivity of exfoliated WS2 can be surmounted and combined properties are obtained 

as well as it was done with WS2-carbon hybrids in publication 5.9,168,169,242 
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This dissertation contributes to three key areas: electrospinning, exfoliation and flexible 

energy storage. The process of electrospinning has shown to be a versatile technique, both 

for producing flexible backbone materials as well as the preparation and improvement of 

carbon materials using polymer solutions as precursors. Throughout the research, I gained 

significant expertise in the method, particularly in electrospinning PAN fibers (publication 1) 

and PEO fibers (publication 2), as well as exploring other materials. Produced fibers were 

specifically tailored for applications in flexible energy storage devices, widely known in 

literature, like carbon-based fibers, polymer fibers using conductive polymers like PEDOT:PSS 

and other composites as well as core-shell structures.48,215,243–246 During the optimization, a 

study was conducted to examine the effects of heat treatment on electrospun CNFs by varying 

Ts and Tc. After electrospinning, the conversion of PAN fibers to CNFs is attained by these two 

heat treatment steps. The specific surface area, the nitrogen ratio and bonding types turned 

out to be strongly dependent on the specific temperatures chosen with optimum Cs achieved 

at T= 325 °C and Tc= 800 °C of about 49 F g-1 at 0.5 A g-1. 

Using this combination of heat treatment, the degree of graphitization in combination with 

the largest accessible surface area leads to the highest Cs. However, at carbonization 

temperatures above 800 °C, Cs decreased due to a nitrogen loss, which reduced the 

pseudocapacitive contributions from pyridinic and pyrrolic species in the carbon lattice. This 

highlights the importance of carefully optimizing the thermal treatment process for energy 

storage devices and the many steps in a process that need to be addressed for the 

optimization of a product or device. Moreover, in terms of recyclability, optimizing simple 

materials is crucial, as complex composites and doped systems are much harder to recycle in 

line with circular economy principles. Thus, refining processes at each stage cannot only 

improve properties like Cs in this particular case but also contribute to more sustainable 

energy storage solutions acknowledging the bigger picture.247 
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However, due to the limited flexibility of CNFs, other approaches were followed involving 

material mixtures and compositions of carbon-based materials. Here, TMDCs were selected 

as active species having versatile properties ranging from their large surface area, electronic 

properties, adjustable bandgap and their possible phase transitions from the semiconducting 

towards the metallic phase.18,29,248 In supercapacitor applications these materials are ideal 

candidates in combination with conductive carbon species, as previously reported in the 

literature.9 

To fully utilize the wide range of TMDC properties, exfoliation throughout top-down 

approaches is necessary. Choosing the top-down methods comes with several benefits 

regarding yield, costs and sustainability. Using water or alcohol as solvents instead of NMP as 

the most efficient solvent for most exfoliation processes, the toxicity and costs are reduced 

drastically.32 The usage of water typically results in lower yields, which can be faced by 

employing surfactants as suspension-stabilizing agents for the exfoliation process. This 

combination helps to maximize the efficiency of TMDC exfoliation while maintaining 

environmental and economic viability. 

Working on the exfoliation process of TMDCs, two studies were published (publications 3 & 4) 

that explored the impact of various surfactants and concentrations on the exfoliation 

efficiency of MoS2, WS2 and Bi2S3. It was revealed that MoS2 aqueous solutions with 

concentrations of 8.2 mM SHS lead to highly stable suspensions while 1.0 mM SDBS 

suspensions remain less stable but produce the highest yield. For WS2 the highest yield was 

obtained using 8.2 mM SHS aqueous solutions as exfoliation medium. However, exfoliation 

efficiency is low since it lacks in the degree of exfoliation. Here, 4.2 mM SHS was considered 

to be the best choice in terms of stability and monolayer production of the inks. For Bi2S3 the 

aqueous solution containing 8.2 mM SDBS provided the most stable suspensions but the yield 

of SHS at 8.2 mM suspensions was higher compared to SDBS.  
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Overall, SHS at high concentrations proved to be the most efficient surfactant across various 

TMDCs. Notably the best-performing surfactant concentrations have been far above the CMC 

of SHS which is 0.55 mM. The results suggest that depending on the application, the 

preparation of stable suspensions of TMDCs should be varied in terms of concentration and 

surfactant to obtain either high concentrations, a higher degree of exfoliation or more stable 

suspensions. Depending on the application as a high-energy material or for electronics, 

changing the exfoliation medium can be a wise choice for optimizing processes. 

The combination of TMDCs with carbon-based materials was utilized afterwards to produce 

flexible energy storage devices based on PEO fibers in publication 2. In addition to 

electrochemical characterization and capacitance retention, the flexibility and mechanical 

resilience of the devices were studied. The bending of the pristine cell led to a strong increase 

of Cs rising from 7.77 F g-1 to 14.35 F g-1 due to pressurization. After three bending cycles, a 

plateau around 5.70 F g-1 was reached in the flattened cell. The addition of MWCNTs as 

nanofillers improved the fiber stability and further increased Cs. Although the Young’s 

Modulus of the PEO fibers decreased with the inclusion of WS2, MWCNTs enhanced the tensile 

stiffness, raising it from 42.99 ± 11.92 MPa to 96.47 ± 31.90 MPa. Most importantly, the 

preparation of the composites exposed a synergistic effect of the exfoliated WS2, MWCNTs 

and CB leading to higher Cs which does not derive from the simple sum of all components. The 

attractive interaction between the materials was also seen in TEM images, where WS2 

particles are surrounded by carbon material and vice versa highlighting the strong material 

synergy.62,249 
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Further research should focus on identifying the exact mechanism behind the observed 

synergy between carbon materials and TMDCs, which has also been reported in the literature 

for MoS2-carbon composites in intercalation processes.19 To further explore this, the same 

types of flexible energy storage devices should be produced using MoS2 instead of WS2, 

allowing for performance comparisons and a deeper understanding of this synergy. 

This interaction might stem from phase transitions of TMDCs near the carbon surface, possibly 

involving the more conductive metallic 1T-phase. Here, other approaches using the 1T-phase 

can be followed as well since its electrical conductivity is superior to the 2H phase. The 

optimized CNFs from publication 1 could be a considerable backbone material for the 

deposition of TMDCs on the surface using hydrothermal reactions using bottom-up 

approaches. 

Additionally, since nitrogen is used in CNF production, preventing the oxidation of TMDCs, 

TMDCs could be directly integrated into the spinning suspensions to create TMDC-CNF 

composites. Here, the synergy effects between TMDCs and carbon could play a major role as 

well for the performance as an energy storage device. The combination of TMDCs and CNFs 

could further benefit from past optimizations in both material systems. By embedding TMDCs 

into CNFs during the electrospinning process, the resulting composite could leverage the 

conductive and surface properties of both materials taking advantage of the expected 

synergy. 

The synergy effect between TMDCs and carbon is not the only noteworthy aspect of these 

studies. Changes in Cs were obtained from the pressurized cells in publication 2. This opens 

up the possibility of using flexible, symmetric capacitor devices in pressure sensor 

applications. Such devices could be implemented to detect high-pressure areas on non-flat 

surfaces to identify weaknesses or abrasion regions. Additionally, they could be used as inserts 

in shoes to map the load distribution on the sole for medical and ergonomic applications. This 

highlights the multifunctional approaches and possible potential of the flexible composites 

and the individual materials beyond energy storage, broadening the scope and giving space 

for creativity regarding their application.249 
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