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Zusammenfassung

Die Reduktion von GE&missionerist eine unabdingbare Konsequenz fiir ddsiterbestehen

des globalen Okosystems. ZuEmeichen dieses Ziels muss die gesamte Weltwirtschaft den
Ubergang von einer rohélbasierténin zu einervon erneuerbaren Energieangetriebenen
Gesellschaft und Wirtschaftvollbringen. Energiespeicherung, ihre Nutzung und das
Transportwesen sind die entscheidenden Sektoren fir eine effiziente Energienutzung.
Zentrale Bestandteile dieser Entwicklung sind neue Anwendungen und technische Losungen
fur fortschrittliche Batterie und Kondens@mrmaterialien. Nach der Entdeckung von Graphen

vor 20 Jahren als das erstegenanntec?D Materiaf, sind kohlenstoffbasierte Materialen
aufgrund ihrer hohen spezifischen Oberflache und der groReféhigkeit zum Gegenstand

und Mittelpunkt der Kondensatorforschung herangewachsen. Diese Eigenschaften sind ideal
fur die Entwicklung von Superkondensatoren, welche die Briicke bilden zwischen Batterien
mit hoher Energiedichte und Kondensatoren mit holh&istungsdichte. Zuséatzlich hat die
Entdeckung von Graphen einen weiteren wissenschatftlichen Zweig erdffnet, die Forschung an
zweidimensionalen Materialien. Hier sind besonders Ubergangsmietzdlkogenide
hervorzuheben, die im Gegensatz zu Graphen einedlBake adweisen. Aufgrund ihrer
Eigenschaften ist ein breites Forschungsspektrum fir diese Materialien in den Bereichen von
Energiespeicherung, Transistortechnik, Wasserstoffsynthese und Sensortechnik gewachsen.
Die Kombination von Ubergangsmetiithalkogeniden mit Kohlenstoffmaterialien ist
Gegenstand der Forschung fur flexible und leichte Energiespeicherung, dessen Bedarf in der

heutigen Welt stetig am Wachsen ist.

Diese Dissertationleistet in den Themen der Entwicklung und Optimierung von
Energiespeichersystemen, mit besonderem Augenmerk auf Superkondensatoren und flexible
Energiespeicherjhren Beitrag Auf der einen Seite liegt der Fokus auf fundamentaler
Verbesserung im Herstellungsprozess und der Temperierung von Kohlenstoffnanofasern, zur
Erhohung der spezifischen Kapazitat, welche eine wichtige Rolle als Tragermatenialien
Superkondensatoren einnehmeiuf der anderen Seite untersucht diese Dissertation die
Kombination von dersen Kohlenstoffmaterialien mit denoben genannten
Ubergangsmetadlichalkogeniden. Dafiir wurde ein wasserbasierter Prozess zur Exfolierung
von W3, MoS und ByS Materialien verwendet, um flexible Kondensatoren und Dunnfilme

herzustellen.
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Besonderes Augenmlewurde hierbei auf die Optimierung von Exfolierungsprozessen fir das
jeweilige Ubergangsmetaichalkogenid gelegtDie jeweiligen Tenside und ihre idealen
Konzentrationen fur die Exfolierung wurden untersucht, um die Effizienz des Prozesses und
die Konzentration der Suspensionen zu optimieren. Ziel ist die Verbesserung und Verwendung
von wasserbasierten Verfahress nachhaltigere Alternative fir die Verwendung von N

Methyl-2-pyrrolidon, welchesufgrund seiner Eigenschafté@ufig bevozugt wird.

Das Wissen ausxfolierung undler Herstellung von Nanofasern wurde genutzt, um flexible,
symmetrische Kondensatoren basierend auf Polyethylennanofasern herzustellen. Hierfur
wurde zweidimensionales W8it Kohlenstoffmaterialien wie Kohlenstoffnanoréhrchen und
Rul3 kombiniert. Durch diese Materialkombination konnten Kondensatoren hergestellt
werden, die Synergedfekte zwischen den aktiven Materialiesufzeigten.Diese Effekte
ermdglichen verbessertelektrochemische Eigenschaften vaiem Beispietlie Erhérungder
spezifischa Kapazitatund leisten somiteinen fundamentalen Beitrag zur Forschung an

leichten und flexiblen Energiespeichersystemen
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Abstract

The urgent transition from a fossil fubhsed economy to one powered by renewable energy
is critical for reducing G@missions and ensurirgjobalecosystem stabilityEnergystorage,
energy consumption and transportation are tlveucial sectors forefficient energy usage
Central to this effort are ew approaches and technical solutiofts advancedbattery and
capacitormaterials.Carbonbased materialsparticularly since the discovery of graphene as
the first 2Dmaterial 20 years agohavegained significant attention for their high surface area
and conductivity.Thesepropertiesare idealfor the development of supeapacitors which

are bridgingthe gap betweerhigh-power density materials like capacitors amigh-energy
density materials like batteries. After the discovery of graphene, transition metal
dichalcogenidefiave 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 sen3imig.dissertation contributes to
the field by developing and optimizingharge storage devicewith particular emphasis on
supercapacitorand flexible energy storag®n the one land, it focuseson the fundamental
improvement ofcarbon nanofibers, being a backbone akely materialfor supercapacitor
applications. Here, th optimization of the temperature treatment was done to increase the
specific capacitance and improtiee performance of the supercapacito@n the other hand,

the dissertation explores the combination afarbon materials with transition metal
dichalcogenides Therefore, vater-based exfoliation processes were used to obtain
bidimensional WS MoS and BS suspensions for applications as flexible capacitors or thin
films. Emphasis was put on optimizirsgirfactantspeciesand their concentrationsor the
individual transition metal dichalcogenides following tliege for greener methods in
production using watesurfactant combinationsinstead of NMethyl pyrrolidone This
knowledge gained from these studiesvas applied to combine carbon materials with
bidimensionalWS to investigate the energy storage properties in flexibled symmetric
capacitorgroducedfrom poly(ethylene oxidégfibers.Using the combination of carbemased
materials like carbon black and multialled carbon nanotubes withidimensionaW$S and
polymer fibers as backbone material, we were able to demonstrate a flexible symmetric

capacitor device
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Abbreviation List

Abbreviation | Description Abbreviation | Description
2D Bidimensional NMP N-Methyl pyrrolidone
AcAc Acetyl acetate OHP Outer Helmholtz Plane
ALD Atomic layer deposition | PANI Polyaniline
BET BrunauerEmmetTeller P Power density
CA Cellulose acetate PEDOT P0|y3’4F. .
ethylendioxythiophen
CB Carbon black PEO Polyethylene oxide
CNFs Carbon nanofibers Pl Polyimide
CNTs Carbon nanotubes PLD Pulse laser deposition
G Specificcapacitance PMMA Poly(methyl methacrylate)
CVv Cyclic voltammetry PSS Polystyrene sulfonate
CVvD Chemical vapor depositio] PVA Polyvinyl alcohol
D Directionality coefficient | PVP Polyvinyl pyrrolidone
DFT Density functional theory | rGO Reducedyraphene oxide
DLS Dynamic light scattering | SALPE Surfactant a.SS_ISted liquid
phase exfoliation
E Energy density SCs Super capacitors
- Sodium dodecylbenzene
=8 Surface energy liquid SDBS sulfonate
Esws?2 Surface energy WS SDS Sodium dodecyl sulfate
EDL Electrical double layer SEM S(;annlng electron
microscopy
EDLC Electn.c double layer SIBs Sodium ion batteries
capacitor
EDX Energy dispersive-day TEM Tr_ansmon electron
spectroscopy microscopy
EtOH Ethanol TGA Thermogravimetric analysis
FWHM Full Wldth at Half TMDCs T_ransmon m_etal
Maximum dichalcogenides
GO Graphene oxide UW-Vis UV (ultra violet)Vis (visible)
IHP Inner Helmholtz Plane Vo Vibrational ground state
IPA Isopropanol ViV glbratlonal energy statesd
LIBs Lithium lon Batteries Vdw Vander-Waals
LPE Liquid phase Exfoliation | XPS Xray photoelectron
spectroscopy
MBE Molecular beam epitaxy | XRD X-ray diffraction
MWCNTSs Multi-walled carbon ZP Zetapotential
nanotubes
NaCh Sodium cholate

Xl






Contents

O 10T 8o 1 o] o PO PP P PO PP PUPRPPPI 1
2. Theoretical BaCKGrOUNG............ooiiiiiiiiiiiiiie e e e e e eeeas 5
2.1. Production of Transition Metal DichalCOgenides. ...........cooiiiiiiiiieiiiiiiiiiee e 5
2.1 0 EXFONBLION. ....ceiiiiiiieiiit ettt ek e s e e e 6.

A A 1= = L YT o PSRRI 8
2.1.3. TIP SONICALIQN . .....eeeiieeeiiiie it e et e e e e e e e e s e s e e e e e e s annn e e e e e e e e anneees 9

2.2. Characterization MetNOUS...........ooiiiiiiiiiii e e e 11
2.2.1. Raman SpPectroSCOPY OF MVS.... .ot 13

2.3. Flexible ENErgy SIOMage ...ttt e e e e e e e e e e e e e aaaaaaaaaa e 18
2.4, ElECIOSPINNING .....cciiiii it e e e e e e e e e e e e e e eaaeaaaaaeaaaaaaaaaeeseassesasaaaaaaaananns 20
2.4.1. SETUP ANA PrOCESS. ...cce ittt ettt e e a e e e e e e e e e 21
2.4.2. Jet INSTADIITIES ....ceee i 23
2.4.3. Composites fromBIeCtrOSPINNING. ........ccoiiiiiir e e e e e e e e aaaaaaa e 24

2.5. Supercapacitors and EleCtroChemistry..........cccccoeeeeeiii e 26
2.5.1. HEIMNOIAVOEL .......cooiiiiiiiiei e 26
2.5.2. GOUYChapMAaRAMOUEL..........uiiiiiiiiiii e e e e 27
2.5.3. GouyChapmMaRSIEIMIMOUEL........oiieiiiiiie e 27
2.5.4. GraNam@OAEL.......cocuuiiiiiieie e 28
2.5.5. SupercapacCitOFDEfiNItION.........eeiiiiiiiiiiicee e 29
2.5.6. TMDCs as Energy Storage MaterialS. ..........cc.uvriiiiiiiiiiiiiiieee e 32

T ¥ o] [Tor= 11 o] o - PO PP PP PP PPPPPPPPPTRN 36
3.1, LiSt Of PUBICALIONS.........ciiiiiiieie e 38
3.2. ContributioNS tECONTEIENCES ... ..eiiiiiiiiee et 39
R N ¥ [ o] o= 110 o 1Y F PP PP PUPPP PP 40
3.3.1. Supporting Informatio Publication L.............cccooiiiiiiiiiieeiiiiiiee e 54

I O ] o] [ o7 11 o] APPSO PP R PPPPPPPPRRIN 69
3.4.1. Supporting InformatioQ PubliCation 2..............ccooiiiiiiiiiieiiii e 83
3.5, PUBIICALION 3.t e e 100
3.5.1. Supporting InformatiogPublication 3. 111
N G 0] o] o3 110 1 NPT PPPPPPPPPPPPPP 112
3.6.1. Supporting InformatioQ Publication 4...............coooiiiiiiiiiieiee e 126
.7, PUBIICALION B....ceiieieeee ettt e e e e e e e 130
3.7.1. Supporting Informatiog Publication 5..............oooooiiiii e 142

4. CONCIUSION & OULIOOK......eeeiieeiiiiee ettt e e e e e e e e e e e e 151
5. REIEIENCES.. ...t 155

XV






1. Introduction

1. Introduction

Climate crisis emphasizes the scientific community to focus on the development and
improvement of key technologies for succeeding the transition from a féssHdriven
economy towards a less @@mitting one. Energy production and its distribution is the largest
CQ-producingindustry. With about 13 million barrels per day petrochemical industry is the
second largest consumer of crude oil which is only 1%48f the daily production of 96.4
million barrels per day according to StatidtaTherefore, a majority of about 8% of crude

oil is used for energy production in theectorsof transportation, heating and electricity.
Humanity's reliance on energy has intensified with advancements in technology and
digitalization, leading to increased energy consumptiddditionally, the shift in the mobility
sector from fossil fuetiriven engines to electric vehicles further amplifies energy demand.
majority of energy demanth the pastwas met by fossil fuels aras shown abovds mostly

until today. Howeverin response to thelimate crisisthe transition fromfossil fuels to C&
neutral energy sources is becoming increasingly crucial. Addressing thigniesaty energy
productionfocuseson CQ-neutral sourcesuch assolar power, wind power, biomasand
hydroelectric power plantgseeFigure h). From 2004 to 2022 thehareof renewable energy
production in Europencreasednearly 2.5-fold, risingfrom 15.9% in 2004 up to 39.% in
202232 As a result, renewable energy now constitutes the largest segment of primary energy
production in EuropeHowever, therelianceon wind- and solar powemtroduces a challenge:
These sourceare characterized by anconsistent power profd ¢ if there is no wind and no
sunlight,less or nopower is generated To address this issue, it is essential to store excess
energy generated during periods of high production for use duringdower phases, such as

at night. Consequentlya diversified energy storagsystemis crucialfor balancing peak
consumption and periods of low production, ensuring a stable and reliable electricity grid
across Européd-urther, reliance orsingle elements and materialsuch as lithiumposes risks

told KS 9dzNR LIS Y | yA2y.(Qlereforg Satdfidation is RoSondBiyigeriagt O S
F2N) 0KS SySNHE& 3INAR 0dzi F NEBTY mitigkts theyd riskS, A | £ &
variety of energy storage solutions have been developed, inclusbdgum-ion batteries
(SIBs)vVanadium redoxlow batteries, smart electricity grids including car batteriesaas
buffer, flywheels, hydroelectric storage, compressed air energy storage and manytypese

of batteries, capacitors and physical energy storage systeams that been developed to

1



1. Introduction

diversify energy storageAmong these, ne promising exampldor energy storage devices

are transition metal dichalcogenides (TMDGR)r instancethe substitution of graphite in
lithium-ion batteries (LIBSs) with \Wr example was achievingb % higher capacitances
referred to the theoretical limit of graphité~’ The layered structure of TMDCs cannot only be
usedfor LIBs but also for the intercalation of sodidian SIB application%® Lastly, the large
surface area that layered@MDCsprovide addresseshe major needfor supercapacitor
applications'®*! Tofully leverage the advantageoysoperties of TMDCsingle layers have

to be separatedas this transition from bulk material to monolayers results in a shift from an
indirect to a directband gap'? The interest towards 2D materials arose when Novoselov and
Geim firstexcludedsingle layers of graphite into graphene in 208Asillustratedin Figurelb
between 2000 and 20Q®xfoliation¢ the process of separating single layers of 2D materials

¢ became prominent in the scientific communiwyith 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 TMDG$Especially for transistors, sensors and energy storage from
2013many articles were published as depictedrigure L. Since thenTMDCdhave become
integral to various scientific fieldgping from solar cell applicatiomsdtransistors to energy
storageand flexible electronicdn recent years, aside from their applications in batteries, the
research focus on TMDCs has increasingly shifted towards supercap&{@sd his shift is
driven by the large surface area of TMDCs, which is a critical factor for optin8ging
performance, aghe surface area is keto maximizethe charge storageThe potential of
TMDCs in supercapacitors, demonstrating impressive energy deBgitgnd power density

(Pq), represents a significant breakthrough. These properties not only promise advancements
in largescale energy storage but also hold considerable promise for flexible electronics. The
high energy densities achievable with TM&@hposites make them particularly attractive for
applications in wearable devices, where flexibility and efficiency are cidéfdlow weight

and flexibility are essential characteristiokelectronic devices designed for everyday use.
Given the synergistic effects observed between TMDCs and carbon composites in energy
storage applications, | chose to investigate these material combinations in my

dissertation?:9-14.1219



1. Introduction
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Figure 1: a) Energy production of the European Union in 2022, staggered by the producing sbyftlee number of

Lldzof AOFI GA2ya AY GKS a2S0 2F {OASyO0S¢ daiay3a GKS {(Seg2NRa a
the years going from 1970 untiltodag)¢ KS ydzZYo SNJ 2 F Lldzof AOl GA2ya Ay aD223tS { OK
plotted against the years from 1990 until toda}).¢ KS y dzYo SNJ 2F Lzt AOlF GA2ya Ay (KS a2
GCENI YAAGAZ2Y aSil ftedabanst X .XGtandsSof theirbthe diagtam ldés@ibed 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 electrorios.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
AaSOSNIt yY (2 > Yeto-wlink saNdaydsigrifitaNtBapotosinhIrhiseO
physical properties arbeneficial, especiallfor SCsWith the rise of nanomaterials arttieir
expanding range of applicationscluding TMDCG®lectrospinningoecame a prominent field

of research geeFigure 1), enabling the implementation of nanomaterials into macroscopic

tissuesfor devices, such as flexible electronics or membr&fés.



1. Introduction

During my dissertation, | focused on exploring nanomaterials for flexible energy storage

devices specificallyaddressing the exfoliation process and the preparation of fibrous

materials using electrospinningin publication 1, | concentratedon optimizng CNE as

backbone materials for SC applicatiolhe 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 amgen atmosphere were found to significantly influence

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

storage capacity by ontrolling the surface area through precise heat treatments.
Hectrospinningalso enabledhe preparation of flexible substrateehichwe further explored

in publication 2 Here, wecombhedelectrospinning with TMD€Xxfoliation toinvestigatethe

synergetic effect of carbcbhased materialssuch asarbon nanotubegfCNTsyand carbon

black (CB)with WS. The composites were dispersed into a polymer solytemabling the
electrospinning of suspensions to create flexible capacitivat leverage both their
electrochemical properties and mechanical resilier@ar 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
RSY2YAGNI SR Of SINJ a2ySNAAaAaGAO STFSOGa oSie$sS:
sheets.Given the promising results wittDWS | & | NBLINBaSyidl dA@dS ¢ab
process became a key area of focu®ublications3 and 4 We investigated the exfoliation
O2yRAGAZ2Yy & F2NJaz2{iz 2{ix FYR .Ai{i 02 2LWKGAYA
Various surfactants at different concentrations were tested to underdttheir impact on the

stability, concentration, and degree of exfoliation in the resulting TMDC suspen5iortser

analysis of the stablD-WS suspensions wasonductedin Publication5, where these

suspensions were applied to géde materials. My role involved characterizing and producing
SEF2ftAFGSR 2{i yly2aKSSiaz ¢KA Qalyandime(RARBIRZ / NR & C
hybrid materials for flexible energy storage and pressumess®y applicationsin summary,

the exfoliation of various suspensions and electrospinning techniques were centralvtomy

as a doctoral studentas | sought to combine nanoparticle production with manufacturing

methods to develop devices suited for egg storage and flexible applications.



2.1. Production of Transition Metal Dichalcogenides

2. Theoretical Background
2.1. Productionof Transition Metal Dichalcogenides

The topic of exfoliation aros@ i2004when Novoselov and Geim were the first being able to
produce monolayers of graphite graphene Additionally, they were able to show excellent
conductive propertie®f graphendor electric currents:2223There was significant interest in
this new material due to its unique properties, such as largelame conductivity and high
mechanical strength. This interest extended to graphdeeéved species like CNTS,
nanoribbons, graphene oxides, and graphdrased composite$?® With the successful
delamination quickly other materials got into the focus of the scientific community having
properties different to grapheneThe zero bandgap of graphene is exceptional for electronic
conductivity but excludegraphene innext-generationsemiconductor application®. Here
TMDCs jump in having tuneable band gap compositions with an indinexit bandgap
transition in the bidimensional staté®3!' Comparable to graphite thstructure of TMDCs is
characterized by kplane covalent bonds between the chalcogenides and the metal atoms.
Outof-plane only weak Vader-Waals (VdW) interactions are present facilitating the
mechanical exfoliation of individual layers of the matetfat30-3233During this separation
guantum confinement occurs causing a change of the electronic structure affecting the band
gap33* For technical applicationsthe direct band gap oftwo-dimensional MoS, is
particularly interesting because, unlike graphene, it does not require complex fabrication to
achieve a tuneable bandgaphe first examplef a transistor based on Me#onolayers was
given by Radisavljeviet al. in 2012°> The quantum confinement of the-electrons in
materials like Mogleading to anindirectdirect band gap transitiorthat was proven by
Splendiani et al. in 2010 showing strong photoluminescence after exfoliatioa.discovery

highlighted the potential for precisetyning the electronic structure on the nanoscdfe.



2.1.1 Exfoliation

2.1.1 Exfoliation

The production of bidimensional materials in general is able by following two approaches:
Bottomrup and Topdown as shown irFigure 2 Bottomup synthesedike chemical vapar
deposition (CVD), atomic layer deposition (ALD), electrochemical deposition -@hesmical
approaches like sajel or hydrothermal syntheses use small building blocks, molecules or

atoms for the preparation of larger structures, special shapes or ayiers of producg’-38

Figure2: Differentiation between topdown and bottomup approaches for the production of 2D materidieprinted with
permission from Mengjiao Wang, Michal Langer, Roberto Altieri, Matteo Crisci, Silvio Dsedsg Gait ACS Nano 2024,
18, 13, 92484. Copyright 2024 American Chemical Sodety.

As an examplave look at the Wgproduction.In CVD normallWS is produced directly from

the sulfurization of W@using sulfur or b8 assulfur source$**! In the case oALD normally
guite expensive precursor materials are used like W{CQ) bistert-butylimido)
bis(dimethylamidoYungsten to produce monolayered materialsf high quality*?>“3 In
contrast while other bottomup approaches likeydrothermal synthesiallowfor the growth

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

number of layerg#+8 On the othethand, methods like CVD and ALD can produce single layers

2F 2{i 3> odzi GKS@& O02YS 4A0GK &AIYATFTAOFLYy(d RNI SO

poorly scalable, yielding only small quantities of kiglality monolayered materigf®>°
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2.1.1 Exfoliation

Starting from the other sidghe top-down approaches show other difficultieBorexample,

in pulsed laser deposition LD and molecular beam epitaxyMBE elemental W and S in a
stochiometric ratio 0 WS targetsare typicallyusedas precursorsThese methods primarily
yield polycrystalline and mukiayered system®<>® Here, as for hydrothermal synthesis,
controlling the number of layers is challengisigcebulk materialis randomly dividednto
smaller particles down to the nanoscaldhe topdown approachof separatingindividual
layersis feasibleonly for spedic types of materials likgraphite andTMDCs wherelistinct
bonding interactionsexist between layerd 335455 This processknown asexfoliation, is
unique because it requires applying enough force to overcome VdW forces between layers
while keeping theatomic bondswithin the material sheets intact->¢5’ Many approaches
have been developed to successfully exfoliate 2D materials like graphite, following its initial
exfoliation using scotch tape. Nowadays commonly used metreréselectrochemical
intercalation, ball milling, ultrasonicatioand shear mixingo name a fewt%14.37.54.568 Bg||
milling is the simplest method but is less commonly used today due to issues with
contamination and low scalabiliif lon intercalation, particularly with tions, weakens VdW
interactions by increasing the interlayer distance due to repulsive forces. However, this
method also risks contaminatiodditionally electrochemical methodsontainingLithium

are expensive anénergyconsuming'®°® Shear mixing and tip sonicatiomill be discussed
extensively, as we used these methods for exfoliatiirey arecommonlyemployed,easily
scalable and costffective Both techniques operaté liquid media, which is why they are

collectively referredo asLiquid Phase Exfoliation (LPE).

Here, the material is exfoliated using strong shock waves in the case of tip sonication or by
large shear forces caused by a restator couple under high rotation spe€d>* For both
methods athree-step proces®ccurs 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 stepparticles with varyingveragenumbers oflayersneedto be separated

The exfoliated material is polydisperse which means that a spectrum of particle sizes and
numbers of layerss obtained after exfoliation. This shown from dried suspensi@tanning
electron microscopySEMN imagesand dynamic light scattering (DLS) dat&igureSb & c. To
separate welexfoliated sheets from bulkike particles gravitational methods such as

sedimentation or centrifugatiomre usedto separate ligher from heaver particles®%¢2



2.1.2. Shear Mixing

N-methyl pyrrolidone NMP) hasproven to be an ideaolvent for stabilizing exfoliated sheets
of graphene, Mosand WS among other materialsHowever, its toxicity and the high cost
disqualify it for largescale applicationsSurfactantassistediquid phase exfoliation (SBPE)
offers a viablealternative to exfoliation in NMP. Surfactargffectivelyweaken VdW forces
and preventexfoliated particles from restackiryy creating ghysical barrier and incresns
the distancebetween them Commonly used surfactants includ&odium dodecyl sulfate
(SD$ Sodium dodecylbenzene sulfonat€dSDBY% Sodium Cholateg(NaCl) and Polyvinyl
pyrrolidone(PVR in the process to substitutélMPwith H.O offering a more economical and

environmentally friendly alternativé®32.60.61,6364

2.1.2. ShearMixing

In shear mixing a combination of a rotor and a fixed stator is used to apply large shear forces
into solutions and dispersion3he energy dissipation rate and the shear rate are directly
correlated to the narrow gap betweehe rotor and statorwhich ranges froni00¢ 3000>m,

andto the high rotor speed of up to 50m s (as depicted inFigure 33.5° Shear ratescan
reachup to 10 s? resulting in significanenergy dissipation rates into the solveanhd
contained particle®f a suspensionBelow shear rates of 1@, the delamination rates low,

and particle sheets are poorlgxfoliated®*® In the case of WiSeven higher shear rates of
3.5110* st are needed for successful exfoliationHO.6” The highest shear forces, which are
most effective for delamination, occur at the edges of the holes in the st&tigure3a).
However, simulations and experimental studies by Utomo et al. have shown that only 7.6% of
the energy is concentrated in these highearforce regions, with the remainder being
dissipated through general volume agitatiéfiTwo primary mechanisms drive the exfoliation
process. Firsthere arepure shear forcedHgure 33 and the interaction with the solvent layer
(Figure3c) to separateindividuallayers. Second, high velocities lead to jet cavitation, where
microjets and shock waves deliver substantial energy to the material shEegaré¢4b).
Additionally, random collisions with other particles and the edges of the rotor and stator
(Figures3b and 3d) further contribute to exfoliation. As a result, longanocessing times and
smaller volumes lead to higher concentrations of 2D materials, as increased collisions promote
more effective exfoliationHowever, due to polydispersity, monolayered material can be
present even after short exfoliation timgé>5457.656onetheless, a minimum shear rate must

be reached to achieve effective exfoliationhe required shear rates for delamination are
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2.1.3. Tip Sonication

highly dependent on the solvent, additives such as surfactants {bPEA and the material

being exfoliated, as determined by the following equation

Oy Oy
=y

(1)

Wherer is the shear minimums- the solvent viscosityl. is the minimal platelet length

which can be exfoliated); and Es.are the surface energies of \W&hd the liquid®’

a)

Figure3: a) Statoredge collision o& particle consisting of a-dimensionally stacked material in a shear mixer depicting the
most effective exfoliation process in LPE using a Shear rhjXEheparticle-particle collision during LPE using a shear mixer
causesxfoliation.c) Shear force and exfoliation of the wettisglventlayer on ai-dimensionally stacked material in an LPE
process using a shear mixdj.Frontal particlestator collision and exfoliation in a shear mixer Reftator setup during LPE.

2.1.3. Tip Sonication

Thecavitation effect previously mentioneés one of thgorimary mechanisms of exfoliation
in shear mixersis alsothe main driving force for exfoliatiowhen using a tipsonicator(a
metal probe inserted into a liquid medium(avitation bubbles induce chemiaal physical
changesin materiak near the site ofcavitation®® Ultrasonic waves propagate through the
solvent creating alternatinghigh- and lowpressure regionshat apply stress and strain to
molecules and particles. Simultaneously, rarefaction causes microbubbles tafagrow
with eachhighfrequent phase shift until a critical size is reach&tlipon reaching that size

the bubbles implode generating extremetemperature changes and shockwaves with

9



2.1.3. Tip Sonication

cavitation temperaturegeachingup to 5075K, pressures up to 2MPa and temperature
gradients up to 1® K s.5657.70.71 The collapse causesmiicro-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 strefSgure 43. A second process is also caused by the cavitation
gKAOK A& | RA NSOl indivkiglshekts/baingZiphkddagas o agbther 2 F
(Figure 4h.54%8The efficiency of both processes is higihdpendenton the volume, as energy
transfer diminishe rapidly with increasing scaleCavitation density decreasesignificantly

with distanceto the ultrasonic sourceleading to greater polydispersity in larger batches,
where material ranges from bulk particles to monolayers due to insufficient miXifigrhe
directionality coefficient (Djurther illustrates the stronglependene of the energy transfer

on the ultrasound propagation anglasdepicted inFigure 4¢rangingfrom ¢ 60° to 606

0 = )

aisthe diameterofthe @illators < (G KS g1 @St Sy3idK 27F dzf 4 NI &2dzyR
Directly beneath the ultrasonic sourcexfoliation is effective however,as batch size and
diameterincreasethe efficiency ofthe exfoliation processlecreases if thelltrasonic source

remainsunchanged® 76

b)

a)
Cavitation ( ‘ Cavitation

Force l l\ | Fo':i

=

il ~@=
. Delamination

40 20 0 20 40 60

Figure 4: a) Delamination in a tip sonicatasetup of single 2D layers of a-dimensionally stacked material caused by
cavitation above the particle. Cavitation forces are reflected within the particle borders and separate single dayers.
Cavitation next to a kilimensionally stacked material particl€avitation forces shear apart individual sheets from-a bi
dimensionally stacked material particle) Reproduction othe relationship between theacoustic directionality coefficient
(D) and ultrasound propagation angle according-tomula 2 Going from-60° to 60° for‘, the assumptions were made
dza Ay 3 |y dzf NI &3y add axlargetef obthfeddcatoxbeing Bin.76
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2.2. CharacterizatiorMethods

Exfoliation isemployedto separate bulk TMDZnto sheets as explained in the previous
chapter.The structural changes thatcompany exfoliation are associated with alterations in
GKS YIFGSNRFf Qa LI atha&kah bel offsBrved folliexa®pid RarnaNR LIS N.
spectroscopy (sekigure 53. The proof of thesehangess given byseveral techniqueghat
were used to analyse obtained suspensioater SALPE andsubsequentcentrifugation
Imagingtechniques likeTransmission Electron MicroscopyeM and SEM were useth all
publications 1- 5 to obtain direct proof of the exfoliation of materials and the overall
appearanceof particles (see Figure 5¢. However, this technique does not give further
information about the physical properties. The surface aeeg., an important parameter for
SCs, was measured using physisorption measurements ilike publication 1
Thermogravimetric analysis (TGA) was done to investitfaepolymer decomposition of
fibers to CNFs ipublication 1. The thermal stabilityof WS particleswas investigatedn
publication 2usingTGA 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 fronpublication 2 For structural analysjs-ray diffractograms (XRD) were
acquiredto prove the phase stabilityand the crystallite size of W&nd carbonbased
materials(publications 1 2 and 5). Additionally, n publication 1, the interlayer distance of
the stackedcarbon layersvas determined from XR@ata. For compositional analysiEnergy
Dispersivex-ray spectroscopyEDX) was used to do elemental analysis of fibrous materials,
particles and powders impublications 1 and 2. Additionally, n publication 1 x-ray
photoelectron spectroscopyXP$ analysis was done tobtain the ratio of differently bond
nitrogen phases in the CNRs understand chemical changes leadingdiffering specific
capacitances@). A significant portion of the characterization focuses on shispension of
TMDCs. To gain an initial understanding of these suspensionsepfodiation, DLS was
conducted, along with ZetRotential measurements (ZP)he exfoliation and separation
through gravitational methodsesult inpolydisperse suspensisnwhichare divided into 2D
materials or fewlayered materials and more bullke particles.DLSprovides an initial
indication by revealing thearticle size distribution within the suspensigifrigure ). ZP
measurements are employed to assess th®bility of particles in the solvent as

demonstrated inpublication 3 and publication 4 If stable suspensions with a small

11



2.2. Characterization Methods

polydispersity are producedhe properties of the suspensions differ from the bdilke ones
U\-Visspectroscopy was done for suspensions to see an exciton formati®0nm and
650nm as shown irFigure5d, which is not visible for the bullike suspension&’ However,
Raman spectroscopy is the most reasonable methoprtwe the presence of bidimensional
materials? Using this technique, the existence of bidimensional materials was verified not
only in suspensions but also after redispersidrying and integration into fiborous materials

afterwards as demonstrated ipublication 2and shown inKigure 53
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Figure5: a) Raman spectra of bulk 20S (purple), dried supernatant suspension after exfoliation (red), filtereeV2®
suspension on a membrane filter (black);dispersed and dried 2BVS suspension after exfoliation and filtering (blue),
liquid 2DWS suspension after exfoliation, filtering and redispersion (greBpfiverage particle sizes of 28BS suspensions
after centrifugation including the particle size distribution from DLS experimenf&M and SEM images of-B\I& particles
showing the polydispersity of particles at a magnificatof 50.000.d) UV-Vis spectra of bulk WSuspensionspurple),
exfoliated 2DWS in a mixture of isopropanol/pD (red) andexfoliated 2BWS in NMP (black) showing excitons A and B at
550nm and 650hm, respectively?
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2.2.1. Raman Spectroscopy of Tungsten Disulfide

2.2.1. RamanSpectroscopyof Tungsten Disulfide

In order to analyseexfoliated materials as described in the previous chapters, Raman
spectroscopy is usednitially, a typical spectrum igprovided for a suspension containing
exfoliated W$ particles taken atdifferent depthsof a bottle that has been at rest for an
extended period without agitatiorfFigure6). If we mmpare the purple reference graph in
Figure 5awith the exfoliated materials and the stable suspemsivom Figure 6 The
transitionsfrom bulk material to exfoliated and restacked particlEgy(re 5ablack line)and
then to the suspensionsare observableby comparing the intensities of the Raman bands at
360cnttand 430cnt?. In addition toshiftsin intensity the positionof the peaks also changes.
Therefore, his methodprovidesl & F A y Adb ohlyidde/Materid itself but alsoof the

specificchemical structure ofhe moleculestackswithin the material

ﬁ?ﬁ*““‘:“ S 2LA+E, | 1Ay Top
%P <N ; —— Middle
7 | Bottom

Middle

Intensity / a.u.

Bottom

T T I T T T I T T T I T T T
100 200 300 400 500 600 700 800
Wavelength / nm

Figure6: 2D-WS suspension in an IPA{B mixture of 7:3 after sedimentatiofor 40 dayg(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 580 bottle.

Raman spectroscopypeaks arise from theinelastic scattering of photons from a
monochromatic light sourcetypically lasers that are scattered by chemical bonds and
moleculeslinfrared absorption and thermal motioimducerotation or vibration of molecular
bonds increasing the probability cflectronsbeingexcited intospecificvibrational energy
states(v1-ve) as illustrated inFigure 7 The energy levslof thesestatesare uniqueto each

material and bonddeperding on the energy presentithin the system.This uniqueness
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2.2.1. Raman Spectroscopy of Tungsten Disulfide

allows the individual identification ahaterials using Raman spectroscdpy.heinteraction

of photonsin this processs a high-energyevent, exciting electronsto much higher virtual
energy statescompared to energy levels associated witiorations, phonons and other
excitationswithin the material system(vi-ve). Thethree existingprocesse®f excitation and
recombinationare depicted irFigure7. Rayleigh scattering is thaost probableprocess The
energy of the initial photorenforcesan electron excitationnto a virtual energy statéHom
there, electrons recombine into thground state(vo) back again and emit another photon
with the samefrequencyg an elastic collisionThis procesdominates in terms ointensity,
overshadoving the other possible scattering processasd does notcontribute towards
electron excitation intovibrational modes or phonoriormation within the system The
process of StokeRaman scatteringpccurswhen an excited electrotransitions from the
ground state to the virtual state but does not recombine into the groubdt an excited
vibrational energy state-ere, excitation of the system occurs into a vibrational energy mode
Vi1-Vs after recombination. As a consequence, a photon with a reduced energy is emitted
experiencing a redshift of the wavelengtthis process isnelastic(red arrow). If the energy

of the photon after recombination is larger than initially, this is called an-8takesRaman
process (purple arrow)The electron aleady has been in an excited state due to previous
absorption (¥-ve) and recombines into the ground state after the scattering. During this
processenergy is transferred to the photgshiftingits wavelength towards higher energies
after recombination Since this process depends on two absorption events, it is the least likely

to occur/&8o

14



2.2.1. Raman Spectroscopy of Tungsten Disulfide

virtual
energy states

Rayleigh

uewey-saxo1s
$301S-Iuy

Energy

Vs

Vy

A81aus Buipuig

vibrational
energy states

A813ua uolieldossig

__ \/vo

Internuclear separation (R)

Figure7: Depiction of the Morse potentighccording to the following equation: F(R(E61 exp4.5R)}. Shown are the
dissociation energy and binding energy of electragsvell as theibrational and virtual energy states after excitatwith a
laser.Depicted are hpossible electron excitatiomechanismsRayleigtscattering blue), StokesRaman scattering (redand
Anti-Stokes scattering (violet)

The vibrational energy states are individual for each material. Consequentlgndgrgy shift
and wavelength of emitted photorareindividual for each molecular bonBased on shifts of
the wavenumber and intensitieof peaks phase switching, physical changes and
implemented defects can be quantified and qualitatively analysed as it is poksilkebeample

in WS to distinguish bulkfrom monolayered material WS as well asmost TMDCsinder
ambient conditionsare present in the trigonal prismatghase also known as hexagonait

2H-phasewhich is shown ifrigure8a.
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Figure 8: a) Metal coordination and stacking sequences of thigonal prismatic(1T-phase), hexagonal (2phase) and
rhombohedral (3Fphase) phases of TMD@&eprinted from Kolobod, Tominaga J, Springer Series in Material Science, 2016,
29-77, 239 with permission from Springer Nature. Copyright 2016 Springer Na#ig) Hectronic bandstructure of WS

bulk and ¢) the monolayer of W$ both showing the direct band gap at the K point and the decrease of the stamture

T NRB-Y hyWRgoimg from the bulk to the monolayeAdaptedwith permissionBerkdemir, A., Gutiérrez, H., Botello
Méndez, Aet al.ldentification of individual and few layers of W&ing Raman Spectroscoi8ci Red, 1755 (2013).
https://doi.org/10.1038/srep01755With permission from Springer Natur€opyright2013 SpringeNature!?

15


https://doi.org/10.1038/srep01755

2.2.1. Raman Spectroscopy of Tungsten Disulfide

WS and MoStypicallycrystallize irthe hexagonaphase under ambient conditionwhile the
metallic 1 Fphaserepresents anetastable phaswith anoctahedral structureThese different
phases can be distinguishéy using Raman spectroscopyice the metallic phase reveals
additional Raman mode=*3 In the metallic phase no bandgap occurs due to overlapping of

the density of states which is different to the typically obtained#tase!®8

In the 2H phaseBerkdemir et alshowed that withadegree of exfoliation the band alignment
changesand switches toa direct bandgap of 2.8V 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 monolay&3* Experimentallythe direct band

gap of Wshasbeenfound torangefrom 1.54eV to 1.7%V and even 2.&V123185Berkdemir

et al. show accurate calculationsbetween experimental data and DFT calculatiofsee
Figure8b and 8c). The identification ofsinglelayer sheets up to several layers and the bulk
material were identified by using Raman spectroscopy in combination with AFM
measurementsas discussed befor&hey were able to differentiatbetween single sheets

and two or three layers by conducting investigationsby 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 atct6with 514nm
irradiation wavelength. The exact double of this frequency at@562 is considered tde the
secondorder mode of the LA(M) frequency. This 2LA(M) mode in &Special At this
specific lasewavelengthachange of intensitpf the Agand(2LA£g) bandsisobservedwith

layer thicknessWhile the Agband in the case of the bulk down to two layers is prominent
over the (2LA+ky) band a drastic changeccursin the monolayer statedue to a double
resonance procesd he intensity anéull width at half maximumKEWHM completelychanged
towards the (2LA+k) band when a monolayered WSlake was investigated. For the
wavelengthsof 488nm and 647m, this was not observedt30-3458.8Additionally, UWis
spectroscopys a suitable and norinvasive technique to identify exfoliated \W3\bsorption
increases with smaller particle sizes amthiigherdegree of exfoliation since thiadirectto-
direct bandgap transition also facilitates direct absorption of lighdditionally,literature
commonly reportsa blueshift towards higher energies of all excitonic absorption p&aks
exfoliated W&14557787"Using these two techniques it was possible to identify the degree of
exfoliation of W&in composite materials, blends, inks and finally fibassit was done in

publications 2¢ 5.
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2.2.1. Raman Spectroscopy of Tungsten Disulfide

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 ah@h capacity

FT2N) A2y AYOGSNDFEF drardy Tj BEOf deRA ywR £ Sy SBA A%
attributed to their bidimensional layers stackinghese nanomaterials are of interest not only

for electrochemical applications and energy sipe but for flexibleenergy storage&levices as

well. For flexible energy storage2D nanomaterials can be implemented in all sorts of
materials due to their small sizéhe probability of failure of an electrochemical cell is

drasticallyreduced as long as conductivitypreserved®
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2.3. Flexible Energy Storage

Rsing demandor smart devices anthe growing integration of technology into daily lifine
intersection between humans and electronicss expanding Smart watches, glasses and
phones arealreadyin closeproximity to the human bog and the requirements towards
lighter and better technology iurther acceleratinghis trend. Flexible devicebat can be
worn directly on theskin orintegrated into flexible materials like clothingre becoming
increasingly importantEspecially, sensing and data acquisition using bitvelacsensors for
health care have a need for lotgrm applications and the health systsnof societes
Effective andonglastingsensors are important fathe optimizationof patienttreatment or
purposes of disease preventid?.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, especialf 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 healthow-power devices with long lispansthat can withstand
mechanical sain and bendingtypical of human tissuayrea key factor fothe future of smart
medicine. Furthermore, flexible screens, foldaklaartphonesor rollable solar cells are
important for lightweight and spaceefficient devices for daihjife applicationsregarding
energy production as well as energy storage and space applicatiotise transition from

rigid to more straiaresistant electronicsseveral approaches arexploredin the scientific
community. Conductive polymers like Polyacrylonitrile (PANI) and -F3ély
ethylendioxythiophen (PEDOT) combine electronic conductivity with flexibility enabling
flexible electronic device3.hese polymers have been used to credtm tfilms, membranes,
fibers and nanoparticbased composites faa widerange ofapplicationsincludingsensing
energy storageand more®%2! Besides usingnherently flexible materials like the above
mentioned polymers dlica and carbofbased materialsare also beingmplemented into
flexible structures. The reduction of particle sizes to the nsgade includingOD, 1D and 2D
nanomaterialstremendously decreases rigiditgy reducing the size of active materials, the
risk of mechanical failure decreasedsince small particle sizes dess likelyto break apart.
Further, these materialexhibit a range oproperties nanoparticles often haviarge surface

areas,2D materials often showncreased charge storage capacitantB, materials like CNTs
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2.3. Flexible Energy Storage

provide enhanceatonductivity,and OD quantum dotbesides all other mentioned materials
displaystrongquantum confinement effect& Improving resilience towards deformation and
strain is notjust a challengebut an opportunity and might be accompaniealy performance
improvement for energy storage as well as sensligfurther 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 creatip nanofibers with large surface areas and dable porosity,
electrospinning offers a powerful tool for fabricating materials tailored for energy storage
applications. Electrospun nanofibersvgademonstrated 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 lualso 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

comprehensiveverview of current research in the fietd.
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2.4. Electrospinning

Electrospinning iggrounded in the physicalprinciples first mathematically described by
Rayleigh in 1882vhere ahigh potential causes a spill of solutions by overcoming the surface
tension of a liquic?® This concept was further developed Borton in a 1902patent, which
describes the potentiatiriven dispersion of fluid¥" This electrespraying process was first
adaptedinto electrospinning byA. Formhalsaddngcellulose acetatéCA)r mixed esters into
solutions®? The large molecular weight solutions form continuous jetstead of small
droplets leading to continuous fibrous materials after dry##g* The most prominent person

in the field of electrospinning is Geoffrey Taylarho developeda mathematicalmodel
describinghe shape a droplet disintegratasmder the influence of a high electqotential ¢

now known aghe Taylor coné>°6 Apart from his fundamental work in the 197@ke field of
electrospinningdid not garner widespread interesasevidenced bythe limited number of
publications per yeaduring that period as shown irFigurelc. Finally,electrospun fibers
protruded due to comparably small diameters achieved fmmultifaceted set ofpolymer
materialsdown to 16nm for polyethylene oxide REQ and polyvinyl alcohol PVA e.g?"%8
Consequently, themerging interestowardsnanomaterialsand nanotechnologs caused a
growing interest into electrospun materials. Basedtbe work of Reneker et al? in 1995
which exploredthe process and applications of electrospun fihetisere has beena
significant,almost exponentiatise ininterestwithin the scientific communityover the past

25 yearsThis surge in interest appears to be reaching a saturation point recently, as illustrated
in Figure 1c. Mainly, the large surface aré®1°% large aspect ratid8*'% and small
dimensionsvere considered to be ideal for various applicationa hackbonamaterial,active
material ormembranes’394.98.99.106.10Reasonablyhis technique was used ipublication 1

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

towards large surface area carbon materials and composite materials
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Figure9: Depicted are the chematic 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 electrospinningé@the resulting fibers. As one examplelgping of &iber matand an SEM images

of the PEGNS-CBMWCNTcomposite fibers fronpublication 2are shown.

2.4.1. Setup and Process

The processf electrospinnings straightforward a charged polymer solution steadily and
slowly extrudedthrough a needle tip using a syringe puntgpicaly at ~ 0.2mLh?%). A
potential up to 40kV is appliedbetween the needle tip and a counter electrode generating
low currents around 18 10°% A, driven by charges on the polymer solutions surface. These
charges as well as thsurrounding electric fieldcause deformation of the surface of the
polymer solution which is known as thabovedescribed TaylorCone depicted in
Figurel0a & b.9599.108110At 3 certain threshold potential the surface tension of the polymer
solution is overcome by the large electric force. As a consequence, the polymer solution
acceleratesand forms a seaalled jettowards the contradictorily charged electrodé. In
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electrospinning, longhain polymers areemployed to produce continuous fibers The
accelerationof the polymer solutiorduring the process results in the formatioi ultra-thin
fibers, with diametersranging from>m to severalnm in thicknessHowever, to be able to
prepare a versatile set of various fibrous materials this simple setup must be optimized and
becomes more complex.he solvent, polymer concentration amelymerchain length are
crucial factordor controlling thesurface tension, conductivitsgnd viscosityof the solution
These parameters are essential fenabing, adjustng and optimizng electrospinning
processesElectrospraying caaccur as a resutif low polymer conentrations orinsufficient

chain length that adequateentanglement of the polymer chaimannot be ensured. Further,
fragmentation of the polymerss possible since large electric forcesmbined with high
surface tensiorcanrip the polymer chains apaft'? Besides the spinning solutiohdre are
severaparameters that can be controlled using an electrospinning setuihey are collected

in Figure9: The electric field iprimarily influencedby the applied potential of the two
electrodes, their distance, and the shapé the collector A higher potential and closer
electrodeplacement increase the applied electric figlglading 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 procE$€s'® The fibercollecting
electrode can come invarious shapesuch assimple plates, rotating drumgshown in
Figure9), or sticks The choice of electrode shape influences how the fibers are collected and
assembled, tailoring the fiber arrangement to suit specific applicatibhs.polymer solution

flow is alsoinfluencedby the applied potentialGreateraccelerationresults inincreased
consumption othe polymer solutionwhich canead tobeadformation along the fibeif the
supply isinconsistent!'”18Therefore, an equilibriunmust be establishebetweenthe flow

rate, applied potential and electroddistancefor each specifipolymer solutionIn 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 humidhitihe electrospinning setup must

be carefully monitored and controlled to ensure reproducibility and maintatable

conditions110.119
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2.4.2. Jetinstabilities

Establishing an equilibrium for a stable electrospinning process is complex. However,
trajectory of the polymer jetcan be affected by physical instabilitiescaused byvarious
interactive forcesasillustrated in Figure10. By adjusing the abovementioned processing
parametersc such aselectrostaticconditions the ambient environment,and the polymer
solution propertiesc it is possible to transition between different instability modébe three
existing modes are Rayleigh, Axisymmetric and Whippgimglerstanding these instability
patterns can helpto address and rectify stability issues in a rgiable electrospinning

processt?0.121

TheRayleigh instabilityfFigure 10 is observed for all liquidanddescribes the segmentation

of a liquid into smaller dropletsThis occurglue to driving forceshat decreasethe surface

areg, therebyloweringthe & & a (i f@&& e@ergy by reducing surface tensitf!2'Prevention

is possible by imposing a sufficiently strong electric field that the viscoelastic force suppresses
the breakup mechanism caused by surface tensiéht?However, by exceeding the electric

field above a certain thresholdhe jet diameter decreases untihe socalled varicose jet

breakup occurs and droplets forragain??°

The Axisymmetrical instabilitfFigure 10b is chargedriven and is caused byariations in

surface chargelensity { o+ and " o-n). Satistical fluctuations inl KS 2 S i Qéadid KA O
corresponding changes surface chargealistribution. These imbalancesreate tangential

forces that further pushhe solution towardareas with ahicker radius.Consequently, this
exacerbates thickness variations, resulting in békel structures along the fibers, with beads

aligning along the thinner radius of the fibe#§:123.124

Whipping instability (Figure 10 of the fiber is thefinal and mostsignificantinstability
occurringduring electrospinningHere, instability is caused Iperturbations of the surface
charge density (0+n and’ o-n) causingangential stress imbalances on the surfarel electric
attractions that both cause fiber bending (indicated by the arrowghipping occurs when
interacting externaforces like viscous dramy high charge densities interact with thiger.12°
As theelectric fieldincreasesthis effectintensifies,causng thefibers toenter a rapid spiral
motion with an increasing radius causing fiber stretching while tapering its dianiétdme

physical instabilities camnderthe process and need to be precisely controlled, but in the first
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2.4.3. Composites from Electrospinning

place whipping is the reason to enable the formation of nanomettrin fibers without
decomposition. No other technique is capaloeachievingstretching rates up to 10s?, as

well as large orientation anahigh degree of polymer crystallization unlike electrospinriitig.

Axisymmet

J Rayleigh

3 Instabilities Instabilities

0 Jet break-up bead

‘ into droplets formation A

‘ ' ofe
@ Whipping Instabilities

Figure 10: With B being the external electric potential, different instabilities can occur that are depicgdRayleigh
Instabilities showing the jebtreakup and droplet formationb) Axisymmetric Instabilities caused by perturbations of the
surface charge in thinner and thicker regions of a fiber (int¢t)/hipping instabilities caused by surface charge perturbations
bending the fiber due to attractive forces.

2.4.3. Composites from Electrospinning

Besides singlphase polymerghere aremethods to produce comgsite polymer fibers using
electrospinning.Organic precursors, naulsions or particles can be used in the polymer
solution toeither produce oxi@ fibers,induce porosityor distribute particlegthroughoutthe
nanofibers.A wide range of fibersvith different additives has been produced in the past,
allowing for tailored properties and functionalities in the resulting composite fildiesnly
PVP, PVA and PEO are uledheir solubility inless toxicsolvents likeAcetyl acetoneAcAg,
isopropanolIPA, HO andethanol EtOH. However, these examples represent just a fraction
of many successful electrospun material systeiftse nanoscale nature of electrospun fibers,
whether incorporating particles or bulk materials, has garnered significaéatest from the
scientific community. Numerous examples exist of active materials created from electrospun
fibers, includingALOs-fibers for microelectronics and cataly’ss CeG-fibers for pollutant
removal?®, CuQ and CuSibers as HS detectors or semiconductd?s, fibrous CaOs for
glucose detectiott®, FeOs as photoanode®®, IrQ/Pt as membranes for OER LiCoQfor
energy storage as electrode materidls MoS for Hy storage and catalysi&, NiO as anode

material33 for large surface membranes of SiOr catalysi$**, as gas sensors made from
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2.4.3. Composites from Electrospinning

SnQ or WG and Zn@**'3¥7, TiQ as DSSCs and photocatalystand ZnO for health

applications!3?

However,there must bea distinction between precursor and sa@etbased approaches for
fiber preparation and thencorporationof nanoparticles into fiberdn certaincasesmaterial
propertiescanonly be achieved by usingre-designed particlesFor exampleSiQ particles
with tailored surface areg, multiwalled carbon nanotubesMWCNT¥that mustbe produced

in advanceor exfoliated MoSor WS, where 2D sheets need to be prepared in solution before
being incorporatedinto fibers all require specialized preparation to obtain desired
characteristicg®.62.109.13414producing WSor MoS from sokgel or wet chemicamethods
typically results inbulk-like particles rather than monolayers which affects material
propertiesasdiscussegreviouslyin chapter 2.1. Blair et al. found that the loading and size
of particles (up to 1&m) in dispersiomo na significantlyimpactthe fiber thicknessprovided
there is noclogging of the nozzleThe primary influenceon fiber structures comes from
changes in the viscosity and conductivity of the dispersighich affect the process of
electrospinning according to the abovementioned physical instabilitie$*' From this
perspective, the proceedingf dispersiors, solgetbasedmixtures or pure polymer solutions
is similar as longsthe procedure parameters are withithe abovediscussedangeof the

solution parameters and the applied potential.

After knowing that active particles like exfoliated TMDCs can be easily incorporated into
fibrous materialsvithout disturbing the structural benefits of nanofibers, these materials can
be exploited for the preparation of flexible charge storage materials. Exfoliated TMDCs like
MoS and WSin combination with electrospupolymers or carbon precursors are capable of
storing surface charges. Especially carbased materials are considered to show capacitive
behaviour.They are called supercapacitors sinegge 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 stgeadevices.
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2.5. Supercapacitors ané&lectrochemistry

To understand the functionality of capacitors asupercapacitors, it is essential to consider
several foundational models that describe the behaviof ions in an electrolyte when a metal
surface is introduced. These models, depictedrigure 1] 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, pviding deeper insights into the mechanisms governing

energy storage in these devices.

2.5.1. HelmholtzModel

In 1879 H. Helmholtzintroduced the concept of the electrical double layer (EDL), a
fundamental idea in electrochemistnjt the interface of a solidlectrodeand an electrolyte

an EDlforms due tothe concentration shift of ions in the electrolyendthe corresponding
charge shift of electrons in the electrod®. This dynamic interaction is crucial because the
ionic conductivity of the electrolyte and the electronic conductivity of the electrode
significantly influence thbehaviourand efficiency of these systemihe 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 carborbased materialg; is introduced, cations from the
electrolytecoordinate around the electrode. These cations directly adsorb onto the electrode
surface, forming a compact layer, while the electrode itself accumulates electrons at the
electrodeelectrolyte interface. This arrangement establishes the foundation ottketrical
double layer, crucial for the functioning of capacitors and supercapacitdosvever, in

| St YK théoty,oyametal electrodes have been described. Additionally, this rigid layer
proposedby Helmholtz does not include diffusion of ions Iretelectrolyte In fact, the model

did not meet the experimental data observétf.144
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2.5.2. Gouy-ChapmanModel

In 1910 and 1913Gouy and Chapmaimtroducedthe conceptof a diffusive layer of ions

6 KAOK SELI yRSR attieidngdellofiSHe EBE* Théyl pfoposes 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 exchamg charges at the boundary of the Helmholtz
layer, resulting in a reduction of the spaclkarge region. The extent of this reduction depends
on the ion concentration in the electrolyte, adding a dynamic aspect to the structure of the
electrical doubledyer.The potentialdecreasess a function of the distance to the electrode
surfaceand follows a PoissorBoltzmann distribution leading to an exponential decrease of
the potential with increasing distance to the electrode. In this modeher than asingle layer

of ionsbeing tightly coordinateét the electrode surfacea concentration gradient of charged
ions extends from themetallic electrodeacrossseveralmolecularlayers(seeFigure 1). A
layer of cationsiearby,and coordinated around the electrodshield the negatively charged
anode thisexertsattractive forceson nearbyanions in theelectrolyte that themselves attract
further cations, respectivelylhis cascading effect converts int@@ncentration gradient of
ions that forms around a charged electrode with decreasiogncentrationsof anions and

cations with increasing distance to the electrotté!+

2.5.3. GouyChapmanSternModel

The GouyChapman model, while innovative, faced limitations under conditions of high charge
density. It struggled to accurately describe thehaviourof ions near the electrode surface
when high charging states were reached. To address these shortcomings, inSi&24
combined theconceptsof Helmholtz and GouZhapmanAstrongly adsorbed double layer is
forming at the electrode surface following a linear decresmsthe distance to the electrode
similar to the Helmholtz modellThe width of the linear igion is defined by the diameter of
solvated counterions in the nearest approach to thlectrode'ssurface!#314> Beyondthis

rigid layer the potential is described by the diffusive layer according to Gouy and Chapman.
The potentialfollows a concentration gradient and therefordecreaseswith the distance
according to PoisseBoltzmann in an exponential decay with increasing distance

(seeFigurel1).143
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Helmholtz (1879) Gouy-Chapman (1913)
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Figurell: Depictedisthe Helmholtz model from 1879 with the linear potential decrease of the fundamental electrochemical
double layer. The Goughapman model from 1918pnsidersa diffusive layer due to thermal motion. The GeDlgapman
Stern model from 1924, combines the first two models especially for strong electric fialstyy the Grahame model from
1947, including ion adsorption at the surfaceamexplanation for pseudocapacitive behaviour.

2.5.4. Grahane-Model

In 1947 Grahame further refined the GouyChapmarSternModel and incorporated
additional complexities into the descriptions of the EDhe effect of the solventthe
dissolution of ionsas well aghe specific and nospecific adsorptiomf ions at the electrode
surface The specifically adsorbed ions and solvent molecules closest to the eledtnode
the so-calledinner-HelmholtzPane (IHP)Specific adsorbed ions are in direct contath the
electrode, displacing solvent molecules, while nepecifically adorbed ions remain

surrounded by solvent molecules as they interact with the electrode

The OuterHelmholtzPlane (OHRkgfersto the ions that are coordinating around the IHP due
to coulombic forcesThese ions havendntact solvent shdl The two layergIHP and OHRYye

considered as a physical capacitor following the behavio&oofula3.146
28



2.5.5. SupercapacitosDefinition & Methods
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material in between the capacitor, A the area of the capacitor ansltbe distance of the
electrodes.In the abovedescribedcases, he distance of the capacitor is in the range of

molecular distances and physically described afxleye lengthlt is defined as the distance
at whichthe electrical potential of a local surplus charmdgcreasego - (about 37%) of its

initial potential}** The nonideal pseudocapacitive behaviowbserved inreal SCswas
explained by Bockris et ahccording to their explanatiobased on the Grahame model in

Figure 11 specifically adsorbed ions in the electrolyte undergo redox processasdpting

GKS St SOGUNRPRSAQ LIRftFNRGE D { keyiSsBlved dadtherefaidP OS &
contribute to apseudaecapacitivebehaviour through redox processes on tk&ctrode's

surfacel?’

2.5.5. Super@apacitorsg Definition & Methods

Winter et al.define a supercapacitousing the Ragone pldsee Figure 12), positioning it
within the energy and power density range between traditional capacitors and batteéfies.
Supercapacitorserveas energy storage systertigt arethin, porous andisea separator for
charge separatiotharacterized byow intrinsic resistancé**4¢ The Ragone plot is t@ol
used to compare the power and energy densityof different materiak, charge storage
technologiesand their applications for adescription ofa supercapacitor these are the most
important physical propertie¥*®!> The power densityPs) and energy densitfE) are

calculated by the following equatiorEcording tgoublication 1
. v M p R eV al
0O —6Yw — »AQQ (4)
oD

el 5 00 5
75 0 @O (5)

In these equationnV represents the applied potential window, amd isthe discharge time.
Besides theabovedescribed pseudaapacitivebehaviour, asupercapacitooperateson the

same charge storage mechanism as a capawit@re surface charging leads to the formation
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of an EDLThe key difference is that supercapacitors aggrsurfacearea materialssuch as

porous carbonin combination with agueous electrolytés enhance their performancé&®
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Figure12: Simplified Ragonplot of the energy storage domains for the various electrochemical energy conversion systems
compared to an internal combustion engintarbinesand conventional capacitorReprinted with permission from Martin
Winter and Ralph J. Brodd., Chem. Rev. 2004, 104, 10¢4i2A3,https://doi.org/10.1021/cr020730kCopyright 2004
American Chemical Society.

In order to calculate Eelectrochemical analysisust be conducted todetermine the
capacitance an€svalues asequiredfor Equation4. For the analysis &Cspotentiostaticor
galvanostatic methodssuch ascyclic voltammetry(CV) are commonly used to measure
capacitanceCyclic voltammetry is a potentiostatic method where a defined potential sweep
is applied to a systenit was used irpublication 1and publication 2for the electrochemical
characterizationThe scan rate is defining how large the potential sweep willda response

the resulting current is measured by a potentiosttis given bythe following equatios:®®

N
° % Mw (6)

E is the potential window, withp\and v are the potential boundaries\is the scan rate, i as
the chargedischarge currents and d¥the potential change.

p

0 -
| %

Mw ()

To obtainG, the integral of the currenbver the potential rangeis divided by the potential
window (B), the mass(m) and the scan ratgA). In Equations 6and 7 the areaenclosed
between the charge and dischargarves during cyclieoltammetryis directly related to the

mass and the specifics of the measurement.
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ConsequentlyG is a function of the scan rate. The potential windowpicallyis chosen as

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

it is crucial to avoiddegradation processesas 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 balare high performance with thstability and longevity of the material.

Besides the potential range, the velocity of the changing potertti@ scan rateis a crucial
factor of a cycliovoltammetry measurement. \th increasing scan rate the system cannot
follow the potential change due to diffusion limitatiohis 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 trmncentration gradients of the electroactive species near
the electrode’®! Generally,an increasedscan ratereveals a more pronouncedon-
equilibrium statein the systemDiffusion is limitedcand charging and dischargifgecomeless
effective due taon diffusion through theelectrolyte As a consequence, a lowejyiobserved

with increasing thescan rateeven ifthe current increase. The idealrectangular shape of a

{/ 0S02YSa Y2 NXHkelagsRowiipusleatidns 18rid Xid several examples

Another way tomeasureG is to acquire galvanostatiechargedischarge curves (GCDA
constant currentwhich isdefined by the activenass of the measured systemapplied and
the potential as a function of time @btained Galvanostatic measurements were conducted
in publication 1, publication2 and publication 5 G is calculated by the integrah the

following equation:

P
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The capacitance is given by theotient of the integral of the current over timeand the
potential. The current density is calculated based on the actiaeswf the system according

to the following equation:

o o b0 (©)
Common values of the current densitgnge from 10 mA ¢ up to 5000mAg?. 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, asit was donein publications 1 and 2 this techniqueis used for longerm
electrochemical stability testsln reallife applications,energy storagedevicesundergo
repeatedchargng and discharing 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 usa@alepends on the current density since large
currents always cause diffusion limitation and a decreiasthe diffusion layer. Here, large
potential changes over time are the consequence. Blvanostatic chargdischarge and
cyclic voltammetry methodsan be usedo determine G for capacitors and supercapadaito
materials However, these methodapply primarily to those which are based on charge
storage mechanisms such as electric double layer formation and pssaghritancesince
battery-like behaviour cannot be described by these equations dueelaxtrochemical

processessuch as more comple®rdox reactions.

2.5.6. Transition Metal DichalcogenideasErergy Sorage Materials

TMDCsuch aMoS and WS, areemerging as promisincharge storage materiafer several
reasonsWhile graphite isvidely used as an anode material in LIBs due to its ability to store

[ Ms2ya 6AGKAY AdGa tFLeSNaR> Ada OKFNRHS aG2N) 3S
high-energy context$®2 This has driven significant interest in alternative tdimensional
materials like TMDCS/15315%Here, TMDCs are of interesd the scientific communityowards
high-energyelectrochemical applicationgspecially in three decisive fields of reseafétirst,

there is the substitution of graphite in LIBs to increase charge storage capacity. It was found
to achieve 674.8 mA h'dor WS electrodes instead of graphiteFurthermore, an additional
stressinducedincrease of the capacitance was observed whénolis intercalate into the

WS lattice *%° Secondly, the intercalation of ions into layered materials enhances their charge

storage properties, making TMDCs particularly promising for®SN&sng et al. demonstrated
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as an electrode in SIBs, highlighting the potential of TMDCs for improved energy storage in
these systems>¢ The thirdareawhere TMDCs angromisingcandidates isn supercapacitors.

As explained iilChapter2.5.1.¢ 2.5.5, supercapacitocharge storagénvolvesthe formation

of anEDLas well agppseudccapacitiveeffectsresulting fromchemical changeaccording to

the model of Grahamé>”'>® The layered structure of TMDCs d@dvantageousfor both
mechanismsThelarge surface area dID-layeredstructuresis the first argument for their
applicabilitygetting close tagraphenereachingup to 2630m? g1.10.11.160.161Fgr theelectric
double layercapacitor EDLEa large accessible surfaaeeais crucial and mandatory for their
effectiveness The individual layers cause a large surfaaleime ratio for these materials as

long asno restacking of the sheets is ensuréd®4%.156.163y/ith increasing surface area and
surfacevolume ratio the number ofictive sites increases as wéft*163Theseactive sites
undergo partial surface restructuring and redox reactions giving a pseudocapacitive character
to the charge storage behavio of TMDCg%4564.164Theprimary drawbackof MoS and WS

is thar intrinsiclow conductivitywhenthey arein the stable and semiconducting Zihase
whichprohibitsextraordinary performances &C®r batteries”181245165Dyring the indepth
literature research conducted as a part of this thetis, literature does not repor6Csnade

from pure W3or MoS phases due toheseconductivitylimitations.

To addressthe limitation of low conductivity in MoSand WS, composite materials are
produced byincorporatingconductive species or by preparing conductive backbone materials.
For instance, @anductive polymer scaffoldsuch asPANI orPEDOT:PSS artembinedwith
TMDCs or a direct polymerization of EDOT on TMDC skegerformed Both polymers
enhancethe overallcapacitancanot only due to an increase conductivity butby inducing a
pseudacapacitivespecies to the system. PEDOT and PANI undergo a redox reaction within
charging and dischargirig41%® Most TMDGbased supercapacitos are developed by
couplingTMDCs with carbebased materialsuch asCB, CNTE,NFsgraphene oxiddGO),
reduced graphene oxid¢GO), graphene, and graphiteThis approach is prevalent in the
scientific community due to the synergistic benefits it offeyenhancing the performance of

su percapacitor§,9,14,18,62,161,16;2[75

Summarizinghigh-surfaceareacarbon materials have extraordinary capacitances due to the

large surface areas that are achieviédAdditionally, they have high electric conductivity
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making them ideal complements fBMDCsBesides adding conductive species, thgonal
prismatic structure can be transferred to the octahedral structure which causes a band
transition from the semiconducting to the metallic phasdich is theintrinsically more
conductive phase of TMDE& Consequerly, metallic phases of Me@nd WSare frequently

used for compositewith mixtures of 2Hand 1Fphase or in other combinations with carbon
materials e.g*1176.177Hydrothermally produced MeSfor example always contains a
mixture of the metallic and semiconducting phases as seen in the literaxdS data of my
research underline these results by finding mixtures of both phases at the particle surface of
hydrothermally produced MaoSin Figure 13 Interestingly a similartransition from the
semiconducting2H-phase towards the metalli¢T-phaseis observed foTMDCmaterialsif
combined with carbon materials This transition occurs at the carbdMDC interface,
providing an additional benefit of integrating these two material clas8emwever, the same
effect is observed when intercalation of" imto MoS layers is done. The increasing layer

distance causes the same phase transifigf.’®189
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Figure13: XPS spectra of hydrothermally produced MaSer a reaction time of 18ours in anautoclave showing a high
degree of 13phase production of about 8% but never fulconversion

Therefore the synergistic effect of carbon materials combined with TMB@bserved many
times in the literature that also was observed for the carfW® interfaces inpublication 2,
where a synergy of the combined materials was observed leading to l@rgkthe capacitos
compared to the individual species. Convincinglye can assume that the effect of the
surface transitiorof the TMDCgpaired with largeporous systems of carbdmased materials
will become importantfor future developmentsin addition, with te tuneable direct band
gap of the monolayered W&nd MoS, highenergy electronicspew-generationtransistors

and improved sodium storag&gMDCs are having manifold future applicatiérig#9-180
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3. Publications

My publicationsas first author, a shared first authorshignd two publications asc-author
are listed in the followingFor each publication, short introductionaddresses the scientific
context and current state of literature when it was publishfed reasons of justificationTo
differentiate my contribution from the c@authors' workeach contribution of myself anthe

other authorsis described for each publication

Publicationl is based on thenaster thesis of Leonardo Merolay former student who was
supervised bymyselfand Prof. Teresa GattiHe achieveda major part of the experimental
datareported inthis publicationduring his thesis periad performedadditionalphysisorption
measurements, SEM, TGAelectrochemical impedance spectroscopy (EE)d CV
measurementsData interpretation was carried out by myselfeonardo MerolaFrancesco
Lamberti(a collaborator of Prof. Gatti from the University of Padova, Itahg Prof. Teresa
Gatti. Matteo Crisci measured XBectraand also helped analyskem. | preparedall drafts
of the manuscriptsupporting information and figures withe supervision oProf.Gatti, who
gave fruitful suggestionsfor manuscript improvementDr. Lamberti also helpedn the

organization othe drafts.

Publication2is a result of experimental work and sampl®ductiondone byMelissa Happel

a former master's student who was supervisedRypf. Gatti and nyself Melissa produced
samples and conducted a major part@¥measurementsn the Swagelokcells. | conducted
other CVsEIS Raman, XRD, SEM, EDX, conductivity measurenigass, bending tests and
electrochemical stability tests. Mechanical stre$sain tests were done by Marta Fadda,
supervised byr. Giovanni Perottpboth members of the Smart Materials Group at the Italian
Institute of Technology in Genova ( ItalyBoth also contributed to the analysis and
interpretation of mechanical stresstrain curves. Interpretation dhe datasetswas done by
me and discussed withProf. Gatti. The figures, the manuscripéxt and the supporting

information weredrafted by me and discussed with all-eoithors before submission.
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Publication 3is a sharedirst authorshipbetween Matteo Crisci, Micaela Pozzati and myself.
The experimental concept was mairdytlined by myself and Matteo Crisci. | produced a
majority of samples and conducted Raman measurements. Additionaligtd the paragraph

on Raman analysis in the manuscript and contributed tmitsrallfinalization. Matteo Crisci

did sample preparation and DLS measurements. Micaela Pozzati contributed to sample
preparationand measured UWisspectroscopyata and TEMshealso wrote major parts of

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

of us while being supervised By. Mengjiao Wang anérof. Teresa Gatti.

Publication 4is another co-authorship where | contributedvith my work on exfoliation
Similarly to publication 3l conducted a major part of the sample preparation and Raman
analysis. DLS measurements weagried outby Matteo Crisci. All other data were gathered
by Micaela Pozzatinamely UV-Vis spectroscopy TEM, SEM and thin film preparation.
Interpretation of the Raman data and the elaboration into a paragraph wereanjributions

to the manuscriptwhichwasthen completed and assembldxy MicaelaPozzatisupervised

by Dr.Wang andProf. Teresa Gatti.

Publication 5is a work from Matteo Crisdly contribution is based on the production of the
bidimensional2H-phase of W5in suspensionwhich was used aslectrochemically active
material incomposites with a conducting polymer (PANIprovided UWisspectroscopynd
Ramarspectroscopylata, including their interpretationas characterization tools for the WS
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Polyacrylonitrile (PAN) is considered one of the most commonly used precursor polymers for
high conductivity antargecapacitve CNFg8! According tdhe literature, countless examples

of CNFare produced fromseveralimaginable precursor materiglffom synthetic polymers

to nature-basedones PAN, PVP, CA which was electrospun first by A. ForrfhadR/A,
Polymethyl methacrylate (PMMAand polyimide (Pl)are only some of themost used
precursorst8:182 The literatureconsistently highlightthe significant impacof temperature
treatment onthe properties of CNF.Ramos et alas one examplelemonstratedthe clear
dependency of thgBrunauerEmmetTeller)BET surface area with increasing temperagure
rangingfrom 500°C to 3000C.Towards larger temperatures, grapldtion and sintering of

the carbon materialoccur leading to a decrease in surface area of the CRHS3 For
capacitive applications especially the surface area is a substantial property of a material for its
successCNFs provide huge surface aredisip to 720m? gt or even1230m? g, owing b

their high meseand naneporosity184185For nearly all types @ NFsregardless oprecursor
material or heating treatmenf range otructural analyses atgpicallyconducted including

BET measurementXRD, Ramaiinfrared spectroscopyi), SEMand TEM image¥>183.18¢

191 These methods providealuable insights intdhe structure, stacking, defect ratio and
overall appearance of fibrous material can be observed quite Wk structure can be
related to the surface area that sas mentioned strongly depending on the temperature

treatment.

Togain insights inteharge storage behaviour aimternal resistanceit is essential to perform
chargedischargecycles CV,EISor volume resistance measuremerif§;184189.191 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 réveae
aforementioned publications, no clear trend can be observed to understand the resGiting
by only looking at the BET surface ar€he capacitance cannot be directly related to only the
surface areamoreover, the composition of the final product is of tremendous importance for

the final performance.
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BesidesCarbon additionallyNitrogen and Oxygen afacorporatedA y 1 2 (G KS FA 06 SN
diffuse into the fiberand form activesitesand defects contributing toG.1%%°> Thepresence

and distribution of these heteroatomslepend on the temperature treatment and the
composition of the initial fibers. There are four different kinds of nitrogeamsbonding into

the carbon lattice, allcontributing differently to the charge storage capamice!®®
Additionally, not only one but twalistinct temperature treatments with stabilization and
carbonization are needed to produce cyclic structures in the carbon lattice to enable efficient
graphitization.The complex stabilizatiowhere dehydrogenization, oxidation and cyclization
200dz2NE A& RNIaGAOIT & PP9TReeiok,/&dilizédRAN fifelso S NA
exhibit skincore 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 stabilizatistep, leading to variations in composition and

properties across the fibgP19

This waghe starting pointfor the following publication. Kim et a#° presented a versatile
analysidocusing solely othe structuralcharacteristicsG and the chemical composition but
only for thefinal CNFsHowever, our work extends beyond this, psoviding an analysis of
the structural and compositional changes of CbB$ only addressing thecarbonization
process, but also the crucislabilization step To achieve thisye supplemented traditional
analysis methodsuch askamarspectroscopyXRD, SEM etc. with XPS dXRS, being highly
surfacesensitive provided detailed information orthe oxidation states of nitrogen and
oxygen species present at the CNF surface. Further, we correlated the me&wkthe
symmetric supercapacitor device with the fage area and the surrounding elements
differently bonded to the surface. In this mannewne optimized not only the CNF's
performancein terms ofG in their final state but also were able to show the effect of the

stabilizationtreatment on the CNFs towards thei.
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Assessing the Effect of Stabilization and Carbonization
Temperatures on Electrochemical Performance of
Electrospun Carbon Nanofibers from Polyacrylonitrile

Felix Boll, Matteo Crisci, Leonardo Merola, Francesco Lamberti, Bernd Smarsly,

and Teresa Gatti*

Supercapacitors (SCs) are considered a promising alternative to batteries to
power up portable and wearable devices. Among different categories of materials
for SCs, carbon nanofibers (CNFs) are particularly appealing for their electro-
chemical, morphological, and mechanical properties, coupled with the ease of
synthesis. Electrospinning is a simple and low-cost technique to prepare the
polymer-based precursors for CNFs, allowing to obtain fibers with a tunable
morphology and a diameter in the nanometer range. However, even if electro-
spun CNFs were intensely studied over the years, in the literature there is a lack of
information regarding the optimization of the thermal treatment to prepare bare
CNFs with high specific capacitance (C,). Herein, a systematic study on the
optimization of the stabilization and carbonization temperatures for electrospun
CNFs prepared from polyacrylonirtile is reported, achieving a maximum C, of
49Fg 'at0.5Ag ! in a symmetrical SC device based on 1 M H,SO, electrolyte.
Aspects related to the specific surface area, nitrogen doping, and carbon
microstructure are examined concerning the different thermal treatments,
allowing to define structure—property—function relationships in these capacitive
nanoarchitectures.

electrochemical, chemical, and electro-
static.”] Among all energy storage devices,
rechargeable batteries and electrochemical
capacitors, also known as supercapacitors
(SCs), are the most suitable choices to store
energy for portable and wearable devices.
SCs are indeed considered valuable alterna-
tives to batteries for these applications
because they allow superior durability
and an ultrafast charge—discharge time,
enabling high Py.

From a general point of view, electrodes
for SCs should have high electrical
conductivity, good chemical stability, high
specific surface area (SSA) for contact
with the electrolyte, resistance to corrosion,
and thermal stability. Currently, several
different categories of materials can be
employed to fabricate an electrode for
SCs, such as nanostructured carbon-based
materials, conducting polymers, transition
metal oxides, or other new emerging cate-
gories of materials like metal-organic
frameworks (MOFs),?*) MXenes," transi-

1. Introduction

Portable and wearable devices will increasingly play a crucial role
in our everyday lives. Even if markets for portable and wearable
technclogies are set to grow tremendously, these devices require
an efficient energy storage system (ESS) as a powering source.["?
There are different ESS types based on factors such as
energy density (Eq), power density (P4), and operation lifetime.
ESSs can be divided into electromechanical, electromagnetic,

tion metal dichalcogenides, metal nitrides (MNs), and black
phosphorus.!!

Within this list, nanostructured carbon is one of the
most studied and developed classes, with the longest history
in research. Activated carbon,”"!" graphene,[“'”] carbon
nanotubes,™* 7 carbon aerogels'” ™ carbon nanofibers
(CNFs),® and laser-induced graphenel"*? are some examples
of the multitude of carbon-based materials used as scaffold elec-
trodes for SC applications. Between all these different materials

21,22]
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CNFs have attracted the interest of the scientific community due
to their relatively high surface area (400-600 m* g™'), enabling
efficient contact with the electrolyte, high electrical conductivity
(1-10? S cm 1), tuneable pore size distribution, lack of insulating
binder to support the microstructure ease of synthesis process,
and relatively low cost of fabrication.”?) CNFs can be easily pre-
pared through electrospinning deposition of polymer-based pre-
cursor fibers, which, after a thermal treatment, are converted into
CNFs. These polymer-based precursor fibers can be obtained
from different polymers, among others, polyacrylonitrile
(PAN), polyvinylpyrrolidone (PVP), cellulose acetate (CA), poly-
vinyl alcohol (PVA), polymethyl methacrylate (PMMA), polyi-
mide (PI), and from different solvents like dimethylsulfoxide
(DMSO), dimethylacetamid (DMAc), dimethyl sulfone, and
tetramethyl sulfide.”**" PAN produces CNFs with the highest
mechanical strength and carbon yield among all the other poly-
mer precursors. Moreover, PAN has a higher electrospinning
ability compared to the other polymers.”*®! It is already well estab-
lished that the preparation of CNFs from electrospun PAN nano-
fiber precursors involves two steps in different temperature
ranges. The first one is the oxidative stabilization of PAN fibers
in air between 200 and 350 °C. This step is essential to create a
cyclic molecular structure through oxidation, dehydrogenization,
and cyclization reactions. The second step is the carbonization of
the stabilized PAN fibers between 600 and 1300 °C under N, or
Ar flow, although the mostly employed temperature is 800 °C.
During this last step, an aromatic honeycomb structure is formed
due to the condensation of the stabilized PAN structure and the
removal of nitrogen and oxygen atoms through formation of gas-
eous nitrogen oxides.”>** SCs devices based on CNFs are still
characterized by relatively low values of C..'””"2% Indeed, there is
a huge number of works discussing the possibility to tune the
graphitization degree, to increase the surface area accompanied
by controlled pore size distribution, and to increase the mechan-
ical stability and we invite the interested reader to refer to ref. [23]
to obtain a complete overview of the topic. However, the correla-
tion between structure and physicochemical properties with
capacitive behavior is only seldomly discussed and no systematic
investigations have been carried out on understanding the effect
of changing the thermal treatment parameters in order to tune
Ce. In addition, the majority of the existing works is not examin-
ing in detail the electrochemical performance of pure CNFs, but
always in combination with other active materials, in hybrid or
composite structures, which does not allow to understand the
actual role of the carbon species.**~*% However, the optimization
of PAN-based materials as CNFs templates for energy storage is
extremely fruitful for the development of an emergent class of
capacitors realized with block copolymers, in which the carbon
matrix (such as PAN) is attached to a sacrificial block.**** The
research in this field is mainly focused on the stabilization of
PAN at 300° and subsequent carbonization in nitrogen environ-
ment for forming the final porous carbon backbone,** thus max-
imizing the pseudocapacitive behavior by achieving the largest
possible active area. It is thus important to better understand
the potential of PAN-derived carbon nanomaterials in the field
of energy storage, also given their versatility for combination with
many other species, by fine-tuning the preparative process, in
order to infer structure—property—function relationships.
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With this work, we present an in-depth study on the optimi-
zation of CNFs production conditions from electrospun PAN and
examine different stabilization (T;) and carbonization (T) tem-
peratures, in order to identify the best conditions for balancing
N-doping, electrical conductivity, SSA, and pore size distribution,
which are the main parameters influencing C; in SC architec-
tures.**! We do this on the sole CNFs, and not on hybrid archi-
tectures with other active species, in order to understand their
intrinsic electrochemical performance. This study is also moti-
vated by the scarcity of investigations on this specific topic
because the effect of the two thermal treatments on the indicated
parameters is significant and these last ones are, in turn, deter-
minant for driving capacitive behavior. The particular approach
chosen here is to first compare different T, while keeping fixed
T., to characterize the influence of the former on the identified
variables, and then to proceed with optimization of the latter.
With this method, an ideal two-step temperature treatment to
obtain the best capacitance from CNFs can be identified.

2. Results and Discussion

CNFs were prepared in three steps, by first electrospinning PAN
to obtain polymeric nanofibers, followed by stabilization of the
resulting fibrous scaffolds in air and by final carbonization under
nitrogen. The stabilization and carbonization temperatures were
varied within a range, in order to understand the effect of these
thermal treatments on the physical and electrochemical proper-
ties of the resulting CNFs. Figure 1 shows a schematic represen-
tation of the process, with details on operative conditions for each
involved step.

A rational systematic variation of conditions was applied to
prepare the different CNFs samples, by considering first the tun-
ing of T, while maintaining T, at the classical 800 °C, which is the
most common condition used in the literature for this second
step. Then, within these samples, the T of the best performing
one from the electrochemical point of view (vide infra) was kept
fixed and a variation of £100 °C was applied to the standard T,
ie., T of 700, 800, 900 °C were investigated. This approach
allows to understand in two separate steps the effect of stabiliza-
tion and carbonization processes leading to optimized electro-
chemical performance of CNF-based electrode materials.

The electrochemical performances of symmetrical SC based
on CNFs in 1 M of H,SO, are reported in Figure 2. The GCD
curves at 2Ag ', presented in Figure 2a, underline the
linear relationship between the potential and the time which
leads to a triangular charge/discharge curve which is character-
istic of electric double-layer materials (experimental CV and GCD
curves for all samples are shown in Figure S4 and S6, Supporting
Information). In each GCD curve it is possible to identify the IR
drop, which is associated with the internal resistance.*” The CV
curves at 50 mV s (Figure S4, Supporting Information) show a
characteristic rectangular shape of electric double-layer materi-
als, in accordance with GCD measurements. However, although
the CV curves have a symmetric and almost ideal rectangular
shape, the presence of equivalent series resistance (ESR) and
equivalent parallel resistance (EPR) lead to small deviations from
the ideal shape.*® In addition, a slightly asymmetric shape, most
likely caused by the distribution of ions in the double layer

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH
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Figure 1. Schematic representation of the entire CNFs production process, including the electrospinning of PAN, stabilization, and carbonization steps
parameters employed. The details on the chemical processes happening during the two steps are also shown for 1) defect-free® and 2) defect-rich

phases.’®?

during the charge and discharge process, is observed. Especially
at high scan rates, tail-like shapes are probably formed by redox
processes (reactions) with the electrolyte or solvent. During the
charging, fewer ions are in the proximity of the electrode surface,
reducing the number of total charges detected by the external
circuit. On the contrary, during the discharging, the electric dou-
ble layer is larger due to the presence of more ions which
increases the effective capacitance.’® In the CVs, it is possible
to identify some weak and broad peaks that can be associated
with redox reactions due to the pseudocapacitance of nitrogen
or impurities adsorbed on the surface.

A long discharge time in the GCD curves and a large
area within the CV curves of the CNFs—325-800 sample implies
a higher C; than that of the all other samples examined. Indeed,
as reported in Figure 2c,d, device based on CNFs—325-800

Adv. Energy Sustainability Res. 2023, 4, 2300121

44

2300121 (3 of 12)

achieved the highest average value of C; for all the current den-
sities tested, except for 20 Ag~'. At0.5 A g™, such sample shows
an average Cgof 494+ 3 Fg !, which is reduced to 30 £3F g !
20.0 A g . The same trend is seen in the Ragone plots presented
in Figure 2ef, where it achieves the highest average E; of
4.440.2Whkg "ata Pyof 200 W kg '. These values are further
reported in Table 1 and 2 for the sake of clarity. The promising
electrochemical performance of CNFs—325-800 can be
explained by a combination of different factors, as it will be clari-
fied later in the text by analyzing XPS, physisorption, SEM, and
EDX data.

EIS measurements were carried out to study the impedance
behavior of the CNF-based devices and to confirm their capaci-
tive properties. Figure 3a and S6, Supporting Information, rep-
resent the Nyquist plots of the SCs in the frequency range

© 2023 The Authors. Advanced Energy and Sustainability Research
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Figure 2. Comparison of the electrochemical performance of symmetric SCs based on the different CNFs used as electrode materials: a) GCD curves
obtained at 2.0 Ag~" in the 0-0.8 V range in 1 m H,50, electrolyte at different T; b) GCD curves obtained at 2.0 Ag™" in the 0-0.8 V range in 1M H,50,
electrolyte at different T c) trends in C; as a function of current density for the different examined Tg; d) trends in C; as a function of current density for

different examined T; Ragone plots for €) different T and f) different T..

Table 1. Values obtained from the fittings of the EIS curves recorded for
devices based on CNFs samples prepared at different T, or T..

Device based on R Rt CPE, Ny Cal CPE» N,
1€ [ [n0°s] [bFl 5]
CNFs—225-800  0.94  23.78 6.50 0.82 1569 0069 094
CNFs—275v800  0.85  14.60 5.20 0.83 17.78 0084 096
CNFs—325-800  0.90 5.96 14.20 077 2692 0042 097
CNFs—350-800 1.00 14.50 15.10 0.77 21.83 0.052 0.93
CNFs—325-700  0.88  46.50 9.00 075 1545 0071 092
CNFs—325-900  0.90 1.70 13.00 0.81 18.04 0062 092

between 200 kHz and 10 mHz. The Nyquist plot can be divided
into three regions. In the first one, the high-frequency region, the
intercept with the real axis (Z'g,) is related to the internal resis-
tance (Rs) induced by the resistance of the electrolyte. In the sec-
ond one, the midfrequency, the semicircle is associated with
surface properties, which are related to the charge-transfer
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resistance (R) between the electrode and electrolyte or contact
between the electrode and current collector. In the last one, the
low-frequency region, the straight line is related to the electric
double layer’s impedance, However, for an ideal capacitor, this
line is parallel to the imaginary axis (—Z’\,). Instead, for a real
capacitor, this line has a slope determined by the presence of
resistances.’**% The experimental data were fitted with a
modified Randles circuit to evaluate the values of R;, Ry, and
double-layer capacitance (Cg), as reported in the inset in
Figure S6, Supporting Information and in Table 1.V
Constant phase elements (CPEs) were chosen for modeling
the Warburg element and Cy. With CPEs, the nonideality of
the device can be modeled with more accuracy and
include the role of each element. CPE; is related to the Cg, while
CPE, is associated with the Warburg coefficient, determined by
the semi-infinite diffusion of the ions in the electrolyte.**** The
Caq was calculated using the equation reported by Bard and
Faulkner.** From the fittings, all the samples exhibit slightly dif-
ferent values of R, within 10% error. Indeed, the impedance
behavior of the devices is mainly determined by R, which shows

© 2023 The Authors. Advanced Energy and Sustainability Research
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