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Zusammenfassung

Die Reduktion von CO; Emissionen ist eine unabdingbare Konsequenz fiir das Weiterbestehen
des globalen Okosystems. Zum Erreichen dieses Ziels muss die gesamte Weltwirtschaft den
Ubergang von einer rohdlbasierten hin zu einer von erneuerbaren Energien angetriebenen
Gesellschaft und W.irtschaft vollbringen. Energiespeicherung, ihre Nutzung und das
Transportwesen sind die entscheidenden Sektoren fiir eine effiziente Energienutzung.
Zentrale Bestandteile dieser Entwicklung sind neue Anwendungen und technische Losungen
fir fortschrittliche Batterie- und Kondensatormaterialien. Nach der Entdeckung von Graphen
vor 20 Jahren als das erste sogenannte ,2D Material“, sind kohlenstoffbasierte Materialen
aufgrund ihrer hohen spezifischen Oberflache und der groBen Leitfahigkeit 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 hoher Leistungsdichte. Zusatzlich hat die
Entdeckung von Graphen einen weiteren wissenschaftlichen Zweig eréffnet, die Forschung an
zweidimensionalen Materialien. Hier sind besonders Ubergangsmetalldichalkogenide
hervorzuheben, die im Gegensatz zu Graphen eine Bandliicke aufweisen. Aufgrund ihrer
Eigenschaften ist ein breites Forschungsspektrum fiir diese Materialien in den Bereichen von
Energiespeicherung, Transistortechnik, Wasserstoffsynthese und Sensortechnik gewachsen.
Die Kombination von Ubergangsmetalldichalkogeniden mit Kohlenstoffmaterialien ist
Gegenstand der Forschung fiir flexible und leichte Energiespeicherung, dessen Bedarf in der

heutigen Welt stetig am Wachsen ist.

Diese Dissertation leistet in den Themen der Entwicklung und Optimierung von
Energiespeichersystemen, mit besonderem Augenmerk auf Superkondensatoren und flexible
Energiespeicher, ihren Beitrag. Auf der einen Seite liegt der Fokus auf fundamentaler
Verbesserung im Herstellungsprozess und der Temperierung von Kohlenstoffnanofasern, zur
Erhohung der spezifischen Kapazitdt, welche eine wichtige Rolle als Tragermaterialien in
Superkondensatoren einnehmen. Auf der anderen Seite untersucht diese Dissertation die
Kombination von diversen Kohlenstoffmaterialien mit den oben genannten
Ubergangsmetalldichalkogeniden. Dafiir wurde ein wasserbasierter Prozess zur Exfolierung
von WS;, MoS; und Bi,Ss Materialien verwendet, um flexible Kondensatoren und Diinnfilme

herzustellen.
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Besonderes Augenmerk wurde hierbei auf die Optimierung von Exfolierungsprozessen fiir das
jeweilige Ubergangsmetalldichalkogenid gelegt. Die jeweiligen Tenside und ihre idealen
Konzentrationen fir die Exfolierung wurden untersucht, um die Effizienz des Prozesses und
die Konzentration der Suspensionen zu optimieren. Ziel ist die Verbesserung und Verwendung
von wasserbasierten Verfahren als nachhaltigere Alternative fir die Verwendung von N-

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

Das Wissen aus Exfolierung und der Herstellung von Nanofasern wurde genutzt, um flexible,
symmetrische Kondensatoren basierend auf Polyethylennanofasern herzustellen. Hierfir
wurde zweidimensionales WS, mit Kohlenstoffmaterialien wie Kohlenstoffnanoréhrchen und
Rufl kombiniert. Durch diese Materialkombination konnten Kondensatoren hergestellt
werden, die Synergieeffekte zwischen den aktiven Materialien aufzeigten. Diese Effekte
ermoglichen verbesserte elektrochemische Eigenschaften wie zum Beispiel die Erhéhung der
spezifischen Kapazitdt und leisten somit einen fundamentalen Beitrag zur Forschung an

leichten und flexiblen Energiespeichersystemen.
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Abstract

The urgent transition from a fossil fuel-based economy to one powered by renewable energy
is critical for reducing CO2 emissions and ensuring global ecosystem stability. Energy storage,
energy consumption and transportation are the crucial sectors for efficient energy usage.
Central to this effort are new approaches and technical solutions for advanced battery and
capacitor materials. Carbon-based materials, particularly since the discovery of graphene as
the first 2D material 20 years ago, have gained significant attention for their high surface area
and conductivity. These properties are ideal for the development of supercapacitors, which
are bridging the gap between high-power density materials like capacitors and high-energy
density materials like batteries. After the discovery of graphene, transition metal
dichalcogenides have emerged as interesting materials due to their intrinsic bandgap, which
graphene lacks. Therefore, these materials are explored for various applications, including
charge storage, transistors, hydrogen production and sensing. This dissertation contributes to
the field by developing and optimizing charge storage devices, with particular emphasis on
supercapacitors and flexible energy storage. On the one hand, it focuses on the fundamental
improvement of carbon nanofibers, being a backbone and key material for supercapacitor
applications. Here, the optimization of the temperature treatment was done to increase the
specific capacitance and improve the performance of the supercapacitor. On the other hand,
the dissertation explores the combination of carbon materials with transition metal
dichalcogenides. Therefore, water-based exfoliation processes were used to obtain
bidimensional WS;, MoS; and Bi,Ss suspensions for applications as flexible capacitors or thin
films. Emphasis was put on optimizing surfactant species and their concentrations for the
individual transition metal dichalcogenides following the urge for greener methods in
production using water-surfactant combinations instead of N-Methyl pyrrolidone. This
knowledge gained from these studies was applied to combine carbon materials with
bidimensional WS; to investigate the energy storage properties in flexible and symmetric
capacitors produced from poly(ethylene oxide) fibers. Using the combination of carbon-based
materials like carbon black and multi-walled carbon nanotubes with bidimensional WS; 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 Brunauer-Emmet-Teller Pq Power density
CA Cellulose acetate PEDOT Poly-3,4-' .
ethylendioxythiophen
CB Carbon black PEO Polyethylene oxide
CNFs Carbon nanofibers Pl Polyimide
CNTs Carbon nanotubes PLD Pulse laser deposition
Cs Specific capacitance PMMA Poly(methyl methacrylate)
cv Cyclic voltammetry PSS Polystyrene sulfonate
CVvD Chemical vapor deposition | PVA Polyvinyl alcohol
D Directionality coefficient PVP Polyvinyl pyrrolidone
DFT Density functional theory | rGO Reduced graphene oxide
£ - liqui
DLS Dynamic light scattering SA-LPE Surfactant a?ss!sted lquid
phase exfoliation
Eq Energy density SCs Super capacitors
i I
Es,L Surface energy liquid SDBS Sodium dodecylbenzene
sulfonate
Es,ws2 Surface energy WS; SDS Sodium dodecyl sulfate
EDL Electrical double layer SEM Sc.annmg electron
microscopy
EDLC EIectr!c double layer SIBs Sodium ion batteries
capacitor
EDX Energy dispersive X-ray TEM Tr§n5|t|on electron
spectroscopy microscopy
EtOH Ethanol TGA Thermo gravimetric analysis
EWHM Full Wldth at Half TMDCs Tran5|t|on metal
Maximum dichalcogenides
GO Graphene oxide UV-Vis UV (ultra violet)-Vis (visible)
IHP Inner Helmholtz Plane Vo Vibrational ground state
Vibrati I tates 1 —
IPA Isopropanol Vi-Ve 6| rational energy states
LIBs Lithium lon Batteries Vdw Van-der-Waals
X- hotoelect
LPE Liquid phase Exfoliation XPS ray pnotoelectron
spectroscopy
MBE Molecular beam epitaxy XRD X-ray diffraction
MW(CNTSs Multi-walled carbon ZP Zeta potential
nanotubes
NaCh Sodium cholate
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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 fossil fuel-driven
economy towards a less CO; emitting one. Energy production and its distribution is the largest
CO;z-producing industry. With about 13 million barrels per day petrochemical industry is the
second largest consumer of crude oil which is only 13.49 % of the daily production of 96.4
million barrels per day according to Statista.”> Therefore, a majority of about 86 % of crude
oil is used for energy production in the sectors of transportation, heating and electricity.
Humanity's reliance on energy has intensified with advancements in technology and
digitalization, leading to increased energy consumption. Additionally, the shift in the mobility
sector from fossil fuel-driven engines to electric vehicles further amplifies energy demand. A
majority of energy demand in the past was met by fossil fuels and as shown above, is mostly
until today. However, in response to the climate crisis, the transition from fossil fuels to CO»-
neutral energy sources is becoming increasingly crucial. Addressing this need, primary energy
production focuses on CO;-neutral sources such as solar power, wind power, biomass, and
hydroelectric power plants (see Figure 1a). From 2004 to 2022 the share of renewable energy
production in Europe increased nearly 2.5-fold, rising from 15.9 % in 2004 up to 39.4 % in
2022.3 As a result, renewable energy now constitutes the largest segment of primary energy
production in Europe. However, the reliance on wind- and solar power introduces a challenge:
These sources are characterized by an inconsistent power profile — if there is no wind and no
sunlight, less or no power is generated. To address this issue, it is essential to store excess
energy generated during periods of high production for use during low-power phases, such as
at night. Consequently, a diversified energy storage system is crucial for balancing peak
consumption and periods of low production, ensuring a stable and reliable electricity grid
across Europe. Further, reliance on single elements and materials, such as lithium, poses risks
to the European Union’s energy independence. Therefore, diversification is not only important
for the energy grid but from the materials’ perspective as well. To mitigate these risks, a
variety of energy storage solutions have been developed, including sodium-ion batteries
(SIBs), Vanadium redox flow batteries, smart electricity grids including car batteries as a
buffer, flywheels, hydroelectric storage, compressed air energy storage and many more types
of batteries, capacitors and physical energy storage systems have that been developed to

1



1. Introduction

diversify energy storage.* Among these, one promising example for energy storage devices
are transition metal dichalcogenides (TMDCs). For instance, the substitution of graphite in
lithium-ion batteries (LIBSs) with WS, for example was achieving 45 % higher capacitances
referred to the theoretical limit of graphite.>’” The layered structure of TMDCs cannot only be
used for LIBs but also for the intercalation of sodium for SIB applications.®® Lastly, the large
surface area that layered TMDCs provide addresses the major need for supercapacitor
applications.'%! To fully leverage the advantageous properties of TMDCs, single layers have
to be separated, as this transition from bulk material to monolayers results in a shift from an
indirect to a direct band gap.'? The interest towards 2D materials arose when Novoselov and
Geim first excluded single layers of graphite into graphene in 2004.3 As illustrated in Figure 1b
between 2000 and 2005, exfoliation — the process of separating single layers of 2D materials
— became prominent in the scientific community. With the rise of the liquid phase exfoliation
(LPE), Coleman et al. in 2011 were exfoliating several different types of TMDCs enabling the
effective application of TMDCs.* Especially for transistors, sensors and energy storage from
2013 many articles were published as depicted in Figure 1c. Since then, TMDCs have become
integral to various scientific fields, going from solar cell applications and transistors to energy
storage and flexible electronics. In recent years, aside from their applications in batteries, the
research focus on TMDCs has increasingly shifted towards supercapacitors (SCs). This shift is
driven by the large surface area of TMDCs, which is a critical factor for optimizing SC
performance, as the surface area is key to maximize the charge storage. The potential of
TMDCs in supercapacitors, demonstrating impressive energy density (Eq) and power density
(Pg), represents a significant breakthrough. These properties not only promise advancements
in large-scale energy storage but also hold considerable promise for flexible electronics. The
high energy densities achievable with TMDC composites make them particularly attractive for
applications in wearable devices, where flexibility and efficiency are crucial.’>1® Low weight
and flexibility are essential characteristics of electronic devices designed for everyday use.
Given the synergistic effects observed between TMDCs and carbon composites in energy
storage applications, | chose to investigate these material combinations in my

dissertation.”%1417-19



1. Introduction
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Figure 1: a) Energy production of the European Union in 2022, staggered by the producing source. b) The number of
publications in the “Web of Science” using the keywords “Exfoliation” and “Transition Metal Dichalcogenides” plotted against
the years going from 1970 until today. c) The number of publications in “Google Scholar” using the keyword “Electrospinning”
plotted against the years from 1990 until today. d) The number of publications in the “Web of Science” using the keyword
“Transition Metal Dichalcogenides X” plotted against X. X stands for the in the diagram described keywords.
By exploring the interplay between TMDCs and carbon materials, my research aims to
leverage their combined properties to enhance the performance and practicality of energy
storage solutions, particularly in flexible and wearable electronics. For clothing and flexible
applications, fibers are an excellent choice as a backbone material due to their high surface
area and inherent flexibility. Electrospinning allows the production of thin fibers ranging from
several nm to um, offering large surface-to-volume ratios and significant nano-porosity. These
physical properties are beneficial, especially for SCs. With the rise of nanomaterials and their
expanding range of applications, including TMDCs, electrospinning became a prominent field

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

tissues for devices, such as flexible electronics or membranes.2%%



1. Introduction

During my dissertation, | focused on exploring nanomaterials for flexible energy storage
devices, specifically addressing the exfoliation process and the preparation of fibrous
materials using electrospinning. In publication 1, | concentrated on optimizing CNFs as
backbone materials for SC applications. The samples were prepared by electrospinning
polyacrylonitrile dissolved in dimethyl formamide, followed by various temperature
treatments for carbonization. The stabilization temperature of the polymer fibers and their
subsequent carbonization under a nitrogen atmosphere were found to significantly influence
the final performance of the supercapacitors. Our work emphasized optimizing the charge
storage capacity by controlling the surface area through precise heat treatments.
Electrospinning also enabled the preparation of flexible substrates, which we further explored
in publication 2. Here, we combined electrospinning with TMDC-exfoliation to investigate the
synergetic effect of carbon-based materials, such as carbon nanotubes (CNTs) and carbon
black (CB), with WS,. The composites were dispersed into a polymer solution, enabling the
electrospinning of suspensions to create flexible capacitors that leverage both their
electrochemical properties and mechanical resilience. Our main focus was on optimizing the
performance and spinnability by adjusting the ratios of active species. These flexible
capacitors maintained their structure through several bending cycles and additionally
demonstrated clear synergistic effects between the carbon materials and exfoliated WS,
sheets. Given the promising results with 2D-WS; as a representative TMDC, the exfoliation
process became a key area of focus in Publications 3 and 4. We investigated the exfoliation
conditions for MoS,, WS,, and Bi,S3 to optimize their application in gels, fibers, and thin films.
Various surfactants at different concentrations were tested to understand their impact on the
stability, concentration, and degree of exfoliation in the resulting TMDC suspensions. Further
analysis of the stable 2D-WS, suspensions was conducted in Publication 5, where these
suspensions were applied to gel-like materials. My role involved characterizing and producing
exfoliated WS, nanosheets, which Matteo Crisci then used to create WS,-polyaniline (PANI)
hybrid materials for flexible energy storage and pressure sensing applications. In summary,
the exfoliation of various suspensions and electrospinning techniques were central to my work
as a doctoral student, as | sought to combine nanoparticle production with manufacturing

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



2.1. Production of Transition Metal Dichalcogenides

2. Theoretical Background
2.1. Production of Transition Metal Dichalcogenides

The topic of exfoliation arose in 2004 when Novoselov and Geim were the first being able to
produce monolayers of graphite — graphene. Additionally, they were able to show excellent
conductive properties of graphene for electric currents.'32223 There was significant interest in
this new material due to its unique properties, such as large in-plane conductivity and high
mechanical strength. This interest extended to graphene-derived species like CNTs,
nanoribbons, graphene oxides, and graphene-based composites.?*28 With the successful
delamination quickly other materials got into the focus of the scientific community having
properties different to graphene. The zero bandgap of graphene is exceptional for electronic
conductivity but excludes graphene in next-generation semiconductor applications.?® Here,
TMDCs jump in having tuneable band gap compositions with an indirect-direct bandgap
transition in the bidimensional state.3%3! Comparable to graphite the structure of TMDCs is
characterized by in-plane covalent bonds between the chalcogenides and the metal atoms.
Out-of-plane only weak Van-der-Waals (VdW) interactions are present facilitating the
mechanical exfoliation of individual layers of the material.1>143%3233 Duyring this separation
guantum confinement occurs causing a change of the electronic structure affecting the band-
gap.3¥34 For technical applications, the direct band gap of two-dimensional MoS,, is
particularly interesting because, unlike graphene, it does not require complex fabrication to
achieve a tuneable bandgap. The first example of a transistor based on MoS; monolayers was
given by Radisavljevic et al. in 2011.3> The quantum confinement of the d-electrons in
materials like MoS; leading to an indirect-direct band gap transition that was proven by
Splendiani et al. in 2010 showing strong photoluminescence after exfoliation. This discovery

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



2.1.1 Exfoliation

2.1.1 Exfoliation

The production of bidimensional materials in general is able by following two approaches:
Bottom-up and Top-down as shown in Figure 2. Bottom-up syntheses like chemical vapour
deposition (CVD), atomic layer deposition (ALD), electrochemical deposition or wet-chemical
approaches like sol-gel or hydrothermal syntheses use small building blocks, molecules or

atoms for the preparation of larger structures, special shapes or thin layers of product.3”38

Figure 2: Differentiation between top-down and bottom-up approaches for the production of 2D materials. Reprinted with
permission from Mengjiao Wang, Michal Langer, Roberto Altieri, Matteo Crisci, Silvio Osella, Teresa Gatti, ACS Nano 2024,
18, 13, 9245-84. Copyright 2024 American Chemical Society.3¢

As an example, we look at the WS; production. In CVD normally WS; is produced directly from
the sulfurization of WO3 using sulfur or H2S as sulfur sources.3**! In the case of ALD normally
quite expensive precursor materials are used like W(CO)s or bis(tert-butylimido)-
bis(dimethylamido)-tungsten to produce monolayered materials of high quality.*>* In
contrast, while other bottom-up approaches like hydrothermal synthesis allow for the growth
of nanoparticles in various shapes, it does not offer precise control over their thickness or the
number of layers.**8 On the other hand, methods like CVD and ALD can produce single layers
of WS,, but they come with significant drawbacks: the processes are long, expensive, and

poorly scalable, yielding only small quantities of high-quality monolayered material.*>>°
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2.1.1 Exfoliation

Starting from the other side, the top-down approaches show other difficulties. For example,
in pulsed laser deposition (PLD) and molecular beam epitaxy (MBE) elemental W and S in a
stochiometric ratio or WS; targets are typically used as precursors. These methods primarily
yield polycrystalline and multi-layered systems.>*>3 Here, as for hydrothermal synthesis,
controlling the number of layers is challenging since bulk material is randomly divided into
smaller particles down to the nanoscale. The top-down approach of separating individual
layers is feasible only for specific types of materials like graphite and TMDCs where distinct
bonding interactions exist between layers.3233°4> This process, known as exfoliation, is
unique because it requires applying enough force to overcome VdW forces between layers
while keeping the atomic bonds within the material sheets intact.'**%>7 Many approaches
have been developed to successfully exfoliate 2D materials like graphite, following its initial
exfoliation using scotch tape. Nowadays commonly used methods are electrochemical
intercalation, ball milling, ultrasonication and shear mixing to name a few,191437,54.56-58 B3|
milling is the simplest method but is less commonly used today due to issues with
contamination and low scalability.3” lon intercalation, particularly with Li* ions, weakens VdW
interactions by increasing the interlayer distance due to repulsive forces. However, this
method also risks contamination. Additionally, electrochemical methods containing Lithium
are expensive and energy-consuming.1%>° Shear mixing and tip sonication will be discussed
extensively, as we used these methods for exfoliation. They are commonly employed, easily
scalable and cost-effective. Both techniques operate in liquid media, which is why they are

collectively referred to as Liquid Phase Exfoliation (LPE).®°

Here, the material is exfoliated using strong shock waves in the case of tip sonication or by
large shear forces caused by a rotor-stator couple under high rotation speed.3”>* For both
methods a three-step process occurs during exfoliation: First, the VdW forces are overcome
by energy input. The second step is the stabilization by penetration of solvent within the
layers. In the final step, particles with varying average numbers of layers need to be separated.
The exfoliated material is polydisperse which means that a spectrum of particle sizes and
numbers of layers is obtained after exfoliation. This is shown from dried suspension Scanning
electron microscopy (SEM) images and dynamic light scattering (DLS) data in Figure 5b & c. To
separate well-exfoliated sheets from bulk-like particles, gravitational methods such as

sedimentation or centrifugation are used to separate lighter from heavier particles.t%-62



2.1.2. Shear Mixing

N-methyl pyrrolidone (NMP) has proven to be an ideal solvent for stabilizing exfoliated sheets
of graphene, MoS, and WS, among other materials. However, its toxicity and the high cost
disqualify it for large-scale applications. Surfactant-assisted liquid phase exfoliation (SA-LPE)
offers a viable alternative to exfoliation in NMP. Surfactants effectively weaken VdW forces
and prevent exfoliated particles from restacking by creating a physical barrier and increasing
the distance between them. Commonly used surfactants include Sodium dodecyl sulfate
(SDS), Sodium dodecylbenzene sulfonate (SDBS), Sodium Cholate (NaCh) and Polyvinyl
pyrrolidone (PVP) in the process to substitute NMP with H,0 offering a more economical and

environmentally friendly alternative.103260/61,63,64

2.1.2. Shear Mixing

In shear mixing a combination of a rotor and a fixed stator is used to apply large shear forces
into solutions and dispersions. The energy dissipation rate and the shear rate are directly
correlated to the narrow gap between the rotor and stator which ranges from 100 - 3000 um,
and to the high rotor speeds of up to 50 m s (as depicted in Figure 3a).%®> Shear rates can
reach up to 10° s resulting in significant energy dissipation rates into the solvent and
contained particles of a suspension. Below shear rates of 10* 5%, the delamination rate is low,
and particle sheets are poorly exfoliated.”*®® In the case of WS, even higher shear rates of
3.5:10% s are needed for successful exfoliation in H,0.%” The highest shear forces, which are
most effective for delamination, occur at the edges of the holes in the stator (Figure 3a).
However, simulations and experimental studies by Utomo et al. have shown that only 7.6% of
the energy is concentrated in these high-shear-force regions, with the remainder being
dissipated through general volume agitation.®® Two primary mechanisms drive the exfoliation
process. First, there are pure shear forces (Figure 3a) and the interaction with the solvent layer
(Figure 3c) to separate individual layers. Second, high velocities lead to jet cavitation, where
microjets and shock waves deliver substantial energy to the material sheets (Figure 4b).
Additionally, random collisions with other particles and the edges of the rotor and stator
(Figures 3b and 3d) further contribute to exfoliation. As a result, longer processing times and
smaller volumes lead to higher concentrations of 2D materials, as increased collisions promote
more effective exfoliation. However, due to polydispersity, monolayered material can be
present even after short exfoliation times.37>457.6>68 Nonetheless, a minimum shear rate must
be reached to achieve effective exfoliation. The required shear rates for delamination are
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2.1.3. Tip Sonication

highly dependent on the solvent, additives such as surfactants in SA-LPE, and the material

being exfoliated, as determined by the following equation:

2

Voo = [\/ES.WSz — \/ES,LJ (1)
nL

Where Yin is the shear minimum, 1 the solvent viscosity, L is the minimal platelet length

which can be exfoliated, Es 5, and Es; are the surface energies of WS, and the liquid.®’

Collisions

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

2.1.3. Tip Sonication

The cavitation effect, previously mentioned as one of the primary mechanisms of exfoliation
in shear mixers, is also the main driving force for exfoliation when using a tip sonicator (a
metal probe inserted into a liquid medium). Cavitation bubbles induce chemical or physical
changes in materials near the site of cavitation.®® Ultrasonic waves propagate through the
solvent, creating alternating high- and low-pressure regions that apply stress and strain to
molecules and particles. Simultaneously, rarefaction causes microbubbles to form and grow
with each high-frequent phase shift until a critical size is reached.”® Upon reaching that size,

the bubbles implode, generating extreme temperature changes and shockwaves with
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2.1.3. Tip Sonication

cavitation temperatures reaching up to 5075 K, pressures up to 20 MPa and temperature
gradients up to 10° K s1.°6°77071 The collapse causes micro-jets directly applying a
compressive stress wave into the particle. This wave is reflected at the borders of the particle
and overlaps with other stress waves coming from the oscillating energy input delaminating
individual layers by tensile stress (Figure 4a). A second process is also caused by the cavitation
which is a direct shearing or “wedging” of individual sheets being ripped apart from each other
(Figure 4b).>*% The efficiency of both processes is highly dependent on the volume, as energy
transfer diminishes rapidly with increasing scale. Cavitation density decreases significantly
with distance to the ultrasonic source, leading to greater polydispersity in larger batches,
where material ranges from bulk particles to monolayers due to insufficient mixing.”?”’> The
directionality coefficient (D) further illustrates the strong dependence of the energy transfer
on the ultrasound propagation angle, as depicted in Figure 4c, ranging from — 60° to 60°:7°

b sin (nzTasin 9)

(2)
nZTasin(H)

ais the diameter of the oscillator, A the wavelength of ultrasound and 0 the propagation angle.
Directly beneath the ultrasonic source, exfoliation is effective; however, as batch size and
diameter increase, the efficiency of the exfoliation process decreases if the ultrasonic source

remains unchanged.”’®

b)
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Cavitation ( ! Cavitation
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Figure 4: a) Delamination in a tip sonicator setup of single 2D layers of a bi-dimensionally stacked material caused by
cavitation above the particle. Cavitation forces are reflected within the particle borders and separate single layers. b)
Cavitation next to a bi-dimensionally stacked material particle. Cavitation forces shear apart individual sheets from a bi-
dimensionally stacked material particle. c) Reproduction of the relationship between the acoustic directionality coefficient
(D) and ultrasound propagation angle according to Formula 2. Going from -60 ° to 60 ° for 8, the assumptions were made
using an ultrasonic wavelength A = 7.5 mm and a diameter of the oscillator being 65 mm.76
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2.2. Characterization Methods

Exfoliation is employed to separate bulk TMDCs into sheets, as explained in the previous
chapter. The structural changes that accompany exfoliation are associated with alterations in
the material’s physical and optical properties that can be observed for example in Raman
spectroscopy (see Figure 5a). The proof of these changes is given by several techniques that
were used to analyse obtained suspensions after SA-LPE and subsequent centrifugation.
Imaging techniques like Transmission Electron Microscopy (TEM) and SEM were used in all
publications 1 - 5 to obtain direct proof of the exfoliation of materials and the overall
appearance of particles (see Figure 5c). However, this technique does not give further
information about the physical properties. The surface area, e.g., an important parameter for
SCs, was measured using physisorption measurements like in publication 1.
Thermogravimetric analysis (TGA) was done to investigate the polymer decomposition of
fibers to CNFs in publication 1. The thermal stability of WS, particles was investigated in
publication 2 using TGA. Besides thermal stability, mechanical stability was tested in Genova
by Dr. Marta Fadda to investigate the stability towards stress and strain of the flexible energy
storage material from publication 2. For structural analysis, X-ray diffractograms (XRD) were
acquired to prove the phase stability and the crystallite size of WS, and carbon-based
materials (publications 1, 2 and 5). Additionally, in publication 1, the interlayer distance of
the stacked carbon layers was determined from XRD data. For compositional analysis, Energy
Dispersive X-ray spectroscopy (EDX) was used to do elemental analysis of fibrous materials,
particles and powders in publications 1 and 2. Additionally, in publication 1 x-ray
photoelectron spectroscopy (XPS) analysis was done to obtain the ratio of differently bond
nitrogen phases in the CNFs to understand chemical changes leading to differing specific
capacitances (Cs). A significant portion of the characterization focuses on the suspension of
TMDCs. To gain an initial understanding of these suspensions post-exfoliation, DLS was
conducted, along with Zeta-Potential measurements (ZP). The exfoliation and separation
through gravitational methods result in polydisperse suspensions, which are divided into 2D
materials or few-layered materials and more bulk-like particles. DLS provides an initial
indication by revealing the particle size distribution within the suspension (Figure 5b). ZP
measurements are employed to assess the stability of particles in the solvent, as

demonstrated in publication 3 and publication 4. If stable suspensions with a small
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polydispersity are produced, the properties of the suspensions differ from the bulk-like ones.
UV-Vis-spectroscopy was done for suspensions to see an exciton formation at 550 nm and
650 nm as shown in Figure 5d, which is not visible for the bulk-like suspensions.”” However,
Raman spectroscopy is the most reasonable method to prove the presence of bidimensional
materials.’? Using this technique, the existence of bidimensional materials was verified not
only in suspensions but also after redispersion, drying and integration into fibrous materials

afterwards, as demonstrated in publication 2 and shown in (Figure 5a).
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Figure 5: a) Raman spectra of bulk 2D-WS; (purple), dried supernatant suspension after exfoliation (red), filtered 2D-WS;
suspension on a membrane filter (black), re-dispersed and dried 2D-WS, suspension after exfoliation and filtering (blue),
liquid 2D-WS; suspension after exfoliation, filtering and redispersion (green). b) Average particle sizes of 2D-WS; suspensions
after centrifugation including the particle size distribution from DLS experiments. ¢) TEM and SEM images of 2D-WS; particles
showing the polydispersity of particles at a magnification of 50.000. d) UV-Vis spectra of bulk WS, suspensions (purple),
exfoliated 2D-WS; in a mixture of isopropanol/H,0 (red) and exfoliated 2D-WS, in NMP (black) showing excitons A and B at
550 nm and 650 nm, respectively.”’
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2.2.1. Raman Spectroscopy of Tungsten Disulfide

In order to analyse exfoliated materials as described in the previous chapters, Raman
spectroscopy is used. Initially, a typical spectrum is provided for a suspension containing
exfoliated WS, particles, taken at different depths of a bottle that has been at rest for an
extended period without agitation (Figure 6). If we compare the purple reference graph in
Figure 5a with the exfoliated materials and the stable suspension from Figure 6. The
transitions from bulk material to exfoliated and restacked particles (Figure 5a, black line), and
then to the suspensions, are observable by comparing the intensities of the Raman bands at
360 cm™ and 430 cm™™. In addition to shifts in intensity, the position of the peaks also changes.
Therefore, this method provides a “fingerprint” not only of the material itself but also of the

specific chemical structure of the molecule stacks within the material.
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Figure 6: 2D-WS; suspension in an IPA/H,0 mixture of 7:3 after sedimentation for 40 days (left). From the suspension, the
three depicted regions top, middle and bottom, carefully liquid was withdrawn and investigated using Raman spectroscopy
(right) to prove the degree of exfoliation throughout the entire 500 mL bottle.

Raman spectroscopy peaks arise from the inelastic scattering of photons from a
monochromatic light source, typically lasers, that are scattered by chemical bonds and
molecules. Infrared absorption and thermal motion induce rotation or vibration of molecular
bonds, increasing the probability of electrons being excited into specific vibrational energy
states (vi-ve) as illustrated in Figure 7. The energy levels of these states are unique to each

material and bond, depending on the energy present within the system. This uniqueness
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2.2.1. Raman Spectroscopy of Tungsten Disulfide

allows the individual identification of materials using Raman spectroscopy.’® The interaction
of photons in this process is a high-energy event, exciting electrons to much higher virtual
energy states compared to energy levels associated with vibrations, phonons and other
excitations within the material system (vi-vs). The three existing processes of excitation and
recombination are depicted in Figure 7. Rayleigh scattering is the most probable process. The
energy of the initial photon enforces an electron excitation into a virtual energy state. From
there, electrons recombine into the ground state (vo) back again and emit another photon
with the same frequency — an elastic collision. This process dominates in terms of intensity,
overshadowing the other possible scattering processes and does not contribute towards
electron excitation into vibrational modes or phonon formation within the system. The
process of Stokes-Raman scattering occurs when an excited electron transitions from the
ground state to the virtual state but does not recombine into the ground- but an excited
vibrational energy state. Here, excitation of the system occurs into a vibrational energy mode
vi-ve after recombination. As a consequence, a photon with a reduced energy is emitted
experiencing a redshift of the wavelength— this process is inelastic (red arrow). If the energy
of the photon after recombination is larger than initially, this is called an Anti-Stokes-Raman
process (purple arrow). The electron already has been in an excited state due to previous
absorption (vi-ve) and recombines into the ground state vo after the scattering. During this
process, energy is transferred to the photon, shifting its wavelength towards higher energies
after recombination. Since this process depends on two absorption events, it is the least likely

to occur.”880
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Figure 7: Depiction of the Morse potential according to the following equation: F(R) = (1.6 - exp(-4.5-R))2. Shown are the
dissociation energy and binding energy of electrons as well as the vibrational and virtual energy states after excitation with a
laser. Depicted are all possible electron excitation mechanisms: Rayleigh scattering (blue), Stokes-Raman scattering (red), and
Anti-Stokes scattering (violet).

The vibrational energy states are individual for each material. Consequently, the energy shift
and wavelength of emitted photons are individual for each molecular bond. Based on shifts of
the wavenumber and intensities of peaks, phase switching, physical changes and
implemented defects can be quantified and qualitatively analysed as it is possible for example
in WS, to distinguish bulk- from monolayered material. WS; as well as most TMDCs under
ambient conditions are present in the trigonal prismatic phase, also known as hexagonal or

2H-phase which is shown in Figure 8a.
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Figure 8: a) Metal coordination and stacking sequences of the trigonal prismatic (1T-phase), hexagonal (2H-phase) and
rhombohedral (3R-phase) phases of TMDCs. Reprinted from Kolobov A, Tominaga J, Springer Series in Material Science, 2016,
29-77, 239 with permission from Springer Nature. Copyright 2016 Springer Nature.81.82 b) Electronic band structure of WS,
bulk and c) the monolayer of WS,, both showing the direct band gap at the K point and the decrease of the band structure
from -K and I-M going from the bulk to the monolayer. Adapted with permission Berkdemir, A., Gutiérrez, H., Botello-
Méndez, A. et al. Identification of individual and few layers of WS, using Raman Spectroscopy. Sci Rep 3, 1755 (2013).
https://doi.org/10.1038/srep01755. With permission from Springer Nature. Copyright 2013 Springer Nature.!2

15


https://doi.org/10.1038/srep01755

2.2.1. Raman Spectroscopy of Tungsten Disulfide

WS; and MoS; typically crystallize in the hexagonal phase under ambient conditions, while the
metallic 1T-phase represents a metastable phase with an octahedral structure. These different
phases can be distinguished by using Raman spectroscopy since the metallic phase reveals
additional Raman modes.>®3 In the metallic phase no bandgap occurs due to overlapping of

the density of states which is different to the typically obtained 2H-phase.1%*

In the 2H phase, Berkdemir et al. showed that with a degree of exfoliation the band alignment
changes and switches to a direct bandgap of 2.1 eV in the monolayer. Additionally, electron
energy loss spectroscopy was used by Kumar and Ahluwalia to prove the changes in the
electronic structure going from the bulk to a monolayer. 123* Experimentally, the direct band
gap of WS; has been found to range from 1.54 eV to 1.79 eV and even 2.1 eV.12318> Berkdemir
et al. show accurate calculations between experimental data and DFT calculations (see
Figure 8b and 8c). The identification of single-layer sheets up to several layers and the bulk
material were identified by using Raman spectroscopy in combination with AFM
measurements as discussed before. They were able to differentiate between single sheets,
and two or three layers by conducting investigations by changing the laser frequency.
Obtained from DFT analysis the longitudinal acoustic phonon around the M point of the
Brillouin zone was experimentally found to be the Raman mode at 176 cm™ with 514 nm
irradiation wavelength. The exact double of this frequency at 352 cm™ is considered to be the
second-order mode of the LA(M) frequency. This 2LA(M) mode in WS; is special. At this
specific laser wavelength, a change of intensity of the Aig and (2LA+Ey) bands is observed with
layer thickness. While the A1z band in the case of the bulk down to two layers is prominent
over the (2LA+Eyg) band, a drastic change occurs in the monolayer state due to a double
resonance process. The intensity and full width at half maximum (FWHM) completely changed
towards the (2LA+Ez) band when a monolayered WS, flake was investigated. For the
wavelengths of 488 nm and 647 nm, this was not observed.123034°886 Additionally, UV-Vis
spectroscopy is a suitable and non-invasive technique to identify exfoliated WS,. Absorption
increases with smaller particle sizes and a higher degree of exfoliation since the indirect-to-
direct bandgap transition also facilitates direct absorption of light. Additionally, literature
commonly reports a blueshift towards higher energies of all excitonic absorption peaks in
exfoliated WS,.14°>7787 Using these two techniques it was possible to identify the degree of
exfoliation of WS; in composite materials, blends, inks and finally fibers as it was done in

publications 2 - 5.
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Exfoliation techniques and subsequent analysis have confirmed the successful production of
a class of 2D materials with remarkable potential for energy storage applications. These
materials can feature exceptionally large surface areas and additionally show a high capacity
for ion intercalation, including ions like Li*, and BF,;~, and molecules such as acetonitrile,
attributed to their bidimensional layers stacking. These nanomaterials are of interest not only
for electrochemical applications and energy storage but for flexible energy storage devices as
well. For flexible energy storage, 2D nanomaterials can be implemented in all sorts of
materials due to their small size, the probability of failure of an electrochemical cell is

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

Rising demand for smart devices and the growing integration of technology into daily life, the
intersection between humans and electronics is expanding. Smart watches, glasses and
phones are already in close proximity to the human body and the requirements towards
lighter and better technology is further accelerating this trend. Flexible devices that can be
worn directly on the skin or integrated into flexible materials like clothing are becoming
increasingly important. Especially, sensing and data acquisition using bioelectrical sensors for
health care have a need for long-term applications and the health systems of societies.
Effective and long-lasting sensors are important for the optimization of patient treatment or
purposes of disease prevention.®® The primary challenge for the scientific community is
lightweight energy storage. While sensors with low weight, compact size, and diverse data
acquisition capabilities are feasible, powering these devices over extended periods remains
difficult, especially for those implanted in the human body. From skin applications to
biosensors attached to individual organs, these small devices have the potential to
significantly impact human health. Low-power devices with long lifespans that can withstand
mechanical strain and bending, typical of human tissue, are a key factor for the future of smart
medicine. Furthermore, flexible screens, foldable smartphones or rollable solar cells are
important for lightweight and space-efficient devices for daily-life applications regarding
energy production as well as energy storage and space applications. In the transition from
rigid to more strain-resistant electronics, several approaches are explored in the scientific
community. Conductive polymers like Polyacrylonitrile (PANI) and Poly-3,4-
ethylendioxythiophen (PEDOT) combine electronic conductivity with flexibility enabling
flexible electronic devices. These polymers have been used to create thin films, membranes,
fibers and nanoparticle-based composites for a wide range of applications including sensing,
energy storage and more.?%?! Besides using inherently flexible materials like the above-
mentioned polymers, silica and carbon-based materials are also being implemented into
flexible structures. The reduction of particle sizes to the nanoscale, including 0D, 1D and 2D
nanomaterials, tremendously decreases rigidity. By reducing the size of active materials, the
risk of mechanical failure is decreased since small particle sizes are less likely to break apart.
Further, these materials exhibit a range of properties: nanoparticles often have large surface

areas, 2D materials often show increased charge storage capacitance, 1D materials like CNTs
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provide enhanced conductivity, and 0D quantum dots besides all other mentioned materials
display strong quantum confinement effects.® Improving resilience towards deformation and
strain is not just a challenge but an opportunity and might be accompanied by performance
improvement for energy storage as well as sensing. To further advance flexible energy storage
technologies, it is essential to develop materials that combine both mechanical flexibility and
high electrochemical performance. This is where electrospinning comes into play as a versatile
technique. By creating nanofibers with large surface areas and tuneable porosity,
electrospinning offers a powerful tool for fabricating materials tailored for energy storage
applications. Electrospun nanofibers have demonstrated significant potential by enhancing
the flexibility and conductivity of supercapacitors and batteries, thereby advancing the field
of flexible energy storage. This technique not only facilitates the development of adaptable
energy devices but also paves the way for their integration into wearable technologies. To
delve deeper into this promising method, the next chapter will explore the origins of
electrospinning, detail the underlying techniques and methodologies, and provide a

comprehensive overview of current research in the field.8?
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2.4. Electrospinning

Electrospinning is grounded in the physical principles first mathematically described by
Rayleigh in 1882, where a high potential causes a spill of solutions by overcoming the surface
tension of a liquid.?® This concept was further developed by Morton in a 1902 patent, which
describes the potential-driven dispersion of fluids.®* This electro-spraying process was first
adapted into electrospinning by A. Formhals adding cellulose acetate (CA) or mixed esters into
solutions.”?> The large molecular weight solutions form continuous jets instead of small
droplets leading to continuous fibrous materials after drying.®>=>* The most prominent person
in the field of electrospinning is Geoffrey Taylor, who developed a mathematical model
describing the shape a droplet disintegrates under the influence of a high electric potential —
now known as the Taylor cone.®>°® Apart from his fundamental work in the 1970s, the field of
electrospinning did not garner widespread interest, as evidenced by the limited number of
publications per year during that period, as shown in Figure 1c. Finally, electrospun fibers
protruded due to comparably small diameters achieved for a multifaceted set of polymer
materials down to 16 nm for polyethylene oxide (PEO) and polyvinyl alcohol (PVA) e.g.®’8
Consequently, the emerging interest towards nanomaterials and nanotechnologies caused a
growing interest into electrospun materials. Based on the work of Reneker et al.”® in 1995
which explored the process and applications of electrospun fibers, there has been a
significant, almost exponential rise in interest within the scientific community over the past
25 years. This surge in interest appears to be reaching a saturation point recently, as illustrated

102-105 3nd small

in Figure 1c. Mainly, the large surface area'®1%!, |arge aspect ratios
dimensions were considered to be ideal for various applications as a backbone material, active
material or membranes.%3949899,106107 Reasonably this technique was used in publication 1
and publication 2 to prepare fibrous SCs exploiting all of the benefits going from flexibility

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

2.4.1. Setup and Process

The process of electrospinning is straightforward: a charged polymer solution is steadily and
slowly extruded through a needle tip using a syringe pump (typically at ~ 0.2mLh?). A
potential up to 40 kV is applied between the needle tip and a counter electrode generating
low currents around 10°- 10 A, driven by charges on the polymer solutions surface. These
charges as well as the surrounding electric field cause deformation of the surface of the
polymer solution which is known as the above-described Taylor-Cone, depicted in
Figure 10a & b.%>°%108-110At 3 certain threshold potential the surface tension of the polymer
solution is overcome by the large electric force. As a consequence, the polymer solution
accelerates and forms a so-called jet towards the contradictorily charged electrode.'! In
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electrospinning, long-chain polymers are employed to produce continuous fibers. The
acceleration of the polymer solution during the process results in the formation of ultra-thin
fibers, with diameters ranging from pum to several nm in thickness. However, to be able to
prepare a versatile set of various fibrous materials this simple setup must be optimized and
becomes more complex. The solvent, polymer concentration and polymer chain length are
crucial factors for controlling the surface tension, conductivity and viscosity of the solution.
These parameters are essential for enabling, adjusting and optimizing electrospinning
processes. Electrospraying can occur as a result of low polymer concentrations or insufficient
chain length, that adequate entanglement of the polymer chains cannot be ensured. Further,
fragmentation of the polymers is possible since large electric forces combined with high
surface tension can rip the polymer chains apart.''? Besides the spinning solution there are
several parameters that can be controlled using an electrospinning setup as they are collected
in Figure 9: The electric field is primarily influenced by the applied potential of the two
electrodes, their distance, and the shape of the collector. A higher potential and closer
electrode placement increase the applied electric field, leading to greater acceleration of the
polymer jet. This increased acceleration enhances the elongation of the spun fibers, affecting
their thickness. Consequently, the thickness of the fibers is directly influenced by the
magnitude of the electrical force applied during the process.'’37%® The fiber-collecting
electrode can come in various shapes such as simple plates, rotating drums (shown in
Figure 9), or sticks. The choice of electrode shape influences how the fibers are collected and
assembled, tailoring the fiber arrangement to suit specific applications. The polymer solution
flow is also influenced by the applied potential. Greater acceleration results in increased
consumption of the polymer solution, which can lead to bead formation along the fiber if the
supply is inconsistent.!1”118 Therefore, an equilibrium must be established between the flow
rate, applied potential and electrode distance for each specific polymer solution. In addition
to the factors mentioned, solvent evaporation during electrospinning is crucial for forming
stable polymer fibers. The rate of evaporation is significantly influenced by the atmosphere
and its flow dynamics. Therefore, temperature and humidity in the electrospinning setup must
be carefully monitored and controlled to ensure reproducibility and maintain stable

conditions.110.119
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2.4.2. Jet Instabilities

Establishing an equilibrium for a stable electrospinning process is complex. However, the
trajectory of the polymer jet can be affected by physical instabilities caused by various
interactive forces, as illustrated in Figure 10. By adjusting the above-mentioned processing
parameters — such as electrostatic conditions, the ambient environment, and the polymer
solution properties — it is possible to transition between different instability modes. The three
existing modes are Rayleigh, Axisymmetric and Whipping. Understanding these instability
patterns can help to address and rectify stability issues in a non-stable electrospinning

process.120:121

The Rayleigh instability (Figure 10a) is observed for all liquids and describes the segmentation
of a liquid into smaller droplets. This occurs due to driving forces that decrease the surface
area, thereby lowering the system’s free energy by reducing surface tension.'?%12! Prevention
is possible by imposing a sufficiently strong electric field that the viscoelastic force suppresses
the break-up mechanism caused by surface tension.?%122 However, by exceeding the electric
field above a certain threshold, the jet diameter decreases until the so-called varicose jet

break-up occurs and droplets form again.'?°

The Axisymmetrical instability (Figure 10b) is charge-driven and is caused by variations in
surface charge density (oo+A and oo-A). Statistical fluctuations in the jet’s thickness lead to
corresponding changes in surface charge distribution. These imbalances create tangential
forces that further push the solution toward areas with a thicker radius. Consequently, this
exacerbates thickness variations, resulting in bead-like structures along the fibers, with beads

aligning along the thinner radius of the fibers.11%123,124

Whipping instability (Figure 10c) of the fiber is the final and most significant instability
occurring during electrospinning. Here, instability is caused by perturbations of the surface
charge density (co+A and oo-A) causing tangential stress imbalances on the surface and electric
attractions that both cause fiber bending (indicated by the arrows). Whipping occurs when
interacting external forces like viscous drag or high charge densities interact with the fiber.1?°
As the electric field increases, this effect intensifies, causing the fibers to enter a rapid spiral
motion with an increasing radius causing fiber stretching while tapering its diameter.'?® The

physical instabilities can hinder the process and need to be precisely controlled, but in the first
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place whipping is the reason to enable the formation of nanometer-thin fibers without
decomposition. No other technique is capable of achieving stretching rates up to 10° s, as

well as large orientation and a high degree of polymer crystallization unlike electrospinning.®
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Figure 10: With Eo being the external electric potential, different instabilities can occur that are depicted. a) Rayleigh
Instabilities showing the jet-breakup and droplet formation. b) Axisymmetric Instabilities caused by perturbations of the
surface charge in thinner and thicker regions of a fiber (inlet). c) Whipping instabilities caused by surface charge perturbations
bending the fiber due to attractive forces.

2.4.3. Composites from Electrospinning

Besides single-phase polymers, there are methods to produce composite polymer fibers using
electrospinning. Organic precursors, emulsions or particles can be used in the polymer
solution to either produce oxide fibers, induce porosity, or distribute particles throughout the
nanofibers. A wide range of fibers with different additives has been produced in the past,
allowing for tailored properties and functionalities in the resulting composite fibers. Mainly
PVP, PVA and PEO are used for their solubility in less toxic solvents like Acetyl acetone (AcAc),
isopropanol (IPA), H,0 and ethanol (EtOH). However, these examples represent just a fraction
of many successful electrospun material systems. The nanoscale nature of electrospun fibers,
whether incorporating particles or bulk materials, has garnered significant interest from the
scientific community. Numerous examples exist of active materials created from electrospun
fibers, including: Al,0s-fibers for microelectronics and catalysis'?®, CeOa-fibers for pollutant
removall?®, CuO- and CuS-fibers as H,S detectors or semiconductors'?’, fibrous Cosz04 for
glucose detection'?®, Fe;03 as photoanodes!??, Ir0O,/Pt as membranes for OER®, LiCoO; for
energy storage as electrode materials!3!, MoS; for H, storage and catalysis'3?, NiO as anode

material'33, for large surface membranes of SiO for catalysis'34, as gas sensors made from
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Sn0O; or WOs3 and ZnO'3>1%7  TiO, as DSSCs and photocatalyst!3® and ZnO for health

applications.'®

However, there must be a distinction between precursor and sol-gel-based approaches for
fiber preparation and the incorporation of nanoparticles into fibers. In certain cases, material
properties can only be achieved by using pre-designed particles. For example, SiO; particles
with tailored surface areas, multiwalled carbon nanotubes (MWCNTSs) that must be produced
in advance, or exfoliated MoS; or WS,, where 2D sheets need to be prepared in solution before
being incorporated into fibers, all require specialized preparation to obtain desired
characteristics.#862:109,134140 producing WS, or MoS; from sol-gel or wet chemical methods
typically results in bulk-like particles rather than monolayers, which affects material
properties as discussed previously in chapter 2.1. Blair et al. found that the loading and size
of particles (up to 10 um) in dispersion do not significantly impact the fiber thickness, provided
there is no clogging of the nozzle. The primary influence on fiber structures comes from
changes in the viscosity and conductivity of the dispersion, which affect the process of
electrospinning according to the above-mentioned physical instabilities.’*> From this
perspective, the proceeding of dispersions, sol-gel-based mixtures, or pure polymer solutions
is similar as long as the procedure parameters are within the above-discussed range of the

solution parameters and the applied potential.

After knowing that active particles like exfoliated TMDCs can be easily incorporated into
fibrous materials without disturbing the structural benefits of nanofibers, these materials can
be exploited for the preparation of flexible charge storage materials. Exfoliated TMDCs like
MoS; and WS; in combination with electrospun polymers or carbon precursors are capable of
storing surface charges. Especially carbon-based materials are considered to show capacitive
behaviour. They are called supercapacitors since large surface areas enable the storage of
many charges at the surface. The definition of a capacitor, supercapacitor and pseudo
capacitor is given in the following chapter to understand the effective exploitation of these

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

To understand the functionality of capacitors and supercapacitors, it is essential to consider
several foundational models that describe the behaviour of ions in an electrolyte when a metal
surface is introduced. These models, depicted in Figure 11, trace the evolution of capacitor
theory, illustrating how our understanding of ion orientation and movement at the electrode-
electrolyte interface has advanced over time. Each model represents a significant step in the
development of capacitor theory, providing deeper insights into the mechanisms governing

energy storage in these devices.

2.5.1. Helmholtz-Model

In 1879, H. Helmholtz introduced the concept of the electrical double layer (EDL), a
fundamental idea in electrochemistry. At the interface of a solid electrode and an electrolyte,
an EDL forms due to the concentration shift of ions in the electrolyte and the corresponding
charge shift of electrons in the electrode.'*? This dynamic interaction is crucial because the
ionic conductivity of the electrolyte and the electronic conductivity of the electrode
significantly influence the behaviour and efficiency of these systems. The formation of the EDL
plays a vital role in the performance of capacitors and other electrochemical devices, as it
directly impacts how charge is stored and transferred at the interface. When a negatively
charged electrode — common in carbon-based materials — is introduced, cations from the
electrolyte coordinate around the electrode. These cations directly adsorb onto the electrode
surface, forming a compact layer, while the electrode itself accumulates electrons at the
electrode-electrolyte interface. This arrangement establishes the foundation of the electrical
double layer, crucial for the functioning of capacitors and supercapacitors. However, in
Helmholtz’s theory, only metal electrodes have been described. Additionally, this rigid layer
proposed by Helmholtz does not include diffusion of ions in the electrolyte. In fact, the model

did not meet the experimental data observed.143144
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2.5.2. Gouy-Chapman-Model

In 1910 and 1913, Gouy and Chapman introduced the concept of a diffusive layer of ions,
which expanded upon Helmholtz’s earlier model of the EDL.}** They proposed that, beyond
the rigid Helmholtz layer, ions in the electrolyte experience thermal motion, leading to a
diffusive layer where ions are not rigidly adsorbed but are instead in constant motion. This
thermal diffusion causes a continuous exchange of charges at the boundary of the Helmholtz
layer, resulting in a reduction of the space-charge region. The extent of this reduction depends
on the ion concentration in the electrolyte, adding a dynamic aspect to the structure of the
electrical double layer. The potential decreases as a function of the distance to the electrode
surface and follows a Poisson-Boltzmann distribution leading to an exponential decrease of
the potential with increasing distance to the electrode. In this model, rather than a single layer
of ions being tightly coordinated at the electrode surface, a concentration gradient of charged
ions extends from the metallic electrode across several molecular layers (see Figure 11). A
layer of cations nearby, and coordinated around the electrode shield the negatively charged
anode, this exerts attractive forces on nearby anions in the electrolyte that themselves attract
further cations, respectively. This cascading effect converts into a concentration gradient of
ions that forms around a charged electrode with decreasing concentrations of anions and

cations with increasing distance to the electrode.143144

2.5.3. Gouy-Chapman-Stern-Model

The Gouy-Chapman model, while innovative, faced limitations under conditions of high charge
density. It struggled to accurately describe the behaviour of ions near the electrode surface
when high charging states were reached. To address these shortcomings, in 1924 Stern
combined the concepts of Helmholtz and Gouy-Chapman. A strongly adsorbed double layer is
forming at the electrode surface following a linear decrease in the distance to the electrode
similar to the Helmholtz model. The width of the linear region is defined by the diameter of
solvated counterions in the nearest approach to the electrode's surface.'#314> Beyond this
rigid layer, the potential is described by the diffusive layer according to Gouy and Chapman.
The potential follows a concentration gradient and therefore decreases with the distance
according to Poisson-Boltzmann in an exponential decay with increasing distance

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

2.5.4. Grahame-Model

In 1947 Grahame further refined the Gouy-Chapman-Stern-Model and incorporated
additional complexities into the descriptions of the EDL. The effect of the solvent, the
dissolution of ions, as well as the specific and non-specific adsorption of ions at the electrode
surface. The specifically adsorbed ions and solvent molecules closest to the electrode form
the so-called Inner-Helmholtz-Plane (IHP). Specific adsorbed ions are in direct contact with the
electrode, displacing solvent molecules, while non-specifically adsorbed ions remain

surrounded by solvent molecules as they interact with the electrode.

The Outer-Helmholtz-Plane (OHP) refers to the ions that are coordinating around the IHP due
to coulombic forces. These ions have an intact solvent shell. The two layers (IHP and OHP) are

considered as a physical capacitor following the behaviour of Formula 3.14
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A
CZSOSrE (3)

Where C is the capacitance, g is the permittivity of vacuum, &, the the permittivity of the
material in between the capacitor, A the area of the capacitor and d is the distance of the
electrodes. In the above-described cases, the distance of the capacitor is in the range of

molecular distances and physically described as the Debye length. It is defined as the distance
at which the electrical potential of a local surplus charge decreases to é (about 37 %) of its

initial potential.'** The non-ideal pseudocapacitive behaviour observed in real SCs was
explained by Bockris et al. According to their explanation based on the Grahame model in
Figure 11, specifically adsorbed ions in the electrolyte undergo redox processes by adopting
the electrodes’ polarity. Since this process is reversible ions can be re-dissolved and therefore
contribute to a pseudo-capacitive behaviour through redox processes on the electrode's

surface.14’

2.5.5. Supercapacitors — Definition & Methods

Winter et al. define a supercapacitor using the Ragone plot (see Figure 12), positioning it
within the energy and power density range between traditional capacitors and batteries.4®
Supercapacitors serve as energy storage systems that are thin, porous and use a separator for
charge separation characterized by low intrinsic resistance.'*#14¢ The Ragone plot is a tool
used to compare the power- and energy density of different materials, charge storage
technologies and their applications — for a description of a supercapacitor these are the most

important physical properties.’*1°0 The power density (Ps) and energy density (Eq) are

calculated by the following equations according to publication 1:

1 1

Ed = ECSAVZ % = [Wh kg_l] (4)
E

P, = A—‘; 3600 = [W kg™ 1] (5)

In these equations, AV represents the applied potential window, and At is the discharge time.
Besides the above-described pseudo-capacitive behaviour, a supercapacitor operates on the

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

porous carbon, in combination with aqueous electrolytes to enhance their performance.4®
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Figure 12: Simplified Ragone plot of the energy storage domains for the various electrochemical energy conversion systems
compared to an internal combustion engine, turbines and conventional capacitors. Reprinted with permission from Martin
Winter and Ralph J. Brodd., Chem. Rev. 2004, 104, 10, 4245-4270, https://doi.org/10.1021/cr020730k, Copyright 2004
American Chemical Society.

In order to calculate Eq4 electrochemical analysis must be conducted to determine the
capacitance and Cs values as required for Equation 4. For the analysis of SCs, potentiostatic or
galvanostatic methods, such as cyclic voltammetry (CV), are commonly used to measure
capacitance. Cyclic voltammetry is a potentiostatic method where a defined potential sweep
is applied to a system. It was used in publication 1 and publication 2 for the electrochemical
characterization. The scan rate is defining how large the potential sweep will be as a response
the resulting current is measured by a potentiostat. It is given by the following equations:®°

1 (7

C =—
Ev vy

idv (6)

E is the potential window, with v1 and v, are the potential boundaries. v is the scan rate, i as
the charge-discharge currents and dV is the potential change.

1 V2.
Cs _m—Evf idv (7)

V1
To obtain Cs, the integral of the current over the potential range is divided by the potential
window (E), the mass (m) and the scan rate (v). In Equations 6 and 7 the area enclosed
between the charge and discharge curves during cyclic voltammetry is directly related to the

mass and the specifics of the measurement.
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Consequently, Cs is a function of the scan rate. The potential window typically is chosen as
large as possible to maximize the performance and capacity of the supercapacitor. However,
it is crucial to avoid degradation processes, as excessive potential can trigger chemical
reactions within the system. Such reactions can lead to irreversible changes, compromising
the reproducibility and reliability of the results. Therefore, the potential window must be

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

Besides the potential range, the velocity of the changing potential, the scan rate, is a crucial
factor of a cyclic voltammetry measurement. With increasing scan rate the system cannot
follow the potential change due to diffusion limitation. This is because the diffusion layer,
which is the region within which the electroactive species diffuse to the electrode surface,
becomes thinner. As a result, the current increases due to the reduced thickness of the
diffusion layer, which intensifies the concentration gradients of the electroactive species near
the electrode.’®® Generally, an increased scan rate reveals a more pronounced non-
equilibrium state in the system. Diffusion is limited and charging and discharging become less
effective due to ion diffusion through the electrolyte. As a consequence, a lower C; is observed
with increasing the scan rate even if the current increases. The ideal, rectangular shape of a

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

Another way to measure Cs is to acquire galvanostatic-charge-discharge curves (GCD). A
constant current which is defined by the active mass of the measured system is applied and
the potential as a function of time is obtained. Galvanostatic measurements were conducted
in publication 1, publication 2 and publication 5. Cs is calculated by the integral in the

following equation:

cs=—f I dt (8)
t
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The capacitance is given by the quotient of the integral of the current over time and the
potential. The current density is calculated based on the active mass of the system according

to the following equation:

I _
J=—=[4g7"] ®)

Common values of the current density range from 10 mA g up to 5000 mA g2 It is
recommended to use a range of current densities for the calculation of capacitance to obtain
a comprehensive understanding of the material's performance under different conditions.
Additionally, as it was done in publications 1 and 2 this technique is used for long-term
electrochemical stability tests. In real-life applications, energy storage devices undergo
repeated charging and discharging over several hundreds and even thousands of cycles. This
way the lifetime of energy storage devices is simulated to see changes in the charging and
discharging behaviour over the years of usage. Cs depends on the current density since large
currents always cause diffusion limitation and a decrease in the diffusion layer. Here, large
potential changes over time are the consequence. Both galvanostatic charge-discharge and
cyclic voltammetry methods can be used to determine Cs for capacitors and supercapacitor
materials. However, these methods apply primarily to those, which are based on charge
storage mechanisms such as electric double layer formation and pseudo capacitance since
battery-like behaviour cannot be described by these equations due to electrochemical

processes, such as more complex redox reactions.

2.5.6. Transition Metal Dichalcogenides as Energy Storage Materials

TMDCs such as MoS; and WS;, are emerging as promising charge storage materials for several
reasons. While graphite is widely used as an anode material in LIBs due to its ability to store
Li*-ions within its layers, its charge storage capacity of 372 mA h g™ limits its application in
high-energy contexts.'>? This has driven significant interest in alternative two-dimensional
materials like TMDCs.>71>3.154 Here, TMDCs are of interest to the scientific community towards
high-energy electrochemical applications, especially in three decisive fields of research.” First,
there is the substitution of graphite in LIBs to increase charge storage capacity. It was found
to achieve 674.8 mA h g for WS; electrodes instead of graphite.® Furthermore, an additional
stress-induced increase of the capacitance was observed when Li*-ions intercalate into the
WS; lattice.?>® Secondly, the intercalation of ions into layered materials enhances their charge
storage properties, making TMDCs particularly promising for SIBs.®° Wang et al. demonstrated
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that a MoS,-carbon composite material could achieve a capacity of 390 mA h g™ when used
as an electrode in SIBs, highlighting the potential of TMDCs for improved energy storage in
these systems.'*® The third area where TMDCs are promising candidates is in supercapacitors.
As explained in Chapter 2.5.1. — 2.5.5., supercapacitor charge storage involves the formation
of an EDL as well as pseudo-capacitive effects resulting from chemical changes according to
the model of Grahame.®~1>® The layered structure of TMDCs is advantageous for both
mechanisms. The large surface area of 2D-layered structures is the first argument for their
applicability getting close to graphene reaching up to 2630 m? g1,1011,160,161 For the electric
double layer capacitor (EDLC) a large accessible surface area is crucial and mandatory for their
effectiveness. The individual layers cause a large surface-volume ratio for these materials as
long as no restacking of the sheets is ensured.1®194%156,162 \Nith increasing surface area and
surface-volume ratio the number of active sites increases as well.}841:163 These active sites
undergo partial surface restructuring and redox reactions giving a pseudocapacitive character
to the charge storage behaviour of TMDCs.1%4>64164 The primary drawback of MoS; and WS;
is their intrinsic low conductivity when they are in the stable and semiconducting 2H-phase,
which prohibits extraordinary performances as SCs or batteries.”!8194>165 Dyring the in-depth
literature research conducted as a part of this thesis, the literature does not report SCs made

from pure WS; or MoS; phases due to these conductivity limitations.

To address the limitation of low conductivity in MoS, and WS;, composite materials are
produced by incorporating conductive species or by preparing conductive backbone materials.
For instance, conductive polymer scaffolds such as PANI or PEDOT:PSS are combined with
TMDCs or a direct polymerization of EDOT on TMDC sheets is performed. Both polymers
enhance the overall capacitance not only due to an increase in conductivity but by inducing a
pseudo-capacitive species to the system. PEDOT and PANI undergo a redox reaction within
charging and discharging.?641%¢ Most TMDC-based supercapacitors are developed by
coupling TMDCs with carbon-based materials such as CB, CNTs, CNFs, graphene oxide (GO),
reduced graphene oxide (rGO), graphene, and graphite. This approach is prevalent in the
scientific community due to the synergistic benefits it offers by enhancing the performance of

superca pacitors.7'9'14'18'62'161'167‘175

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

large surface areas that are achieved.!! Additionally, they have high electric conductivity,
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making them ideal complements to TMDCs. Besides adding conductive species, the trigonal
prismatic structure can be transferred to the octahedral structure which causes a band
transition from the semiconducting to the metallic phase which is the intrinsically more
conductive phase of TMDCs.>#3 Consequently, metallic phases of MoS; and WS; are frequently
used for composites with mixtures of 2H- and 1T-phase or in other combinations with carbon
materials e.g.171176177 Hydrothermally produced MoS; for example always contains a
mixture of the metallic and semiconducting phases as seen in the literature.'’® XPS data of my
research underline these results by finding mixtures of both phases at the particle surface of
hydrothermally produced MoS; in Figure 13. Interestingly, a similar transition from the
semiconducting 2H-phase towards the metallic 1T-phase is observed for TMDC materials if
combined with carbon materials. This transition occurs at the carbon-TMDC interface,
providing an additional benefit of integrating these two material classes.'® However, the same
effect is observed when intercalation of Li* into MoS; layers is done. The increasing layer

distance causes the same phase transition.164172,180
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Figure 13: XPS spectra of hydrothermally produced MoS, after a reaction time of 18 hours in an autoclave, showing a high
degree of 1T-phase production of about 87 %, but never full conversion.

Therefore, the synergistic effect of carbon materials combined with TMDCs is observed many
times in the literature that also was observed for the carbon-WS; interfaces in publication 2,
where a synergy of the combined materials was observed leading to larger Cs of the capacitors
compared to the individual species. Convincingly, one can assume that the effect of the
surface transition of the TMDCs paired with large porous systems of carbon-based materials
will become important for future developments. In addition, with the tuneable direct band
gap of the monolayered WS; and MoS;, high-energy electronics, new-generation transistors

and improved sodium storage, TMDCs are having manifold future applications.?3>4%180
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3. Publications

My publications as first author, a shared first authorship, and two publications as co-author
are listed in the following. For each publication, a short introduction addresses the scientific
context and current state of literature when it was published for reasons of justification. To
differentiate my contribution from the co-authors' work each contribution of myself and the

other authors is described for each publication:

Publication 1 is based on the master thesis of Leonardo Merola, my former student who was
supervised by myself and Prof. Teresa Gatti. He achieved a major part of the experimental
data reported in this publication during his thesis period. | performed additional physisorption
measurements, SEM, TGA, electrochemical impedance spectroscopy (EIS) and CV
measurements. Data interpretation was carried out by myself, Leonardo Merola, Francesco
Lamberti (a collaborator of Prof. Gatti from the University of Padova, Italy) and Prof. Teresa
Gatti. Matteo Crisci measured XPS spectra and also helped analyse them. | prepared all drafts
of the manuscript, supporting information and figures with the supervision of Prof. Gatti, who
gave fruitful suggestions for manuscript improvement. Dr. Lamberti also helped in the

organization of the drafts.

Publication 2 is a result of experimental work and sample production done by Melissa Happel,
a former master's student who was supervised by Prof. Gatti and myself. Melissa produced
samples and conducted a major part of CV measurements in the Swagelok cells. | conducted
other CVs, EIS, Raman, XRD, SEM, EDX, conductivity measurements, TGA, bending tests and
electrochemical stability tests. Mechanical stress-strain tests were done by Marta Fadda,
supervised by Dr. Giovanni Perotto, both members of the Smart Materials Group at the Italian
Institute of Technology in Genova ( Italy). Both also contributed to the analysis and
interpretation of mechanical stress-strain curves. Interpretation of the datasets was done by
me and discussed with Prof. Gatti. The figures, the manuscript text and the supporting

information were drafted by me and discussed with all co-authors before submission.

36



3. Publications

Publication 3 is a shared first authorship between Matteo Crisci, Micaela Pozzati and myself.
The experimental concept was mainly outlined by myself and Matteo Crisci. | produced a
majority of samples and conducted Raman measurements. Additionally, | wrote the paragraph
on Raman analysis in the manuscript and contributed to its overall finalization. Matteo Crisci
did sample preparation and DLS measurements. Micaela Pozzati contributed to sample
preparation and measured UV-Vis spectroscopy data and TEM, she also wrote major parts of
the manuscript. Analysis and interpretation of data was done in a collaboration between all

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

Publication 4 is another co-authorship where | contributed with my work on exfoliation.
Similarly to publication 3, | conducted a major part of the sample preparation and Raman
analysis. DLS measurements were carried out by Matteo Crisci. All other data were gathered
by Micaela Pozzati, namely UV-Vis spectroscopy, TEM, SEM and thin film preparation.
Interpretation of the Raman data and the elaboration into a paragraph were my contributions
to the manuscript, which was then completed and assembled by Micaela Pozzati, supervised

by Dr. Wang and Prof. Teresa Gatti.

Publication 5 is a work from Matteo Crisci. My contribution is based on the production of the
bidimensional 2H-phase of WS; in suspension, which was used as electrochemically active
material in composites with a conducting polymer (PANI). | provided UV-Vis spectroscopy and
Raman spectroscopy data, including their interpretation, as characterization tools for the WS..

My contribution is to the chapter “Liquid-phase exfoliation of WS;".
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3.1. List of Publications
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“Assessing the Effect of Stabilization and Carbonization Temperatures on Electrochemical

Performance of Electrospun Carbon Nanofibers from Polyacrylonitrile”
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https://doi.org/10.1002/aesr.202300121
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Storage”

ACS Applied Energy Materials, 2024, 7, 11, 4733 — 4744,
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“Systematic Investigation on the Surfactant-Assisted Liquid-Phase Exfoliation of MoS; and WS;

in Water for Sustainable 2D Material Inks”

Physica Status Solidi Rapid Research Letters, 2024, 2400039, 1 -9,
https://doi.org/10.1002/pssr.202400039

Publication 4:

“Water-Based Bi;S3 Nano-Inks Obtained with Surfactant-Assisted Liquid Phase Exfoliation and
Their Direct Processing into Thin Films”

Colloids and Interfaces, 2024, 8, 28, https://doi.org/10.3390/colloids8030028
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“Nanostructures 2D-WS,@PANI nanohybrids for electrochemical energy storage”
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EUROMAT 2021, 2021, Graz, Austria (online)

Preparation of Porous Thin Films from ,,Green” 2D Material Inks of WS, from Liquid Phase
Exfoliation in Low Toxicity Solvents

Felix Boll, Matteo Crisci, Lara M. Gronych, Teresa Gatti, Bernd M. Smarsly

Poster presentation

Graphene 2021, 2021, Grenoble, France

Preparation of Porous Thin Films from ,,Green” 2D Material Inks of WS, from Liquid Phase
Exfoliation in Low Toxicity Solvents

Felix Boll, Matteo Crisci, Lara M. Gronych, Teresa Gatti, Bernd M. Smarsly

Poster presentation — winner poster prize

Graphene 2022, 2022, Aachen, Germany
Nanocomposite Materials for Porous Electrodes Based on 2D Transition Metal Dichalcogenides
Felix Boll, Matteo Crisci, Melissa Happel, Leonardo Merola, Teresa Gatti, Bernd M. Smarsly

Poster presentation

E-MRS 2022 Fall Meeting, 2022, Warsaw, Poland
Nanocomposite Materials for Porous Electrodes Based on 2D Transition Metal Dichalcogenides
Felix Boll, Matteo Crisci, Melissa Happel, Leonardo Merola, Teresa Gatti, Bernd M. Smarsly

Poster presentation

POLYSTORAGE Winterschool, 2023, Sestriere, Italy

Nanofibrous Energy Storage Architectures from Ternary Blends of 2D-WS;, Carbon nanotubes,
Carbon Black and Polyethylene Oxide

Felix Boll, Martda Fadda, Matteo Crisci, Melissa Happel, Giovanni Perotto, Teresa Gatti, Bernd
M. Smarsly

Poster presentation
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Polyacrylonitrile (PAN) is considered one of the most commonly used precursor polymers for
high conductivity and large capacitive CNFs.'8! According to the literature, countless examples
of CNFs are produced from several imaginable precursor materials, from synthetic polymers
to nature-based ones. PAN, PVP, CA which was electrospun first by A. Formhals®?, PVA,
Polymethyl methacrylate (PMMA) and polyimide (PI) are only some of the most used
precursors.'81182 The literature consistently highlights the significant impact of temperature
treatment on the properties of CNF. Ramos et al. as one example demonstrated the clear
dependency of the (Brunauer-Emmet-Teller) BET surface area with increasing temperature,
ranging from 500 °C to 3000 °C. Towards larger temperatures, graphitization and sintering of
the carbon material occur leading to a decrease in surface area of the CNFs.1918 For
capacitive applications especially the surface area is a substantial property of a material for its
success. CNFs provide huge surface areas of up to 720 m? g* or even 1230 m? g%, owing to
their high meso- and nano-porosity.'818 For nearly all types of CNFs, regardless of precursor
material or heating treatment, a range of structural analyses are typically conducted, including
BET measurements, XRD, Raman, infrared spectroscopy (IR), SEM and TEM images.10>183,186-
%1 These methods provide valuable insights into the structure, stacking, defect ratio and
overall appearance of fibrous material can be observed quite well. The structure can be
related to the surface area that is — as mentioned — strongly depending on the temperature

treatment.

To gain insights into charge storage behaviour and internal resistance, it is essential to perform
charge-discharge cycles, CV, EIS or volume resistance measurements, 181877189191 Thege
techniques are widely used in the field and provide crucial information on the performance
and efficiency of supercapacitors, beyond what structural properties alone can reveal. In the
aforementioned publications, no clear trend can be observed to understand the resulting C
by only looking at the BET surface area. The capacitance cannot be directly related to only the
surface area, moreover, the composition of the final product is of tremendous importance for

the final performance.
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Besides Carbon, additionally Nitrogen and Oxygen are incorporated into the fiber’s structure,
diffuse into the fiber and form active sites and defects, contributing to Cs.2°2719° The presence
and distribution of these heteroatoms depend on the temperature treatment and the
composition of the initial fibers. There are four different kinds of nitrogen atoms bonding into
the carbon lattice, all contributing differently to the charge storage capacitance.’®®
Additionally, not only one but two distinct temperature treatments with stabilization and
carbonization are needed to produce cyclic structures in the carbon lattice to enable efficient
graphitization. The complex stabilization where dehydrogenization, oxidation and cyclization
occur, is drastically affecting the fibers’ composition.®”1% Therefore, stabilized PAN fibers
exhibit skin-core structure due to diffusion effects during the stabilization process.
Consequently, a different chemical environment is present at the surface of the CNFs
compared to its core after the stabilization step, leading to variations in composition and

properties across the fiber. 191719

This was the starting point for the following publication. Kim et al.'® presented a versatile
analysis focusing solely on the structural characteristics, Cs and the chemical composition but
only for the final CNFs. However, our work extends beyond this, by providing an analysis of
the structural and compositional changes of CNFs not only addressing the carbonization
process, but also the crucial stabilization step. To achieve this, we supplemented traditional
analysis methods such as Raman spectroscopy, XRD, SEM etc. with XPS data. XPS, being highly
surface-sensitive, provided detailed information on the oxidation states of nitrogen and
oxygen species present at the CNF surface. Further, we correlated the measured Cs of the
symmetric supercapacitor device with the surface area and the surrounding elements
differently bonded to the surface. In this manner, we optimized not only the CNF's
performance in terms of Cs in their final state but also were able to show the effect of the

stabilization treatment on the CNFs towards their Cs.
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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
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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

Adv. Energy Sustainability Res. 2023, 4, 2300121
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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
published by Wiley-VCH GmbH
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Table 2. Comparison of electrochemical performances for the symmetric devices indicated in Figure 8. AV stands for the potential range used for the
measurements. If it is indicated with a minus sign, it means that the devices were tested in a negative potential range.

Type of sample Py W kg ] Eq [Wh kg™ ] Electrolyte AV)V Ref.
Flexible porous CNFs 600 32 0.5m Hy50, 12 [71]
Activated CNFs 900 5.0 1.0M Na,SO4 1.8 [72]
AC 1500 4.2 1M H;SO, 1.0 [74]
CNTs with N-doped carbon 200 1.0 1M H,SO, (Swagelok cell) 0.3 [73]
B, N co-daped CNs 600 42 Tm H,50, 0.8 [75]
xigenate -dope; . M -1.
Oxige d N-doped CN 1200 3.4 6m KOH 1.0 76
N, F co-doped CNFs 248 8.7 1M H;50, (Cel electrolyte) 1.0 [77]
Porous AC/graphene 8000 4.4 6M KOH (Coin cell) 08 [78]
CNFs—325-800 800 40+03 1m H;S0, (Swagelok cell) 038 This work
o= GiiFs - 225 - 800 highest for CNFs—325-800. In conclusion, EIS results further
a 20
t—o— CNFs - 275 - 800| 1 .
50 " Ghire 33 800 . il confirm that CNFs—325-800 has the best electrochemical prop-
L ChFs -350-800] S o .
0 Crire 325700 = O] erties as a SC, compared to the other samples.
|——CNFs - 325 - 900| —o— - . . . .
G 2 : 5 % Ao Regarding the stability of the best SC device (i.e., the one
'\;_c_ » 5 &0 A e based on the CNFs—325-800 sample), Figure 3¢ shows the
" e g a0 T Cnre-das-T00 capacitance retention tested at a current density of 2.0Ag™"
. o % for 1000 cycles. All the examined samples achieved comparable
! 40 50 O 200 400 e 8o 1000 and stable cycle performances, with capacitance retention
Zae I O Number of cycles between 113% and 117%. The increase in capacitance retention
(0)1 o (d) has already been reported for other carbon-based materials and it
2 100 o 109 can be associated to a self-activation process and/or to the pore
o = . . B . — . . .
T e ~ eof o | r size distribution.**™”) The self-activation process induces
c = . . .
S 2 20 changes in the surface morphology, especially because it may
680 = & Bas 3 i
B 3 ol E increase the SSA. Also cycling the sample may cause changes
|5 ) oz - 1o -
. e RRARR in the equilibrium states of the sample. These states might be
o o . ETN N induced by the repeating charging/discharging, modifying the
0 200 400 600 800 1000 0 2000 4000 8000 soo0 10000 morphology, and further exposing the electrochemically active

Number of cycles Number of cycles

Figure 3. a,b) Nyquist plots obtained from EIS of CNFs samples prepared
at different T, or T.. ¢) Capacitance retention of the devices based on CNFs
—325-800 after 1000 cycles. The dashed blue line indicates the data asso-
ciated to the device with the electrode materials soaked in the electrolyte
solution for 24 h. The solid line refers instead to the data obtained
when the electrode materials were not soaked before the preparation
of the device. e) Capacitance retention of the devices based on
CNFs—325-800 after 10000 cycles. The electrode materials were previ-
ously soaked for 24 h in the electrolyte solution.

the most prominent difference between each sample. Indeed, an
ideal double-layer capacitor does not exhibit a R ; because there is
no charge transfer but only electrostatic interactions between the
electrodes and electrolyte. In addition, all the devices were closed
by applying the same pressure. It is reasonable, therefore, that
these values of R, are probably due to the presence of nitrogen,
which introduces a pseudocapacitive behavior to the system. As it
can be tracked from Table 1, the R follows indeed the, later
explained, same trend of nitrogen concentration in the samples
(Table S2, Supporting Information). The straight line in the low-
frequency region achieves the highest slope for the device based
on CNFs—325-800, suggesting a better capacitive behavior. This
is also confirmed by the calculation of the Cy, which is the

Adv. Energy Sustainability Res. 2023, 4, 2300121

46

2300121 (5 of 12)

sites to the electrolyte.*®*) In the inset in Figure 3¢, SEM images

of CNFs—325-800 before and after the stability test are reported.
As far as it can be observed, the surface morphology has not
changed after 1000 cycles. Regarding the pore size distribution,
as the CNFs are characterized by micropores, the electrolytes take
time to fill all the pores. As a result, at the beginning of the meas-
urements, not all the surface is in touch with the electrolyte and
contributes to the capacitance. To verify this assumption, the sta-
bility test for CNFs—325-800 was repeated but the electrode
materials were previously immersed in the electrolyte solution
for 24 h (Figure 3c, dashed green line). As it can be seen, the
capacitance retention after the 1000 cycle does not increase
but remains stable, also indicating a good cycle performance,
which is confirmed after 10 000 cycles (94% of capacitance reten-
tion), reported in Figure 3d. The excellent capacitance retention
can be explained by the large SSA of up to 220m*g ' and the
existence of short pore channels. The small capacitance decrease
can be attributed to changes in the defects structure during
cycling.””

Figure 4a,b and S7a—e, Supporting Information, present the
SEM images of carbonized PAN fibers. For each sample, the
diameter is distributed uniformly, and the fibers do not show
any particular defect (such as bead defects), underlying that
the electrospinning deposition process was optimized. T,
appears to be the key parameter defining the final CNF diameter,
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Figure 4. a) Cross-sectional SEM image of the CNF—325-800 sample.
The thickness () is reported. b) Top-view SEM image of the same sample.
c) TGA analysis of electrospun PAN fibers heated up to 1000°C in syn-
thetic air (stabilization conditions). d) TGA analysis of stabilized PAN
fibers heated up to 1000°C under nitrogen atmosphere (carbonization
conditions).

while T is not affecting the thickness. This can be explained by
the mass loss during the stabilization and carbonization pro-
cesses, which can be determined by TGA analysis, as reported
in Figure 4c,d. During stabilization (225-350°C, Figure 4c¢)
the mass loss is around ~6 wt%. On the other hand, during car-
bonization, (700-900 °C, Figure 4d) the mass loss is increasing
up to =13 wt%. Indeed, the value slowly approaches a plateau
(within the error bar) when the stabilization temperature is
increased. When T, is increased from 700 up to 900 °C instead,
the diameter decreases significantly (Figure S7, Supporting
Information). Finally, the thickness of the deposited fiber mats
can be determined from cross-sectional SEM analysis to be in the
60 pm range for all samples. Figure 4a shows a prototypical
image, referring to the sample treated at 325 and 800 °C for,
respectively, T and T..

Nitrogen physisorption was performed to evaluate specific
information regarding fibers’ morphology, namely, SSA and
pore size distribution. For the applications of CNFs as electrode
material for SC devices, a large electrode—electrolyte interfacial
contact is indeed essential to enhance the charge transfer and
the charge adsorbed. However, a high SSA is useless if the pore
size distribution is not optimized because this last one may limit
the accessible surface to the electrolyte. In Figure 5a-d, the iso-
therms and pore size distributions are reported. As it can be
deduced from the reported values in the graphs, SSAs
vary mostly in relation to changes in T, with variations of
100-220m?g™' when this temperature is raised by 100°C
(see Figure 5c¢). Pore sizes are also quite homogeneous in relation
to different T, and same T, while they tend to change slightly
more when T, is taken stable and T, is varied. In general, their
distribution is centered around 1nm, with a population more
shifted at higher values (up to 2 nm) for the sample treated at
the highest T, (900 °C).
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Figure 5. a—c) Nitrogen physisorption isotherms and b-d) relative pore
size distribution curves for CNFs samples prepared at different T, or
T. (the graph is a zoom at the lowest pore sizes of the inset, reporting
the entire distribution up to 30 nm).

XPS measurements were performed to understand how nitro-
gen heteroatoms, acting as N-dopants, are inserted into the main
graphitic structure of the CNFs. This evaluation is extremely
important to better understand the structural and electrochemi-
cal performance of CNFs. As displayed in Figure 6a, CNFs
exhibit four main types of nitrogen bonding, namely pyridinic
(N-6, at 398.1-398.3 eV), pyrrolic (N-5, 399.8-401.2 eV), graphitic
(N-Q, 401.1-402.7¢V), and oxidized (N-O, 403406 ¢V).*H??
Therefore, the chosen energy range for XPS analysis was
between 200 and 600 eV to detect the O 1s, N 1s, and C 1s signals
(see the whole spectrum in Figure 6b for one prototypical case
and all the others in Figure S8, Supporting Information).
The signal of C 1s localized at 284.8 eV mainly shows the
sp’-hybridization (graphitic) of the carbon atoms in the CNFs,
whereas the peak asymmetry toward higher binding
energies can be ascribed to the presence of defects based on
sp*-hybridized carbon species like C-C (284.7eV) or C-OH
(285.4 eV) present within the CNF lattice.P?5*

In the region of the N 1s peak between 394 and 408 eV, more
detailed spectra were recorded, to precisely analyze the above-
described multiple nitrogen species and to define their contribu-
tion to the nitrogen peak in each spectrum (see also Table 52,
Supporting Information). In order to first understand the influ-
ence of different T in the range 225-350°C (Figure 6c and S9,
Supporting Information), XPS data as well as EDX atomic per-
centages (at%) were employed for the evaluation (Table 52,
Supporting Information). A trend in progressive nitrogen
removal from the fibrous structure is observed from 225°C
(with ~7.2-7.3%) up to 325 °C (with 5.1-6.0%), while stabiliza-
tion at 350 °C brings to an increase for both elemental analysis
methods between 6.0% and 6.8%, which is, to the best of our
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Figure 6. a) Schematic representation of different nitrogen species present in the CNF structure. b) Full XPS spectrum for CNFs—325-800 sample (the
entire spectra for all other examined cases are reported in Figure S3, Supporting Information). ¢} Detail of the N 1s peak for the same sample, with fittings

of the different nitrogen contributions.

knowledge, here reported for the first time. The two fundamen-
tally different techniques here used also allow to assume a
homogenous distribution of the doping along the whole CNF
diameter. While XPS is surface sensitive and a local technique,
the penetration depth of EDX (depending on the acceleration
potential) can go up to several hundreds of nm, plus a broader
investigated area. Therefore, depending on the stabilization tem-
perature, a constant atomic ratio of nitrogen can be found
throughout the CNFs as well as on their surface. Previously
obtained data on nitrogen contents for CNFs stabilized at
225°C and carbonized at 800°C were fully reproducible in
our work.®™® Increase in T, leads to larger contributions of gra-
phitic nitrogen, as can be guessed from XPS spectra, from 40% at
225°C to 45% at 350 °C. On the contrary, the contribution of pyr-
rolic and pyridinic nitrogen atoms decreases from 10% to 6% for
the former and from 35% to 28% for the latter. The oxidized spe-
cies tend also to increase from 15% to 21%. This is reasonable
given the more efficient oxidation (as well as partially graphitiza-
tion) at higher temperatures during stabilization. In the case of
the stabilized sample at 350 °C, another peak is further visible,
attributed to NO,/C-ONO and NO; nitrogen species, which
can be formed at higher temperatures in the presence of oxygen
and nitrogen.”*~®

T is drastically affecting the amount of graphitic carbon
within the CNFs. From 700 to 900°C at a constant T
(325°C), an increase from 24% at 700°C to 53% at 900°C

(a) (b)

was detected. As a consequence, the pyrrolic and pyridinic spe-
cies contributions diminish from 22% down to 5% (N-5) and
from 38% to 17% (N-6). These changes in composition are well
described in literature, with the less stable pyrrolic nitrogen con-
verting into graphitic nitrogen above 600°C, while pyridinic
nitrogen converting in the same species above 700 °C.[?%3%69
This is indeed confirmed by our experiments, where N-5 content
decreases already drastically from 700 to 800°C (22% to 7%),
while N-6 content experiences a drop from 38% to 17% over
the whole examined T, range (700-900°C).

Raman and XRD analyses were carried out to study changes in
the graphitic microstructure of the CNFs and to determine the
influence of nitrogen concentration and types of nitrogen. The
Raman spectrum of the electrochemically best performing
CNF sample is presented in Figure 7a, while the list of param-
eters calculated from Raman spectroscopy for all the samples is
reported in Table S3, Supporting Information. For comparison,
the other Raman spectra are shown in Figure S10, Supporting
Information. Peaks deconvolution shows that all samples have
four contributions. Peaks at 1590 and ~1350cm™' are
associated with the G and D bands, related to ordered and disor-
dered graphitic structures, respectively.**¥ The D” band at
/1500 cm ™! is related to the amorphous carbon and the T band
at 1220 cm ™ is associated with the bond between sp? and sp’
carbons.[%*~%%! One of the most important parameters for carbon
materials is the In/Ig ratio. As G bands correspond to the E,,
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Figure 7. a) Raman spectrum of the CNF—325—800 sample. b) XRD patterns of CNFs samples prepared with varying T, from 225 °C up to 350°C
and a constant T at 800 °C. ¢) XRD patterns of CNFs stabilized at 325 °C with varying T, from 700 °C up to 900 °C. These structures correspond to

JCPDS 00-056-0159.
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phonon which is always present, the D band, on the contrary, is
related to the breathing mode and therefore requires defects to be
activated. Indeed, the more defects are present in the graphitic
structure the higher the Ip/I; ratio will be.[**®? Defects are not
only atomic vacancies or distortion of the structure but also
defined by the presence of hetercatoms (see Figure 6a). As
already reported, the amount of carbon defects in nitrogen-doped
carbon materials ig strongly depending on nitrogen amount and
relative bonds involved.®” From XPS and EDX measurements
emerges how the overall nitrogen amount decreases with higher
T, and T. and, at the same time, graphitic carbon content
increases. This also affects the order of CNF microstructure.
Indeed, Ip/Ig ratio (Table S3, Supporting Information) shows
the same trend of graphitic nitrogen contribution (Table S2,
Supporting Information): it generally decreases at larger T,
and T. The rising G band in comparison to the D band is indi-
cating a more structured carbon lattice at higher tempera-
tures. V%% From the collected dataset however, deriving a
clear trend in either changes of amorphous carbon content
(D” band) or sp’~sp® bonds (I band) is not possible in a reliable
manner.

A further proof of the influence of nitrogen concentration on
CNFs microstructure can be determined by XRD measurements.
Figure 7b,c and Table S4, Supporting Information, show the
XRD data and a list of parameters calculated from the diffracto-
grams, respectively. Those diffractograms are characterized by a
major Bragg peak at 21.0° and a weak reflex at 43.0°, which are
related to crystal planes (002) and intralayer scattering (100) of
graphite***| An important parameter for materials with a
graphite-like structures is the interlayer distance along the
(002) direction: dgoz). This parameter is essential because the
presence of nitrogen atoms, and consequently a more disordered
graphitic structure, leads to higher values of d(g02) compared to
that of graphite 3.335 A3S78 1ndeed, the values of dio0z)
(Table S4, Supporting Information) are higher than 3.335 A
due to the presence of nitrogen atoms. Moreover, digg, show
the same trend of the nitrogen concentration reported in
Table S2, Supporting Information: it decreases with the increas-
ing of stabilization and carbonization temperatures.

Other important parameters that can be evaluated from
Raman spectroscopy and XRD measurements are related to
the crystallite size: in-plane crystallite size L, along a-direction
and average stacking height L_ along the c-direction. Through
this analysis, preferential growth directions of the microstructure
can be determined. Values of L, reported in Table S3,
Supporting Information, can be easily determined from
Raman spectra by using the Tuinstra-Koening equation, while
values of L. presented in Table S4, Supporting Information,
can be estimated from XRD diffractograms by applying the
Scherrer equation. As reported, graphitic structure grows along
L, with the rising temperatures; on the contrary, L. decreases.
The decrease along c-direction can be explained by two possible
phenomena: 1) changes in stacking and order for graphitic struc-
ture along due to the release of gases during the thermal treat-
mentsP®*! and 2) curvature of the graphene sheets due to the
presence of nitrogen doping heteroatoms.”"!

To summarize, the low concentration of nitrogen, especially
with a high contribution of graphitic nitrogen, leads to a more
ordered graphitic structure (low dygy and Ip/Ig). Moreover,
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CNFs structure grows mainly along in-plane a-direction, as evi-
denced by the increase of L,. On the other hand, the growth of
graphite sheets along the c-direction is disturbed and reduced.

The results as a whole give a fully satisfactory picture of the
CNFs functional behavior, allowing to provide a speculative, but
pragmatic, correlation between electrochemical performance and
morphological /structural properties. By examining the reported
effects on stabilization derived from physisorption and XPS
measurements, it is possible to understand electrochemical data
more precisely. Indeed, the CNFs—325-800 sample, which is
the most performing one, has also the highest SSA compared
to other samples treated at different T,. Regarding the effect
of T, the electrochemical performances of CNFs—325-800
is a consequence of the balance between the SSA, total
amount of nitrogen, and the contribution of each nitrogen
bond-type. CNFs—325-700 has the highest amount of nitrogen,
the lowest contribution of graphitic nitrogen, and lowest value of
SSA, leading to a lower average value of C.. On the contrary, even
if CNFs—325-900 shows the highest SSA, it does not achieve the
average value of C; of CNFs—325-800, due to the lower nitrogen
concentration, leading to a too low defect density. Indeed, this
result is further corroborated by Raman analysis, in which the
lattice defects density, in terms of graphitic nitrogen contribu-
tion, is diminished at higher T, and T. In addition, the lattice
parameters are also strongly influenced by the nitrogen doping
as highlighted by the XRD outcomes: the best electrochemical
samples are the ones in which the interlayer distance dggy is
among the smallest (4.1 A), with an anisotropic growth on the
in-plane a-direction.

In the literature, numerous works on the preparation and
application of carbon-based materials in energy storage devices
are reported. Figure 8 compares the performance of the devices
tested in this work with different similar symmetrical SCs. The
best obtained values of E; and P4 from the here studied CNFs are
compared with that of other relevant cases of carbon-based
materials, such as flexible porous CNFs (3.2Whkg ' at a P4
of 600 Wkg "),’Y activated CNFs (5.0Whkg™' at a Py of
900 Wkg™'),”? CNTs with N-doped carbon {(1.0Whkg™" at a
Py of 200wWkg )"l AC (42Whkg' at a Py of
1500 W kg 1,7 B, N co-doped CN (42Wh kg ' at a Py of
600 Wkg™"),”™ and oxygenated N-doped CN (3.4 Whkg™" at a
Py of 1200Wkg )" Obviously, there are examples of
carbon-based materials with more promising performance.
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Figure 8. Ragone plot for the symmetrical device based on CNFs—

325-800 compared with other symmetrical devices based on different
carbon-based active electrode materials.
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For example, Na et al. have successfully prepared highly porous
N, F co-doped CNFs achieving an Ey of 8.7 Whkg ' at a P, of
248 Wlkg ', but they used a vacuum plasma treatment with
C,Fy after the carbonization step.”” Chen et al. produced porous
graphitic layers on both sides of graphene sheets through hydro-
thermal and activations steps, achieving an Eq of 4.4 Whkg ' at
8000 W kg~ 2.I”® However, it is important to underline that CNFs
produced in this work are made without any further processes
such as activation or chemical etching and without any further
additive. They indeed achieve these significant E4 value only by
optimizing the heat treatment temperatures. In addition, as
reported in Table 2, the devices tested in this work have been
cycled in a potential range of 0.0-0.8 V (AV =10.8 V). As E; is pro-
portional to AV (Equation (6)), by increasing the latter Ey
increases significantly. For a more complete comparison,
Equation (S4), Supporting Informationm was used to estimate
C. of the single electrode. In Table S7, Supporting
Information, the values of C; for other CNFs are compared to
the ones of the CNFs tested in this work. CNFs produced in this
work are made without any specific processes of activation and
chemical etching and without any further additives such as PVP
or Co;04. Indeed, as can be seen from Table S7, Supporting
Information, the calculated C; of CNFs prepared in this work
is comparable with that one of other studies.

3. Conclusions

A systematic study to reveal the effect of different T, and T. on
CNFs electrochemical performance was carried out in this work,
by correlating their structural and compositional changes to C; of
symmetrical SC devices based on these pure materials as the only
active electrode components. The different thermal treatments
affect the SSA of'the fibers, the amount of nitrogen atoms within
their crystalline lattices, and the type of bonding that these het-
eroatomic dopants establish with carbon. The last two features
also influence the microstructure of the CNFs and all together
have a tremendous impact on the electrochemical behavior.
As a rule of thumb, one can recognize that, with increasing tem-
peratures, the SSA and the amount of graphitic (N-Q) nitrogen
in the lattice increase, which lead to larger C; and thus better
energy storage performance.

A T, of 325°C for the produced PAN fibers was found to be
ideal because the attainable SSA is the largest. Furthermore,
these fibers contain the lowest nitrogen concentration, including
the largest ratio of graphitic nitrogen compared to all the other
samples produced at T; of 225, 275, and 350 °C. Below the ideal
temperature, the larger nitrogen content, as well as their bonding
type (lowest ratio of graphitic nitrogen), leading to a more unor-
ganized carbon structure, and the lower SSA give rise to poorer
electrochemical performances. On the other hand, stabilization
at 350 °C might cause pore blocking, that is negatively affecting
the SSA and deteriorates electrochemical performance, due to a
lower effective area and a less accessible surface.

The ideal T, for the stabilized fibers was found to be 800 °C,
once again because of optimal SSA, nitrogen concentration, and
nitrogen bonding types. Higher temperatures are thus not nec-
essary to improve electrochemical quality. Even if the high nitro-
gen concentration generates several defects for possible charge
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storage processes, the comparably lower SSA at 700°C causes
a less accessible surface for the electrolyte—-CNFs interaction,
which worsen the electrochemical performance. On the
other hand, the sample carbonized at 900°C has the largest
SSA and, therefore, the largest accessible area for the
electrode—electrolyte interaction, but nitrogen content is the low-
est in all the examined samples. In conclusion, there is a net
trade-off between a large pseudocapacitive contribution of pyrro-
lic and pyridinic nitrogen species in the CNFs and a low SSA or
vice versa, to be taken into consideration to achieve optimized
energy storage performance. This aspect will most likely have
an impact also for the use of CNFs in other electrochemical devi-
ces, such as batteries or sensors, and therefore the optimization
here described will have a broader impact for the electrochemical
community.

One key factor for optimized electrode materials based on
carbon is to find the ideal temperatures for stabilization and car-
bonization, to maximize the defects contributing to the pseudo-
capacitive behavior and to achieve the largest possible accessible
area, which is one of the big advantages of using similar materi-
als for electrochemical applications. Then, even without further
doping, complex processing and treatments and coupling with
other materials, it is possible to produce competitive
carbon-based active electrodes for SCs by only tuning thermal
treatments, thus improving the sustainability of the production
process.

4. Experimental Section

All chemicals and solvents were purchased from Sigma-Aldrich and
used as received, unless otherwise specified. Milli-Q water was used as
solvent for the preparation of the electrolytes for the electrochemical
measurements.

CNFs Production: For the preparation of CNFs, a solution of 8 wt%
of PAN (>99.0%, M,, 150000) in DMF was prepared by dissolving
1.131 x g of PAN in 15 mL of DMF. A home-made electrospinning setup
was employed (Figure S1, Supporting Information), made of two high volt-
age power supplies (Scientific Instruments, TSI-HV), a syringe pump
(HARVARD APPARATUS, PHD 2000 Infusion), a syringe, a needle
(inner diameter 1.2mm, 18 G), and an aluminum foil-covered rotating
drum collector (radius of 5 cm). The deposition parameters were chosen
by following the work of Einert et al.5*! The tip-to-collector distance was
fixed at 12 cm and the rotation speed of the drum at 65 rpm. The flow rate
was set t0 0.25 mLh " and a voltage of 12.75 kV was applied between the
tip and the collector (+10.75 kV at the needle and —2.00 kV at the collec-
tor). As the electrospinning setup is placed in a closed box, the relative
humidity is controlled and was set between RH = 30% and 35% at a tem-
perature of 21 °C. The precursor PAN fiber mats appeared as reported in
Figure S1b,c, Supporting Information. After the electrospinning
deposition, the fibers were stabilized at 225, 275, 325, or 350°C for
2 h, with a heat rate of 2°C min " in air in a Nabertherm N7/H-P320 oven.
Afterward, the stabilized fibers were carbonized under nitrogen flow at
100°C for 1h followed by a temperature increase up to 700, 800, or
900°C for 1h using a tube furnace (Nabertherm R80/300/11-P300).
The nitrogen flow was fixed at 100 mL min~' (100 sccm) and the heating
rate at 2°C min~".

CNFs Electrochemical Characterization and SC Assembly: To classify the
produced samples based on their electrochemical performances, all
electrochemical measurements were carried out in a two electrode
Swagelok cell setup, as sketched in Figure S2, Supporting Information.
The electrolyte was a 1 M aqueous solution of H,SO, (1 mL). A glass micro-
fiber separator without binder purchased by ALBET LabScience (GF 50150)
was used between the two half cells to prevent short-circuiting.
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The electrochemical analyses were performed using the potentiostat and
galvanostat Autolab (Metrohm). The software used to collect the data
was Nova 2.1 (Metrohm). Electrochemical impedance spectroscopy (EIS)
measurements were carried out with a SP 200 potentiostat from
BioLogic. The software used to collect EIS data was EC-lab. Cyclic voltam-
metry (CV) measurements were carried out to verify the electric double-layer
behavior of CNFs. In particular, the measurements were performed between
0 and 0.8V at different scan rates of 100, 50, 30, 20, and 10mVs™.
Moreover, each cycle was performed four times and only the last one
was used for data analysis to ensure reproducible voltammograms in equi-
librium. Galvanostatic charge—discharge (GCD) measurements were per-
formed to determine the capacitance retention of the Swagelok cell
setup as well as the power and energy densities of the SCs. First, devices
were cycled ten times between 0 and 0.8V at 1.0A g . Then, charge and
discharge curves were measured between 0 and 0.8V at different current
densities of 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0A g " The specific capacitance
was calculated with the following equation

C =22 _rg 1
<= may F& 0
where | is the charge—discharge current, At the discharge time, m the total
mass of the electrodes (=15.0 mg), and AV the potential range of the meas-
urements (0.8 V). Each measurement, at the same current density, was per-
formed three times and only the last one was used for data analysis. £ and
P4 can be calculated directly from the results obtained from the charge and
discharge curves. Eq and Py were calculated by the following equations

71 Zif —1
Ea=5CAV? o= Whkg™'] 2

_ Edaion — ket
Py = 33600 = [Wkg '] 3)

The values reported for C;, £4 and Py are average values calculated by
repeating the measurements with at least three different devices for each
sample. To study the life cycle stability of the device, capacitance retention
was calculated by cycling the device for 1000 and 10000 cycles at a
moderate current density of 2.0Ag™". EIS measurements were carried
at a constant potential mode of 0V. Frequency range was varied between
200 kHz and 10 mHz at an amplitude of 5 mV. Before each EIS measure-
ment, five GCD curves were recorded at 1.0 A g™ to stabilize the devices.
The software to fit the obtained EIS data was RelaxIS3.

CNFs Physicochemical and Morphological Characterization: Raman spec-
troscopy measurements were performed on a Bruker Senterra Raman
Microscope equipped with a 532 nm solid-state laser. As the fibers are
free-standing, to obtain more detailed spectra, samples were attached
to a silicon wafer (1 cm x 1 cm) with double tape. The in-plane crystallite
dimension (L,) can be calculated using the Tuinstra—Koening equation!’®!

L, = (2.4 x 10710)¢ (:—z) 7 o) )

where 4 is the wavelength of the laser in nm, and Ip/I¢ is the intensity ratio
between the D and G bands.

X-Ray diffraction (XRD) measurements were carried out on a
PANanalytical X'Pert PRO MRD (Cu Ku radiation, 4 =1.5406 A) utilizing
a grazing incident geometry (GIXRD). The diffractograms were recorded
between 28 = 10° and 80° with an emission current of 40 mA and an accel-
eration voltage of 40 kV. The step size and the acquisition time were fixed
at 0.03° and 2s, respectively. The interlayer distance d between the
crystallographic plane (hkl) can be estimated by using the well know
Bragg's law

A= Zd(hkﬁj sing (5)
where 1 is the diffraction, 4 is the wavelength of X-Ray in A, and 6 is the

Bragg angle in radiant. If the diffraction order is 1, the Equation (2) can be
written as follows
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A
oy =—2 =
]

The crystallite size (L) can be calculated using the Scherrer equation®®']

KA

P
¢ FWHMcosd

[A] 7

where Kis a constant called shape factor (=0.9 for spherical particles), A is
the wavelength of X-Ray in A, FWHM is the full width at the half maximum
of the reflection, and @ is the Bragg angle. FWHM and € must be radiant.

Thermogravimetric analysis (TGA) was run on a Netzsch STA409PC
instrument. ~10mg of vacuum-dried PAN fibers were heated between
30 and 1200 °C with a ramp of 2°C min~" in nitrogen and synthetic air
atmosphere.

Nitrogen physisorption was carried out in an autornated gas adsorption
station at 77 K with a Quantachrome Corporation Autosorb iQ2. Before
each measurement, the sample was degassed at 120°C for 18 h. The
instrument’s software supports the calculation of SSA by applying the
Brunauer—Emmett—Teller (BET) model and pore size distribution, cumu-
lative surface area, and pore volume with the quenched solid density func-
tional theory (QSDFT, “cylindric pores, QSDFT adsorption branch™).

X-Ray photoelectron spectroscopy (XPS} measurements were con-
ducted with a PHI 5000 VersaProbe Il Scanning ESCA Microprobe
(Physical Electronics) with a monochromatized Al Ku X-Ray source in high
power mode (beam size 1300 pm x 100 ym, X-Ray power: 100 W). The
sample surface was charge neutralized with slow electrons and argon ions,
and the pressure was in the range of 1077 to 107° Pa during the measure-
ments. The electron energy analyzer was working at a constant pass energy
of 187.85 and 23.50 eV for survey and detail spectra, respectively. Data
analysis was performed using the CasaXPS software. The C 1s line at
284.8eV was used as binding standard energy to correct the position
of the spectra. The Shirley-type function was used for background subtrac-
tion. The N 15 peaks were fitted by a mixed Gaussian/Lorentzian function
(GL30).

The morphology of CNFs was investigated by scanning electron
microscopy (SEM) on a Zeiss Merlin with an emission current of
100 pA and an acceleration voltage of 3 kV. The PAN and PAN-stabilized
fibers, which are insulating, were sputtered with platinum for 60 s prior to
each SEM measurement, using an Edwards scancoat six. The atomic
concentration of carbon, nitrogen, and oxygen was determined by
energy-dispersive X-Ray (EDX) analysis using an Oxford Instrument
Inca Energy System X-Max 50 Silicon Drift Detector with a 50 mm? active
area, an emission current of 2000 pA and an acceleration voltage of 5 kV.
To obtain a more precise atomic concentration, EDX measurements were
performed six times for each sample to calculate an average value.
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Supporting Information is available from the Wiley Online Library or from
the author.
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- Picture of the electrospinning setup used to prepare PAN nanofibers (Figure S1)
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- Summary of XPS and SEM-EDX data for CNFs prepared at different Ts and Tc (Table S2)

- Summary of Raman data for the different CNF samples (Table S3)

- Summary of XRD data for the different CNF samples (Table S4)
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- Comparison of the electrochemical performance of CNFs as single electro-active materials

for SC applications (Table S7) and method used for carrying out such comparison

Figure S1. a) Electrospinning setup. All different components are indicated in the images: a.
electrospinning chamber, b. fumehood, c. syringe pump, d. syringe pump controller, e. power supplies
and f. aluminum-covered rotating drum. b) Aluminum-covered rotating drum with PAN fibers mat

(white part) upon it. ¢) PAN fibers mat on aluminum foil removed from the rotating drum.
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(glass microfibers) @ 10 mm
@12 mm

Figure S2. Schematic illustration of the symmetrical SC based on CNFs inside the Swagelok cell.
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Figure S3. CV curves obtained at 50 mV s’ scan rate vs. Ag/AgCl reference electrode for the
different CNF-based SCs.
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Figure S4. a-f) GCD curves at a different scan rate from symmetrical SCs based on the different CNF
samples studied in this work as active energy storage materials.
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Figure SS. a-f) CV curves at different scan rate from symmetrical SCs based on the different CNF
samples studied in this work as active energy storage materials.
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Figure S6. Nyquist plots obtained from EIS analysis with the assumed and simulated circuit
diagram for the different CNF-based SCs.

Figure S7. SEM images of CNFs samples prepared at different T or T.. The average diameter (d) is
reported for each sample based on 50 measurements using the graphic tool Image.J.
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Figure S8. XPS spectra of CNFs treated at different Ts and Tc.
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Figure S9. Deconvolutions of the N1s peak of CNFs prepared at different T or T..
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Table S1. Summary of physisorption data obtained for the different CNF samples examined in this

work.
Sample name Specific surface area / Total pore Average pore
CNFs-(T)~(Te) m? g’! volume / ¢cm?® g! diameter / nm
CNFs-225-800 491 0.348 1.20
CNFs-275-800 538 0.285 1.00
CNFs-325-800 577 0.260 1.00
CNFs-350-800 543 0.037 1.79
CNFs-325-700 401 0.222 1.00
CNFs-325-900 700 0.330 1.10

Table S2. Summary of elemental analysis data obtained for the different CNF samples examined in
this work through XPS and SEM-EDX methods. From XPS, also the content of the various type of

nitrogen species was calculated.

Total N conc.
Sample name

CNFs-(T9<T) At.% N-Q/ % N-6/ % N-5/% N-O /%
XPS EDX
CNFs-225-800 7.2 7.3 40 35 10 15
CNFs-275-800 6.4 5.8 42 33 8 17
CNFs-325-800 6.0 5.1 44 30 7 19
CNFs-350-800 6.8 6.0 45 28 6 21
CNFs-325-700 11.6 122 24 38 22 16
CNFs-325-900 2.6 1.0 33 17 5 25
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Table S3. Summary of Raman data for the different CNF samples examined in this work.

Sample name

D-Band/cm'  G-Band/cm’! In/lc L./ nm

CNFs-(T5)-(Te)

CNFs-225-800 1350 1595 1.07 18.0
CNFs-275-800 1347 1592 1.00 19.0
CNFs-325-800 1353 1590 0.95 20.2
CNFs-350-800 1355 1597 0.99 19.5
CNFs-325-700 1352 1592 1.13 17.0
CNFs-325-900 1344 1597 0.85 22.6

Table S4. Summary of XRD data for the different CNF samples examined in this work.

Sample name

29 dwozy / A FWHM / rad L./ A

CNFs-(T)-(T.)

CNFs-225-800 20.2 4.4 0.15 9.3
CNFs-275-800 21.2 4.2 0.16 8.6
CNFs-325-800 21.3 4.1 0.18 8.0
CNFs-350-800 20 4.4 0.18 8.0
CNFs-325-700 19.5 4.6 0.15 9.6
CNFs-325-900 22.5 3.9 0.19 7.5
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Table S5. Average values of Cs with related errors for each type of CNF sample.
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Table S6. Average values of Eq with errors for each type of CNF sample.
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Comparisons with literature: single electrodes

From the C; of the devices (Cs, device) 1S possible to estimate the Cs of the single electrode (Cs, clect ).
The definition of the Cs of the electrode is:

Celect
Cs,elect = (El)
Meject

Where Celect 15 the capacitance of the single electrode and melect is its mass. However, the device is

built with two electrodes which are connected in series. Indeed, the capacitance of the device is:
Celect =2 Cdevice (EZ)

Moreover, it can be assumed, as an approximation, that the relationship between the mass of the single

electrode and the mass of the electrodes in the device (mgevice) 1s:

m .
Meiect = dZVECE (E3)

Combing the equations, it is possible to obtain the specific capacitance of single electrode:

C _ 4 Cdevice
s,elect —

=4 Cs,device (E4)

device

The Cs device coincides with that calculated experimentally from Eq. E1.

To compare CNFs prepared in this work with other similar materials as single electrodes Eq. E4 was

used.

Table S7. Comparison of the electrochemical performance of CNFs as single electro-active materials
for SC applications. A summary of precursors and processes for the preparation of the electrode

materials is also reported. The letter I stand for current density.

C(Fgh/I(Ag")/

Electrolyte Ref.

Types of samples  Precursor and Process

Hydrothermal synthesized Te@C
N-doped CNFs nano cable. Etching for 12 hr. 202/1.0/6 MKOH 5
Carbonized at 900 (N>) for 2 hr.

Carbonization at 800 °C (Nz) for
2 hr and activation at 650 °C (N)
for 30 min of PANI nanofibers
network

Electrospinning of PAN/DMF.
Stabilization at 280 °C for 3 h.
CNFs Carbonization at 800 °C (N2) for 153/1.0/6 MKOH '%
1 h. Activation at 800 °C for 30
min in a steam atmosphere,

P-doped CNFs 280/1.0/6 MKOH '
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CNFs

Porous-CNFs

Porous-CNFs

P-doped
CNFs/PEG

N-doped porous
CNFs

N, F-codoped
CNFs

Co0304-CNFs

Same process but without the
activation step.

Electrospinning of PAN/DMEF.
Activation with KOH for 12 hr.
Stabilization at 280 °C for 3 hrs.
carbonization at 800 °C (N») for 1
hr.

Electrospinning of PAN-
Co(NOs),-PVP/DMF.

Stabilization at 220 °C for 4hr.
Pre-carbonization at 350 °C (Ar)
for 4hr. Carbonization at 800 °C
(Ar) for 2 hr. Acid corrosion with

10M HCI for 48 hr.

Electrospinning of PAN/Nafion.
Stabilization at 280  °C.
Carbonization 700 °C (Ar) for 1
hrs. Post-carbonization 800 °C
(Ar) for 1 h.

Electrospinning of PAN-
PEG/DMF with polyphosphoric
acid. Stabilization at 250 °C for 1
hr. Carbonization at 800 °C for 1
hr.

823/1.0/6M
KOH

186.8/1.0/6 M

156

KOH
104/05/05M 145
H:S04
210/1.0/1 M 157
H>S04

228.7/05/1M

H250. 158

Same procedure but without the
polyphosphoric acid

Electrospinning of PAN-PVP-
Si02 nanosphere/DMF.
Stabilization at 250 °C lhr.
Carbonization at 800 °C (N») for
2 hr. Etching with 1 M NaOH for
1 hr.

1204/05/1M
H>S04

242/02/1M

H2504 5o

Same procedure but without SiO>
nanosphere

Electrospinning PAN-PVP/DMF.
Hydrothermal methods with an
autoclave at 160 °C for 12hr.
Stabilization at 270  °C.
Carbonization at 800 °C. Vacuum
plasma treatment with CaFs.

Electrospinning  of  Strach-
PVA/DI. Stabilization at 250 °C

1204/02/1M
H.504

2526/05/1M
H>S04

151

137/10/1M 160
H.504
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68

CNFs-325-800

for 1 hr. Carbonization in vacuum
at 1500 °C. Activation at 800 °C
(CO2) for 30 min.
Functionalization at 250 °C (air)
for 1 hr. Dip coating of the CNFs
in 0.2 M Co(C;H40) solution.
Calcination at 450°C for 2 hr

Same procedure but without the
dip coating step

Electrospinning of PAN/DMF.
Stabilization at 325 °C for 2 hr.
Carbonization at 800 °C (N») for
1 hr.

35/1.0/1 M Hz2504

196/0.5/1M
H2504 This

188.6/1.0/1M  work
H2504




3.4. Publication 2

3.4. Publication 2

In the context of electrospinning for SCs, carbon is widely utilized due to its large surface area,
especially CNFs as shown in the previous publication are considered state-of-the-art.
However, pure carbon-based materials contain one large drawback — their inherent
brittleness.'9> Despite offering excellent conductivity and a large surface area, which
contribute to their ideal charge storage capabilities as previously dicussed.'%>182 The problem
with carbon-based networks and matrices lies in their unsuitability for flexible charge-storage
devices. In brittle materials, bending, tilting or any form of rumpling can lead to breakage and
contact loss, creating an insurmountable hurdle for maintaining device integrity. In order to
overcome this issue, plenty of approaches to prepare flexible charge-storage devices have
been done going from foils, over membranes, towards flexible and conductive polymers,
printed inks on flexible substrates, skeleton-structured hybrid films, hydrogels and most likely
even more,102064107,200-207 Another factor that comes into play is the sustainable approach
that is a crucial demand for future devices in an industrial context. Recycling is especially
crucial for Europe, where resource availability is limited, as highlighted by the “European
Critical Raw Materials Act”, published annually.??® The act underscores the importance of
recycling solid waste, particularly waste generated by batteries due to their lithium content.
Ensuring effective recycling processes is essential to conserve these critical resources. Rare
elements need to be recycled to ensure an intact supply chain but also for more abundant

materials like graphite, with a far-reaching view, recycling is considered to be important.2%¢-

214

From this starting point we were inspired to work on flexible nanofibrous materials for energy
storage using simple, abundant resources and sustainable and non-toxic preparation
methods. The primary demand for such charge-storage solutions arises from wearable and
portable devices designed for close proximity to the human body which further pushes
research towards non-hazardous chemicals in this field of research.88205215 From the literature
2D-material based composites made from any sort of conductive carbon species and
bidimensional materials like MoS, and WS, are frequently used for supercapacitor
applications obtaining large Cs as it was discussed previously 170177,207,216-220  pgq
publications 2 — 5 indicate, over the years | was able to collect an expertise in the field of top-

down exfoliation methods like shear mixing, tip sonication, intercalation methods and
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electrochemical exfoliation. It was used to prepare mono- and few-layered WS; for charge
storage. Here, Raman spectroscopy is a valid choice of analysis method to prove the two-
dimensionality since the intensity and position of the (2LA+E2s) and A1z bands change with
decreasing number of layers.22931.221 For wet chemical top-down approaches mainly NMP is
used as solvent in the literature since the highest yields of exfoliated material were achieved.
The drawback is its toxicity and the high price which brought me to the choice of a water-
isopropanol mixture to reduce cost and facilitate recyclability.1#67222-224 As backbone
materials | also decided to follow the philosophy of simplicity. PEO is the most prominent
polymer for electrospinning due to its easy handling, low price and the possibility of using H,0
as a solvent.102109.225-227 To overcome the issue of low conductivity of PEO, | used a
nanoparticle-based approach adding MWCNTSs and CB conductive species besides 2D-WS; to
combine the properties of all these materials. Indeed, using a versatile set of data analysis
including imaging methods like SEM, and compositional methods like XRD, Raman and EDX we
were able to prove the presence of all species in the produced fibers. Subsequently bending
tests and stability tests were conducted to prove the fibers’ flexibility. Electrochemical analysis
revealed a synergistic effect contributing to higher Cs compared to each individual species.
This effect is related to the overall enlargement of conductivity but also an intimate contact
between carbon materials and 2D-WS; as TEM, SEM, EDX and TGA obtain. The
nanoengineering of functional materials in different compositions led to a flexible device using
sustainable working processes being potentially embedded into low-power and lightweight

electronics.
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ABSTRACT: Lightweight and flexible energy storage devices are gaining interest due to their potential integration into wearable
electronics. They might work for the long-term powering of sensors, for example, but they need to be operative after the application
of different types of mechanical stress. Conductive and semiconducting nanomaterials have been largely investigated as active
components for this type of application but need to be coupled to an elastic matrix, such as a polymeric one, in order to be functional
in flexible technologies. In this work, we investigate the production of electrospun nanofibers based on a ternary blend of 2D layered
WS, multiwalled carbon nanotubes, and carbon black in poly(ethylene oxide) and characterize their electrochemical behavior in
symmetric supercapacitor architectures within bendable pouch cells, in conjunction with a robust analysis of the active materials’
mechanical properties. We find optimized specific capacitance values of up to 9 F ¢! after mechanical adjustment of the device and
excellent capacitance retention after multiple bending cycles, revealing the potential of similar scaffolds for use in wearable energy
storage devices to activate low-power electronics.

KEYWORDS: polymer nanofibers, nanocomposite, electrospinning, energy storage, flexible device

1. INTRODUCTION

With the emergence of a continuously increasing request of
smart electronic devices in portable and wearable shapes, also
the demand for flexible power sources is outpacing, to prevent
any limitation in terms of functionality and design.’ Especially
for sensors and applications in the health sector, biocompat-
ible, lightweight, and nonhazardous power sources are of
interest to ensure safety.z’3 However, for running stretchable
sensors and devices, the storage of electrical energy is
considered to be the current bottleneck to allow the effective
commercialization of these technologies. Since many sensors
are already well functioning and largely available, their

Mainly carbon-based materials are used for the fabrication of
electrochemical double-layer capacitors (EDLCs). Long-term
cycle stability and fast charge/discharge behavior are excep-
tional arguments in favor of the usage of these devices. Also,
differing shapes for the active layer can be adopted, from fibers
to membranes, depending on the specific need.” ! Carbon-
based species, especially carbon nanotubes and graphene-based
materials, are interesting for this scope due to the excellent
electrical conductivity and good mechanical resistance, with,
for instance, Young’s moduli of up to 950 GPa for multiwalled
carbon nanotubes (MWOCNTSs).'> Unfortunately, stacking,

Received: February 19, 2024

powering over long term is considered a major issue.”” In
this context, several eco-friendly and flexible supercapacitors
and triboelectric generators have been reported in the last
years as successful examples of energy devices with potential
for future application as power units for wearable and
lightweight electronics.”™
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aggregation, and entanglement in these nanomaterials can
drastically decrease their theoretical capacitive performance."
To further push the specific capacitance (C,) of nanocarbons,
their combination with transition metal dichalcogenides
(TMDs) could be a valuable strategy to pursue. Especially,
WS, emerges for its performance, with a large C, of about
1439.5 F g™ reported in a three-electrode setup at 5 mA cm™
in a 3 M KOH electrolyte medium."* In general, many works
on TMD-based materials in their layered (2D) form, as well as
in both their semiconducting and metallic phases, can be found
in the literature in which they are often combined with carbon-
based backbones like carbon cloth, carbon nanofibers (CNFs),
and other carbon materials.'>" "

However, CNFs, for instance, are mainly produced from
polyacrylonitrile or polyvinylpyrrolidone, where toxic solvents
like N,N-dimethylformamide and tetrahydrofuran have to be
used for preparation. Furthermore, large temperatures up to
900 °C under a reducing atmosphere are commonly used to
produce them.”""”” Also for exfoliation of TMDs, toxic solvents
are generally used, being N-methylpyrrolidone the most
prominent example.“_25 However, also nontoxic solvents
can be employed for both fiber production and for the
exfoliation of TMDs. To adhere as much as possible to green
methods, ethanol, isopropanol (IPA), and water are good
choices of liquid media for processing.”®

Polyethylene oxide (PEO) is the most common polymer
source for gproducing nanofibers with the above-described
solvents.”™** Since PEOQ is a highly insulating polymer,
conductive carbon sources like MWCNTSs and carbon black
(CB) produced from recycled tires were used in this study to
significantly increase the electrical conductivity in polymeric
nanofibers obtained by electrospinning.*” For PEO films mixed
with MWCNTS, the conductivity was reported to increase by 7
orders of magnitude.3O A similar strong increase (almost 12
orders of magnitude) was obtained for PEO-MWCNTs
electrospun fibers, at 1 wt % of MWCNTs.*' The percolation
threshold is greatly dependent on the aspect ratio of the
MWCNTs and therefore mainly influenced by the degree of
dissolution in the solvent preventing :tggrega.tion.‘”i33 Inks of
2D-WS, can be sustainably produced through a top-down
approach using surfactant-assisted liquid phase exfoliation (SA-
LPE), in a mixture of IPA and water.*" By using SA-LPE with
nontoxic solvents, expensive and toxic precursor materials can
be avoided, while no large and expensive equipment has to be
used, as it is the case for bottom-up methods like chemical
vapor deposition and atomic layer deposition.‘is

In this work, we report on composite nanofibers based on
PEO filled with 2D-WS,, MWCNTs, and CB, where mass
ratios were tuned to enable good electrical conductivity and
capability of storing charges, through a synergistic contribution
of all the three involved components, which does not take
place in simpler mixtures like the monofiller or binary
ones.”™” By resorting to the use of low-cost methads and
green solvents like IPA and water as well as abundant and
recycled materials, we propose a novel platform for capacitive
energy storage, with the added value of featuring good
flexibility for incorporation into wearable technologies. These
nanoengineered items show a notable resilience against
mechanical stress, and we demonstrate this by investigating
the influence of repetitive bending on the charge-storage ability
in symmetric capacitor architectures. All of these character-
istics are important for enabling the development of flexible
EDLCs for smart and wearable devices.
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2. EXPERIMENTAL SECTION

2.1. Materials and Methods. All solvents and chemicals were
purchased from Sigma-Aldrich and used directly without further
purification unless otherwise specified. Two-dimensional WS,
particles were produced following an already established protocol
elaborated and described in a former publication by some of us, based
on the SA-LPE method.** The supernatant obtained from this
method is filtered using a poly(tetrafluoroethylene) (PTFE) filter
with a pore size of 200 ym utilizing a filter setup, as shown in the
Supporting Information. The 2D-WS, particles are then redispersed in
a mixture of IPA and water in a 7:3 (70%v/v IPA, 30%v/v H,O) ratio
using an ultrasonic bath {USB) for 10 min at a frequency of 37 kHz.
The concentrated suspension is placed into a drying furnace at 120 °C
for 12 h to evaporate both solvents. The residual powder is scratched
out of the vessel and can be used after redissolution in aqueous
solutions with a precise weight ratio. As shown in the Supporting
Information, it can be proved by Raman measurements that the
mono- and few-layered composition of the exfoliated sample is
retained even after the filtration and redispersion procedures. The
suspension of MWCNTs was produced by dissolving PEO with an
average molecular weight of 1.000.000 g mol ! at a concentration of
0.5 mg mL ™ into a mixture of IPA and H,0O in a 7:3 ratio. Carboxylic
acid-functionalized MWCNTs were added into the solution, at a
concentration of 0.5 mg mL™'. For producing a homogeneous
suspension of functionalized MWCNTS, a tip sonicator Sonoplus HD
2200 from Bandelin Electronic was utilized, as shown in the
Supporting Information.

Scanning electron microscopy (SEM) images were collected on a
Gemini SEM 560 instrument from Zeiss with an acceleration voltage
of 3 kV and an aperture size of 20.0 ym. The images were collected
with a secondary electron detector. Energy-dispersive X-ray spectros-
copy (EDS) measurements were performed by using an Ultimax
detector from Oxford Instruments with an acceleration voltage of §
kV and an aperture size of 75.0 pgm. Samples were observed also
through scanning transmission electron microscopy (STEM) with a
nonaberration-corrected microscope (Talos F200X, ThermoScien-
tific) operated at 200 kV. Images were recorded on a 16Mpxls CMOS
camera with a 1 s exposure time. STEM images and EDS maps were
acquired with the same microscope operated in STEM mode with a
probe current of 750 pA. EDS spectra were acquired with an in-
column 4-quadrant detector. Elemental maps were elaborated from
machine acquisition software (Velox, V. 3.6.0). Raman spectra were
recorded with a Senterra infinity 1 from Bruker in a range from 200—
1700 cm™', with an optical microscope for adjusting and a
magnification factor of 50. The excitation laser was operating at a
wavelength of 532 nm. X-ray diffraction (XRD) data were obtained
with an X'Pert Pro MRD from Malvern Panalytical. A Cu Ka source
(4 =0.154178 nm) was used at a voltage of 40 kV and a current of 40
mA. The incident beam angle was set to 0.5°, with a 2 mm mask and a
cover slit of 1/16°. Samples were measured in the 26 range of 10—
80°. Thermogravimetric analysis (TGA) coupled with mass
spectrometry was carried out in synthetic air (79 vol % N, and 21
vol % O,) using a STA40PC thermoscale provided by Netzsch within
a temperature ranging from 30 until 700 °C with a heating ramp of 2
K min™",

The mechanical properties of nanofibrous composites were
evaluated by uniaxial tension tests using a dual-column universal
testing machine, Instron 3365 (Instron, Norwood, MA, USA). Since
fiber mats are very fragile and thin, they could not be cut in the typical
dog bone shape. To perform the measurement, first, fiber mats were
cut in specimens with a width of 4 mm and length of 25 mm and then
placed in a paper frame as a support. At least 10 samples for each type
were tested in order to improve the reliability of the results. Before the
test, all of the samples were conditioned at 24 °C and 50% relative
humidity in an Espec SH-262 Environmental Chamber (ESPEC,
Hudsonville, MI, USA). Displacement was applied at a rate of 10 mm
min~". The Young's modulus (YM), ultimate tensile strength (UTS),
and elongation at break (EB) were reported. Electrochemical
characterization was performed with the Autolab PGSTAT302 from

https://doi.org/10.1021/acsaem.4c00417
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Figure 1. (a) Schematics of blend composition, based on PEO (M,, = 1.000.000), functionalized MWCNTs, 2D-WS,, and CB particles dissolved in
an IPA/water mixture. (b) Typical SEM image of the produced ternary blend-based fibers, with thicker fibers indicated by the green arrow and
thinner fibers indicated by the orange arrow. (c) Schematics of the electrospinning process using a standard syringe and gathering the produced
fibers on a drum roll current collector, by applying a potential between the syringe and the collector. (d) STEM image of a single fiber deposited on
a TEM grid, where EDS1 can be correlated to a carbon-based particle, while EDS2 is ascribed to an agglomerate of 2D-WS, sheets (see Figure $4

for EDS spectra).

Metrohm and Nova Software (version 2.1). Cyclic voltammograms
were recorded in the range from —0.25 to 0.6 V with scan steps of
2.44 mV at different scan rates of 10, 20, 50, 100, 150, 200, 250, and
500 mV s™". The cycling was done six times to ensure the equilibrium
state of samples, and only the polygon area of the last cycle was used
for calculating the specific capacitance using the polygon area function
of OriginPro (2021). The measurements were the same for all types
of cells (Swagelok and pouch cells). Potentiostatic electrochemical
impedance spectroscopy (PEIS) measurements were done using the
galvanostatic potentiostat BioLogic from the frequency range of 0.1
Hz up to 100.000 Hz in combination with a Swagelok electrochemical
cell.

2.2. Blend Preparation and Electrospinning. The as-prepared
precursor materials were employed for the preparation of blends for
the electrospinning process. As liquid basis, the 0.5 mg mL™'
concentrated MWCNT suspension was mixed with a CB produced
from recycled tires, the synthesis of which was already reported by
some of us,”” with a mass ratio of 0.1 wt %, namely, a concentration of
1 mg mL™. The mixture was homogenized using an USB at a
frequency of 37 kHz for 30 min te ensure the proper mixing of the CB
(see the Supporting Information). Subsequently, exfoliated 2D-WS,
was added under stirring for 30 min, with a mass ratio of 1.25 wt %.
The USB was again used for homogenization at 37 kHz and 30 min.
The fourth and last additive, PEO (M, = 1.000.000 g mol™), was
added to the suspension with a mass ratio of 2.5 wt %. The mixture
containing MWCNTSs, CB, 2D-WS,, and PEQ was stirred and mixed
for another 2 h to ensure the complete dissolution of PEO. Afterward,
the suspension was added to a planetary ball mill at a rotation speed
of 250 rpm for 3 h to further homogenize and finally produce the
blends, by decreasing the size of all dissolved or suspended species
(depicted in the Supporting Information). The particle size is
essential for the electrospinning process since the tip of the syringe
easily gets clogged using nonideal, heterogeneous suspensions.
Furthermore, a continuous flow of the blend must be ensured, since
the production of fibers necessarily demands a stable Taylor cone to
get reproducible appearances and diameters and to avoid electro-
spraying. After another 12 h of stirring, the blend was ready to be
spun in the electrospinning setup. A potential of —2 kV was applied to

a rotating drum roll as a fiber collector, which was covered with
aluminum foil (for easy and clean removal), where the rotation
enables a more homogeneous production of fibers compared to a
static current collector. A syringe tip was used as a counter electrode
at a distance of 25 cm apart from the drum roll and an applied
potential of 14 kV was used while electrospinning. For the processing,
the blend was put into a syringe with the before mentioned syringe
tip, having a diameter of 0.5 mm. Finally, a constant flow rate of 0.3
mL h™" was set, and the drum collector rotated at 60 rpm.

2.3. Fabrication of Pouch Cells. For the preparation of pouch
cells, a flexible CB-PTFE current collector {(CB-PTFE CC) was
produced using a commercially available CB (Beyond Battery,
Singapore) and PTFE. An aqueous PTFE dispersion (60 wt %)
containing traces of polyethylene glycol trimethyl nonyl ether was
mixed with 2 mL of ethanol and with the CB. The ratio between CB
and PTFE was set to 95:5 wt %. The suspension was stirred to
successively evaporate the ethanol. Once a rubbery consistency was
achieved, ethanol was added dropwise to the mixture and kneaded
into the clump using a spatula. After 10—15 min during which the
mixture was homogenized, a glass plate and glass rod were used to roll
a sheet with a thickness in the range 70—100 gm. The as-prepared
sheets were dried overnight at 80 °C. The current collector was placed
while electrospinning, fibrous materials can be directly deposited onto
the CB-PTFE CC (see in the Supporting Information). After
preparation of the current collector-fiber composites, the stacked
material was punched into coin-shaped pieces with diameters of 12
and 14 mm to produce flexible pouch cell devices. The different
diameters ensure total area overlapping so that direct charge transfer
is guaranteed. A round SiO, nanofiber piece with a diameter of 17
mm was used as a separator. The pouch cells were assembled using
140 L of 1 M tetra ethylammonium tetrafluoroborate (TEABF,) in
propylene carbonate (PC) as an electrolyte. Nickel tabs were used as
contacts for both sides of the pouch cell, since a symmetric device was
produced. Finally, the cells were closed under vacuum using pouch
cell bags and a sealing device (Sealervac) from Sealershop, with an
evacuation time of 60 s and a sealing time of § s.

2.4. Electrochemical Testing. Two different cell types were used
for electrochemical characterization. First, a symmetric supercapacitor
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device was built in a typical Swagelok cell type, as shown in the
Supporting Information. Two pieces of composite fibers of 12 mm
diameter were separated by a Whatman $i0Q, nanofiber sheet (14
mm). All components, different from the pouch cells, were contacted
with 120 uL of electrolyte, that is, a 0.5 M TEABF, solution in PC.
Finally, the Swagelok cell was pressurized by springs, closed, and
contacted for measuring. The second cell type was the as-prepared
pouch cells, and the fabrication of which is described above. The cells
were directly connected to a potentiostat using crocodile clamps.
Mainly, we used electrochemical cyclic voltammetry data (CV) to
elaborate the C, of the produced ternary nanofibers (see the
Supporting Information). The measurements were done at a constant
temperature of about 23 °C. The potential window has been set
between —0.25 and 0.6 V, which is the maximum range of the non-
Faradaic region. For referencing CV data, a 0.5 M TEABF, solution in
PC was mixed with ferrocene to enable comparability with other
electrochemical systems. In the ascribed region, no redox processes
are responsible for charge accumulation but surface charging.:‘ﬁ*lm
Different scan rates were used from 10 to 500 mV s~! (see above).

3. RESULTS AND DISCUSSION

The different steps for the blend preparation described under
sections 2.1 and 2.2 are summarized in Figure S1. From these
blends, nanofibers are produced by using electrospinning, as
sketched in Figure 1. Pictures of the drum-roll collector used to
prepare the nanofibers are shown in Figure S2. Figures 1b and
S3 show typical SEM images of the thus produced ternary
blend-based fibers. As indicated by the orange and green
arrows in Figure 1b, different thicknesses of the fibers can be
observed. Two classes of thinner and thicker fibers are visible.
From this image, 50 different diameters at the thicker fibers
and 50 different diameters at thinner fibers were averaged by
using the Image] software to obtain individually the average
fiber thickness of both classes. The average thickness of the
thinner fibers (orange arrow) was calculated to be 159 nm,
while the thicker fibers have an average diameter of 845 nm.
These two trends in the distribution indicate that in some
fibers, the pure PEO component is prevailing, while in some of
the others, the presence of the three types of fillers is more
concentrated and contributes to an expansion of the diameter.
From the images, no preferential direction or, in other words,
no directional order of the fibers created by the rotating
motion of the drum-roll collector is visible. Therefore, we
assume that the velocity of the accelerated fibers is greater than
the rotating motion of the collector.

The produced fibers show a homogeneous distribution in
the micrometer scale of the layered WS, particles in the fibers,
as proven by EDS analysis. In Figure 83, sulfur (light blue) and
tungsten (pink) EDS signals are present throughout the entire
image. TEM micrograph of the fibers (Figure 1d) shows two
different spots where two different particle agglomerates are
clearly visible in the fibrous material (the spectra for EDS1 and
EDS2 are shown in Figure S4). The first spot (EDS1) can be
ascribed to a carbon-based material, which can be either
MWCNTs or CB added into the blends, since the carbon
contribution is larger compared to the tungsten and sulfur
contribution. The EDS2 measurement shows an agglomerate
of several mono- or few-layer WS, sheets within the PEO
matrix, with an increased contribution attributed to tungsten
and sulfur. From the insights of SEM and STEM images and
their elemental analysis, it can be proven that layered WS, is
present in the composite fibers.

Raman analysis was used to further characterize the presence
of layered WS, in the produced fibers. Coleman et al. described
the method for the LPE of 2D materials like TMDs.** The
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changes in band structure from indirect-to-direct bandgap were
calculated and proven when going from the bulk to the mono-
and few-layered WS, and MoS,."""** Raman spectroscopy can
be used to differentiate between bulk and low-dimensional
form, as it was described by Berkdemir et al.”® Raman spectra
of various WS, samples are shown in Figure S5. For the bulk
material, the (2LA + EZg)/Alg ratio was observed to be 0.55
and 0.47 at an excitation wavelength of 514 and 514.5 nm,
respectively.'*** Since the measurements were carried out at
532 nm excitation wavelength and the sensitivity for the
number of layers and the effect on the spectra depend on the
excitation wavelength, bulk WS, was used as a reference to
compare the degree of exfoliation to the literature.43’45FigL1re
S5 confirms that the literature-reported values are in agreement
with the experimentally obtained ratio (2LA + Ezg)/AIg =
0.499 from the reference bulk WS, powder. Therefore, the
(2LA + E;_g)/A,g ratio at 532 nm remains a suitable proof of
the exfoliation degree. The single sheets always possess (2LA +
Ezg)/Alg ratios above 2, while double layers achieve ratios
around 1.7 Ag Figure S6 shows, all measured spectra that
contain WS, feature ratios far above 1, with 1.34 for the binary
fibers containing functionalized MWCNTSs and WS,, 1.74 for
the fibers containing only WS,, which means that in these
fibers, mainly double- and monolayers of the TMD are present.
For the ternary fibers, a ratio of 2.08 results from Raman peaks
analysis, indicating that the WS, particles predominantly exist
as monolayers in this sample'® In the range between 1250 and
1700 cm™, the detection of MWCNTs was also possible. As
also indicated in Figure S6, D- and E,, bands of carbon are
found at Raman shifts of 1352 and 1585 cm™, respectively.
The D-band position (1352 cm™") strongly depends on the
utilized excitation wavelength and shifts toward larger
wavenumbers with increasing excitation energy: this can be
attributed to electronic states emerging in disordered graphitic
materials that couple resonantly with the excitation laser,
causing the observed wavelength-depending shifts.*”** How-
ever, it is clear that MWCNTSs are present in all samples by
looking at E,, and D-bands, except for the PEO-2D-WS,
sample, which does not contain them. The low intensity, large
defect concentration, and poor ratio between the two bands
I/ Ty result from different causes. The first effect is caused by
the overall concentration of the MWCNTs in the prepared
suspension, being low compared to the other components
(around 1.28 wt %), which is why WS, signals simply
dominate the spectra. The comparably large defect band is
caused by the utilized MWCNTSs. For better dissolution in the
water/IPA mixture, functionalized MWCNTs with carboxylic
acid were used. As a consequence, more defects are present on
the nanotube surface disturbing the graphitic order, which is
the main reason for the low-intensity E,,-band contribution
resulting in the poor, above-described, ratio.*”*’

Figure S7 displays the XRD patterns of all different PEO-
based nanofibers that were produced from the prepared blends.
PEO fibers naturally show a certain crystallinity after the
electrospinning process, which is seen throughout all different
sa.mples.‘w’jl In 2001, Deitzel et al. ascribed the reflexes
(indicated as the red dots) directly to the crystalline phase of
PEO.”” Besides the comparably small reflexes of PEO, larger
relative intensities can be ascribed to WS, reflexes, and there is
no doubt that crystalline WS, is present in the fibers originated
from the 2D-WS,-containing blends (indicated by the blue
rectangles in Figure S7). The (002) reflex at 14.3° (dy, =
1.01053 A) from the reference is the most prominent reflex for
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Figure 2. C, for differing concentrations of (a) PEO-MWCNTs fibers from 0.5 to 1.5 mg mL™" and (b) 2D-WS, from 12.5 to 37.5 mg mL™". (¢, d)
The C, vs mass ratio in % at a scan rate of 10 mV s~ for 2D-WS,-PEO fibers and MWCNT fibers. (&) Data for the best performing samples from
panels (a) and (b), that is, for fibers containing MWCNTSs-CB at a concentration of 0.5 mg mL™' for MWCNTs and 1 mg mL™' for CB, the
mixture of 2D-WS, and MWCNTs with optimized concentrations (dark red), and the mixture of both additives at optimized concentrations,
including the addition of CB at a concentration of 1 mg mL™". The measurements were done in a Swagelok electrochemical cell using TEABF, at a
concentration of 0.5 M dissolved in PC as an electrolyte. The measurements were done at 10, 20, 50, 100, 150, 200, 250, and 500 mV s™' in a range

between —0.25 and 0.6 V (non-Faradaic region).

the 2H phase of the TMD. No side phases, such as WO; or
1T-WS,, were produced during exfoliation and fiber spinning.
In the case of WS, the exfoliation might affect the reflex
position and, further, the d-spacing of the layers. The deviation
of the reflex positions for all samples corresponds, compared to
the reference, to d-spacing differences from 0.0051 to 0.8447%.
The exfoliation of bulk WS,, dissolved in suspensions and
finally electrospun, therefore, did not affect the distance of the
dggy plane of the 2H WS, phase, and no phase transitions were
observed.

The electrochemical characterization of the composite fibers,
aimed at determining the most performing composition in
terms of fillers type and quantity, was carried out through CV
in a Swagelok cell-type device (see Figure $8) by using a
nonaqueous electrolyte. Due to the polar nature of PEO, which
is soluble in most typical solvents used for electrolytes, PC, a
high boiling, nonpolar solvent was used for dissolving TEABE,,
which acts as the charge transferring species (electrolyte)
within the electrochemical cell. Different blends with

increasing concentrations of MWCNTs and 2D-WS, as
shown in Figure 2a,b were produced and analyzed. From the
CV traces (Figure §9), the specific capacitance was calculated
by using the following equation:**>*

_ A
AV-vm

s
where C; is the specific capacitance, m is the sample mass in
grams, AV is the potential window, v is the scan rate in mV s,
and A is the area of the voltammograms in Figure S9. The
potential window was chosen between —0.25 and 0.6 V, which
was found to be the non-Faradaic region for the composite
fibers. Since referring this materjal system to a reference
electrode is difficult due to the high solubility of PEO in
aqueous solvents, a pseudo reference (ferrocene) was used to
be able to contextualize the applied potential window. Figure
S10 shows the anodic and cathodic peaks of the ferrocene
couple (Fc/Fc*) in the used electrolyte system of TEABF, and
PC at a 0.5 M concentration. The offset potential can be
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Figure 3. Representative stress—strain curves of pure PEO (light blue), PEO-WS, (light orange), PEO-MWCNTs (dark red), and PEO-WS,-
MWCNTSs-CB (black) in the (2) longitudinal direction and (b) transversal direction. {(c) The average values of the EB and the error bars for all
samples with the added letters for the statistical analysis from ANOVA with a p-value of 0.05. If the p-value is above 0.05, then, there is a significant
difference in the two compared data sets. This difference is indicated with a letter in the diagrams showing that the two data sets are significantly
different. (d) The average values of the YM and the error bars for all samples with the added letters for the statistical analysis from ANOVA with a
p-value of 0.05. The explicit values for panels (c) and (d) can be found in Table 1.

derived from the middle of the two peak potentials. The offset
of 0.74 V, which is obtained from these curves, is then
subtracted from the applied potential and corresponds to the
potential range —0.99 to —0.14 V vs F¢/Fc¢” shown in Figure
59. Inside this region, no redox reactions are occurring, and
measured currents are a consequence of surface charging
instead of electrochemical reactions, which enables the
determination of C, By adding more charge-conductive
species, namely, MWCNTs and 2D-WS,, intuitively the
capacitance of the fabricated fibers should increase. A larger
concentration should enable a larger C,, since more active
material is present for charge storage. However, there is no
such trend visible in the obtained data summarized in Table
S1. With increasing scan rates, the size of the diffusion layer
decreases, due to the electrolyte diffusion toward the electrode,
which explains the overall larger currents shown in Figure $9.3*
For all samples, but especially for the PEO-WS, and PEO-
WS,-MWCNTs-CB composites, a rectangular shape is
measured, proving the capacitive behavior. The overall
shrinking of C,, with raising the scan rate, has its origin in
the diffusion limitation of charges into the material and is
commonly seen for CV-type measurements.*® Therefore, the
obtained values discussed from now on are those measured at a
scan rate of 10 mV s™' (Figure $9). Again, for optimization of
concentrations of 2D-WS, and MWCNTS in the fibers, 2D-
WS,-PEO and MWCNTs-PEQO were measured in the
Swagelok cells in Figure 2ab. It was determined that by
doubling the concentrations to 25 mg mL™" for WS, and 1 mg
mL™' for MWCNTSs, a rapid drop of the specific capacitance
from 20.06 to 8.69 mF g™’ in the case of 2D-WS, and from
27.47 to 8.03 mF g~' for the MWCNTSs containing fibers was
obtained, as visualized in Figure 2c,d. Afterward, at a
concentration of 37.5 mg mL™" for 2D-WS, and at 1.5 mg
mL~! for MWCNTS, the specific capacitance increases again to
12.24 mF g~' for 2D-WS, and up to 22.22 mF g in the case

76

of MWCNTS fibers. Due to the insolubility issues, there is a
limit to the amount of material that can be added to the
suspensions for each species, which was reached or exceeded at
these concentrations of 1.5 mg mL™" for MWCNTs and 37.5
mg mL™! for WS,. The particles of 2D-WS, and carbon
species, which are present in the blends shown in Figure 1b,d,
have lateral sizes around 500 nm up to a few pgm. By addition
of more of these large particles into the blends, homogeneity
cannot be longer ensured. We observed that high concen-
trations lead to poor dispersion and agglomeration and that the
overall distribution of 2D-WS, and MWCNTs in the fibers
becomes worse compared to blends with lower concentrations.

In Figure 2e, the mixture of the best-performing
concentrations from Figure 2ab is reported, together with
the binary composites of 2D-WS,-MWCNTSs, as well as the
composite of MWCNTSs-CB. It is important to underline that
fibrous samples with binary composition 2D-WS, + CB do not
appear among the ones tested in Figure 2e. The CB-based
fibers not containing all the three additives together provided
too inhomogeneous mats, which were not possible to remove
from the aluminum foil after the electrospinning deposition
process, making their electrochemical characterization not
feasible. In contrast, the ternary mixture is clearly outpacing all
the investigated binary and meonofiller compositions, with a
remarkable value of C, reaching almost 100 mF g™' at the
slowest utilized scan rate and decreasing to 50% of this value at
the fastest one. Electrical conductivity measurements prove
that the addition of CB contributes mainly to a decrease in
resistance, as can be seen in Figure SII. Due to a lack of
mechanical stability, also fibers produced from a simple PEO-
CB blend were not studied electrochemically, due to inability
of detaching them from the collector foil in the electrospinning
setup. The composite fibers based on the binary 2D-WS,-
MWCNTs mixture in PEO show an increase of the
electrochemical performance up to 42.05 mF g~ compared
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Table 1. YM (MPa), EAB (%), and UTS (MPa) of PEQ, PEO WS,, PEQ MWCNTs, and PEO- WS,- MWCNTs-CB”

parameter PEO PEQO:2D-WS, PEO:MWCNTSs PEO:2D-WS,:MWCNTs: CB
YM — long. (MPa) 61.00 + 16.71 42.99 + 11.92 97.40 + 17.69 96.47 + 31.90
YM — trans. (MPa) 60.33 + 16.50 40.87 + 9.40 81.63 & 21.13 77.87 £ 12.17
EB — long. (%) 195.07 + 74.64 208.69 + 34.95 95.57 + 1321 139.04 + 31.68
EB — trans. (%) 136.60 + 25.56 96.00 + 4043 78.18 + 17.63 56.03 + 15.79
UTS — long. (MPa) 4.78 + 0.81 533 + 097 4.90 + 031 711 £ 1.17
UTS — trans. (MPa) 454 £ 039 3.68 + 095 5.12 + 0.26 275 £ 022

“All of the data are reported as average + standard deviation. ANOVA test (p < 0.05).

to the reference fibers with only one of the two fillers,
demonstrating a beneficial cooperative effect between the two
nanomaterials. Notably, a binary blend of MWCNTs and CB
in PEQ, at the same concentration kept in the ternary one,
shows poor electrochemical performance, other that being a
very brittle and electrostatic sample, with incompatible
mechanical properties for use in flexible device architectures.
These fibers appear inhomogeneous, which is most likely
caused by agglomeration of the carbon fillers. Therefore,
clogging of the syringe tip while electrospinning is expected,
resulting in low fiber stability and inhomogeneous distribution
of active species. Consequently, a reduced number of
conductive paths through the fibrous matrix is formed,
triggering low-capacitive performance. In the ternary compo-
site instead, where CB was added to improve the electrical
conductivity, the strong enhancement in C, suggests a
beneficial interaction between 2D-WS, and the carbon species,
which are consequently better distributed in the fbrous
polymer matrix, as long as 2D-WS, is present.

We investigated the mechanical properties of the prepared
nanocomposite fibers to prove their suitability for use in
flexible devices. Mechanically, the fibrous mats show different
properties, depending on the specific filler they contain.
Therefore, their UTS, YM, and EB were measured to test their
resilience against mechanical stress. Especially, the values of
YM and EB play a crucial role in their use in flexible electronics
and supercapacitors: the active material should not break and
remain in its former shape when it is slightly bent. Since the
fibers are spun on a rotating drum roll collector, the influence
of the spinning process itself was investigated by measuring at
least 10 samples along the spinning direction (longitudinal)
and perpendicular to the spinning direction (transversal). As
shown in Figure S12, it was noticed how the position on the
mats, where the samples were gathered, influenced their
mechanical behavior: the closer to the edges they were, the
lower their maximum tensile stress was. Indeed, while
electrospinning, the needle tip is positioned in the center of
the drum collector, and therefore, fibers mats are centrally
loaded and their thickness decreases as far away from the
center. For this reason, samples were cut from the middle of
the fiber mats to perform longitudinal measurements. Even if
an orientation of fibers on the rotating collector was expected
at first, the SEM images reported in Figures 1b and S3 did not
show a preferential direction, which was explained by the low
rotation speed. Since distances of 25 cm were used for
producing the fibers and large acceleration voltages were
present, the fibers reached the collector quickly. Within that
time, the collector itself did not rotate a large distance since it
was rotating at 60 rpm. This result is in agreement with a
previous work by Kumar and Vasita,”> where, to obtain aligned
fibrous material, up to 2500 rpm was needed, while 300 rpm
resulted in nonaligned fibers. Representative stress—strain

curves of longitudinal and transverse samples for each filler
mixture are shown in Figure 3a,b, respectively. One exception
is the PEO-CB sample. As mentioned before, the CB-based
fibers without all three fillers featured poor homogeneity and,
thus, no delamination from the aluminum foil was possible
without damaging the mats. As a consequence, their character-
ization could not be conducted. As can be noticed, from the
comparison of the longitudinal samples (Figure 3a), an
effective increase of the maximum tensile stress was observed
in the presence of carbon-based fillers, whereas all the other
fillers did not bring any improvement.

On the other hand, transversal samples (Figure 3b) did not
show any difference in maximum tensile stress depending on
the filler involved in the formulation. Therefore, only PEO-
WS,-MWCNTSs-CB composite showed a significant difference
in maximum tensile stress: a 40% reduction was observed from
longitudinal to transversal samples. Mechanical properties of
the composites were investigated in terms of YM, EB, and
UTS, and results are reported in Table 1.

As can be noticed, both the YM (Figure 3d) and the EB
(Figure 3c) of samples containing MWCNTs significantly
differed from samples without MWCNTs, regardless of the
longitudinal or transversal direction. Indeed, the YM of pure
PEQ increased from (61.00 + 16.71) MPa up to (9740 +
17.69) MPa for PEO-MWCNTSs. The addition of WS, and CB
to PEO-MWCNTs did not show a change in YM (96.47 +
31.90) MPa. Therefore, it could be stated that the improve-
ment of the YM of the pure PEO was only due to the
MWCNTs. Indeed, MWCNTS are significantly more rigid
than PEO, with a YM in the range of 270—-950 GPa, as
measured by Yu et al."> Furthermore, the UTS data (Table 1)
did not show significant changes in pure PEO after the
addition of all of the fillers. The maximum value in the
longitudinal direction was obtained by the ternary blend-based
fibers with (7.11 + 1.17) MPa, while the transversal direction
was lacking in strength with just (2.75 + 0.22) MPa
performing worse compared to all other samples. The values
for MWCNT-filled fibers differ from samples without
MWCNTSs. On the other hand, as expected, since the fibers
are mechanically strengthened due to the nanotube addition, a
decrease in the EB was observed;®' conversely, pure PEO and
PEO-WS, fibers showed EB 195 and 209% in the longitudinal
direction and ~96—137% in the transversal direction. The EB
of PEO-MWCNT and PEO-WS,-MWCNTs-CB composites
showed a significant decrease with 96 and 139%, respectively,
in the longitudinal direction, and 78% and 56% in the
transversal direction (Figure 3c).

Theoretically, an MWCNT length of 1.5 ym is in a range
where the tubes align along the produced PEO fibers (100—
900 nm) and effectively contribute to the strength of the
fibers.”" Adding fillers, except for the MWCNTs with a
comparably high tensile strength, the fibrous materials are
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weakened, most likely due to a limited dispersity of CB and
2D-WS,. The EB suffered less from CB and 2D-WS, fillers. In
contradiction to what was initially expected, throughout the
whole set of samples, an anisotropic behavior was observed
because the transversal direction significantly differs from the
longjtudinal direction with a lower elongation and with
withstanding higher loads before breaking. Most likely, this
can be ascribed to the deposition along the rotation axis of the
current collector used in the electrospinning process: even if
initially thought that the low rotation speed of the drum roll
collector has no influence, it can be assumed that fibers are
slightly aligned, unnoticeably by only watching at SEM images.
The weakness of the transversal direction cannot be explained
by the observed gradient of thickness; even if the sample
position could not be adjusted like in the case of the
longitudinal direction (see Figure S12), the total width of the
drum roll was 10 c¢m, while the length of the cut samples was
2.5 cm and taken from the middle of the mats.

To characterize thermal stability, TGA was carried out on
the composite fibrous materials, and the thermograms are
shown in Figure S13. For any filler added, an increase in the
degradation temperature of PEO was observed. Bare PEO
fibers started rapidly decomposing at a temperature of 141 °C.
By adding 0.5 wt % of MWCNTSs, the decomposition
temperature was raised up to 171 °C. Surprisingly, the PEO-
WS, composite fibers obtained the overall largest burning
temperature with 264 °C. The mixture of PEO-WS,-
MWCNTs was decomposed at 185 °C, while the ternary
blend-based fibers were decomposed at 256 °C. At first, it is
important to mention that the influence of WS, is the largest
for all samples. This is simply because of the chosen mass
ratios of the mixtures (PEQ:WS,:MWCNTSs:CB = 50:25:1:2);
therefore, WS, should naturally show a stronger effect. This
can be seen at the remaining mass at 700 °C, which is mainly
ascribed to the WO; mass, since all samples that do not
contain WS, have significantly lower masses. This means that
the lower the relative ratio of PEO, the higher the burning
temperature. The only exception is the PEO-WS, sample. One
possible explanation could be the agglomeration of the filler
species inside the fibers. As shown in Figure 1d, most likely
agglomerates of WS, and CB or MWCNTSs appear in the
produced blends and prevent more homogeneous mixing.
Then, a lower amount of PEO is interacting with the WS,
surface, because the carbon species block access to the latter.
Since WS, can trap positive charges, numerous partial negative
charges along the PEO chain interact with the WS, surface.”’
This weak interaction of PEO chains might cause larger
temperatures for decomposing PEO close to the WS, particles.
This could be highlighted by looking at the position of the
ending of the mass drop in TGA data. The ternary blend-based
mixture and the binary PEO-WS,-MWCNTSs composite show
a rapid drop until 305315 °C, while this state is reached
around 360 °C for the PEO-WS, fibers. For decomposing
residual PEQ, close to the WS, particles, larger temperatures
are necessary due to the PEQ-WS, interactions. However,
previously, it was found that metal oxide-WS, composites were
able to effectively act as flame retardant for polyethylene
implemented in a PE matrix: we also observed a comparable
trend the produced WS,-based composite fibers from PEO.*

After optimizing the concentration for each additive in the
composite fibers, a flexible current collector was used as a
substrate for direct fiber spinning in order to prepare the two
main parts of a flexible symmetric supercapacitor. CB and
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PTFE were used to produce the current collector (CB-PTFE
CC) used as a substrate (Figure S2), as described in the
Experimental Section. PEIS was employed to characterize the
electrical performance of the CB-PTFE CC. From these
flexible substrates and the on-top deposited fibrous mats,
pouch cell devices were fabricated as explained in the
Experimental Section and shown in Figure 4a. As can be
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Figure 4. (a) Schematic of pouch cell architecture for the symmetric
supercapacitor devices used for electrochemical analysis. The pouch
cells are built using nickel tabs as current conductors, CB-PTFE
coated with the ternary blend-based fibers, and a SiQ, fibrous
membrane (Whatman) as a separator. 1 M TEABF, (120 uL)
dissolved in PC was used as electrolyte. The measurements were done
at 10, 20, 50, 100, 150, 200, 250, and 500 mV s~ in a range from
—0.25 to 0.6 V. Panel (b} shows the specific capacitance depending
on the scan rate before bending (yellow), during the first bending
(red), and after the first bending (blue). The inlet visualizes the
bending process. (c) Another symmetric cell (different sample from
the one used in b) was bent 10 times, and the specific capacitance was
measured in the bent as well as in the flat state at a scan rate of 10 mV'
sTh

deduced from Figure S14 and Table 52, PEIS measurements
on CB-PTFE CC provide a resistance of 172 £ with a double-
layer capacitance of 2.6 nF, using a fitting model based on a
Randles’ circuit, which is an acceptable value for a flexible CC
featuring electrical conductivity and some capacitive behavior
as well.”"Table S1 summarizes the values obtained from the
experiments in Figure 515 of the assembled pouch cells, as well
as from the data shown in Figure 4b. From Figure SIS, it can
be seen that the pure CB-PTFE CC shows a specific
capacitance of 049 F g~', which is a factor of 4.65 larger
than the ternary fibers measured in the Swagelok cell. The
composite being produced from the CB-PTFE CC and the
ternary fibers in Figure 4b (yellow graph) already shows a large
increase of the specific capacitance up to 3.54 F g~'. This
drastic enlargement can be explained for several reasons. At
first, as the reference in Figure S15 shows, there is a
contribution of the CB-based current collector. It is well-
known in the literature, especially for Li-ion and Na-ion
batteries, that CB acts as a capacitive species.”>* Additionally,
the CB affects the conductivity of the composite material. CB
as a conductive material enables charge transport to the
electrodes, as the diagram in Figure S11 indicates, while Figure
S2 shows the ability of the substrate to conduct current and
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sustain a commercial LED. The aforementioned direct
spinning process onto the CB-PTFE CC likely leads to good
contact between the fibers and the conductive current
collector. The decreased distance that charges have to
overcome during the charge—discharge process in the PEO-
based matrix is more probable when more contact points to
the electrode material are present. Furthermore, the vacuum
treatment used to produce pouch cells compresses the fibers as
well as the separator, with overall densification of the cell
structure. Being the distance between two electrodes in the
capacitor reduced, C, becomes logically higher, given the
inverse proportionality.

The device with the best performance was used to conduct
cyclability tests using capacitance retention measurements.
Galvanostatic charge—discharge measurements were per-
formed for 3000 cycles at a current density of 50 mA g
(Figure S16). C; retention was found to be very effective, and
the C, was maintained constant over 3000 cycles, reaching up
to 102.3% of the initial value. Coulombic efficiency also
remained constant for 2000 cycles and then slightly shifted
upward to a maximum value of 107.1%. This upward trend is
known especially for carbon-based materials, where self-
activation takes place by changes in the surface morphology
concomitant with an increase in the specific surface area during
successive electrolyte permeation cycles. Additionally, during
cycling, some electrochemically active sites become better
exposed to the electrolyte.*®" Overall, the constant perform-
ance for 3000 cycles shows that under cycling conditions, no
degradation or parasitic chemical reactions in the system occur
and that excellent stability of the composite-electrolyte system
in the device is ensured.

Figure 4b discloses another beneficial effect on the specific
capacitance: for flexible materials, the bending tests are highly
relevant. To test the stability of a flexible supercapacitor, the
active species within it must withstand several cycles of
bending (at least 10). After the first bending cycle, C, of the
cell is even raised up to 12.019 F g~'. While the bending
pressure is applied to the cell, the internal components are
compressed, which is beneficial for improving the contact
among the different species. This effect also explains the
differences observed when employing the same active materials
(the fibrous mats) in different cell geometries, namely,
Swagelok and pouch cells. By vacuum sealing, a pouch cell is
most likely more compressed compared to a Swagelok cell.

Consequently, in the latter, stored charges are hindered to
flow from the PEO fiber-based matrix into the current collector
since less contact with the current collector exists in this
architecture. This effect was also observed for lithium-ion
pouch cells by Zhou et al.,, where, with increasing pressure, a
decreasing internal resistance was observed, while the capacity
was increasing.”” Additionally, they also cbserved an
irreversible increase of the capacitance even after removing
pressurization, which is also seen in our samples after flattening
in Figure 4b (blue curve). A decrease compared to the bent
(pressurized) state of the C, is observed (8.992 F g™'), but
nonetheless, it still remains larger compared to the initially
prepared cell. The downward trend in C, at 100 mV s~' seen
after the first bending cycle (red curve), followed by an
increase at 150 mV s™', becomes understandable by looking at
Figure 4c. In the bent configuration, fluctuations of C, are
always present, mainly caused by the change in pressure in the
cell (not controlled here but done manually), which affects the
distance of the two electrodes from each other and the

electrolyte penetration. In the flat state, almost no fluctuations
in C; can be noticed. The stability tests in Figure 4c conducted
on another device show the same upward trend on the first
bending cycles. Depending on the cycle, C, varies from a
maximum of 14.35 F g”' to a minimum of 7.77 F g™' in the
bent configuration. This is explained by the bending process
itself. By hand, the pressure applied to the cell will always differ
from one bending cycle to another. However, after three cycles
of bending, a plateau of around S.70 F g™* can be observed.
This means that pressurization reaches an equilibrium state
where the capacitance remains more or less constant
independent from the previous bent state.

We have compared our results with those of similar devices
reported in the literature, mostly flexible supercapacitors based
on carbon materials, polymers and TMD-based composites.
Lamberti et al. produced laser-induced, flexible graphene
sheets, which in device provided 0.2 mF cm™ at a scan rate of
10 mV s7.%° Also, Peng et al. also obtained 9.11 mF cmZata
current density of 0.5 mA cm™? with a similar laser-induced
flexible graphene material. In comparison, the areal capacitance
of the composite fibers reported in this work achieves values of
107.7 mF cm™ at a scan rate of 10 mV s™', which is
comparable to or even better than the two cited cases. Zhou et
al. prepared graphite papers using the exfoliation technique and
obtained 101.5 mF cm™ at a current density of 0.5 mA cm™, a
value close to the one here presented.® More comparable with
our architecture, a polymeric flexible system made of
polypyrrole-stabilized polypeptides achieved 42 mF ecm™ (4
F g7') at a current density of 0.2 mA ¢m™? with our material
featuring 5.70 F g™ after 10 bending cycles at 10 mV s™'.” Sun
et al. presented a hybrid TMDC-carbon-based fiber material
from MoS,, reduced graphene oxide, and MWCNTs and
obtained 4.8 F cm™ at a current density of 0.5 A cm ™3,
Roughly assuming a thickness of 0.02 cm for our composite
electrode, we obtain a volumetric capacitance of 5.39 F cm™ at
the scan rate of 10 mV s '.°* Here, our material performs
better than or comparably to several published examples. From
carbon-based materials, there are also works, especially in the
field of CNFs, reporting larger Cg: in our previous work on
CNFs, we reached 49 F ¢”' at 0.5 A g7', while in other
examples activated CNFs provided 83.3 F g™' at a current
density of 100 mA g~' or 95 F ¢! at a scan rate of 10 mV
s L1936 However, it is worth noting that most CNF-based
electrodes have limited flexibility, which makes them
unsuitable for application in flexible energy storage devices.

4. CONCLUSIONS

In this work, we studied the effect on the electrochemical and
mechanical performances of nanoengineering electrospun PEO
nanofibers with layered WS,, MWCNTSs, and CB. The
described achievements suggest that a capacitive behavior is
clearly present in the composite material, with C, values up to
0.1 Fg'at 10 mV s scan rate. It is important to note that
this quantity does not derive from the simple sum of each
individual component contribution but comes from a
synergistic effect of the three different nanostructures,
assembled in an optimized way within the fibrous scaffold. In
fact, the structural characterizations performed (XRD, SEM,
and TEM), coupled to thermogravimetric analysis, show an
intimate contact between the nanomaterials, which justifies the
establishment of cooperative effects in the transport and
storage of electrical charges. The mechanical properties are
also influenced by the presence of the nanofillers, with
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improved figures of merit and, notably, an increased UTS
when CB is present and a 60% boosted YM when MWCNTs
are used, whereas the EB is substantially reduced.

As proof of concept to demonstrate the potential for
integration into flexible energy storage devices, we show the
fabrication of a flexible symmetric capacitor and test its ability
to maintain a good capacitance after multiple cycles of bending
and reflattening, with only about 25% loss of the initial C, after
10 cycles, that suggest how the plastic behavior of the device is
supported by the effective mutual cooperation of its nano-
components.

These findings reveal the impact of nancengineering
polymeric matrices with electrically active fillers to pave the
way to new functional materials, which will promote a step-
forward in the ideation of versatile energy storage units for
low-power electronics embedded within portable and light-
weight technologies.
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Figure S1. a) Schematic description of the WS, exfoliation process. b) Schematic description
of the MWCNTs suspension preparation. ¢) Schematic of ternary blend production. See

methods section for details.
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Closing the circuit
(bending flexible
current-collector)

electrospinning
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€

Figure S2. Current collector sheets made from CB and PTFE. Conductivity was proven by

building a circuit to run an LED where the CB current collector was connected in series. These
mats are directly electrospun, as it can be seen in the bottom images, without losing the flexible
character (bottom right). For reasons of visibility (since fibers and current collector material
both have a greyish/black appearance), pure PEO fibers with a white appearance were used to

show the adhesion between fibers and current collector.
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Figure S3. EDS images of S, W, O, and C distributions on the ternary blend-based fibers
proving the well-distributed 2D WS, particles within the fibrous network, the SEM micrographs

of which are also shown.
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Figure S4. EDS measurements from STEM image for the two different particles shown in

Figure 1d in the range from 0—11000 eV. EDS1 (b) is a carbon-based particle, while EDS2 (a)

is ascribed to an agglomerate of WS, single sheets.
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Raman analysis of the composite nanofibers

1
2LA+E), A
Redispersed WS, suspension (liquid) !

Supernatant exfoliated WS, suspension (dried)
o BUIK WS, reference

Intensity / a.u.

200 250 300 350 400 450 500
Raman shift / cm™

Figure S5. Raman spectra of the bulk WS, reference, the LPE dried powder, and the re-

dispersed powder with focus on the 2LA+E] g and A1, peaks.

At 514.5 nm Raman peaks of second order increase in their intensity by lowering the number
of layers in the bidimensional materials. From group theory, derived attributions for vibrational
modes of 2LA(M) (second order), E,'; (first order), and A, 4 (first order) describe the first order
modes of 4, and E,!;. They represent the vibrational modes out of the plane of tungsten and
sulfur, as well as within the W-S plane.!> The longitudinal acoustic mode 2LA(M) was
identified as a zone-edge mode, activated due to disorder in the system and propagating as a
collective movement of the atoms along the in-plane direction.®>> This means that second-order
Raman peaks, especially the 2LA(M), increase their intensity compared to the bulk when the
number of layers is lowered, reaching a maximum for monolayers. Additional Raman modes
are ascribed to the following wavenumbers: 235.7 cm! (A;,— LA), 299.5 cm™! (2LA — 2E;?%y),
327.2 em! (2LA — E¥?), 524.3 cm’! (E»', + LA), 585.3 cm™! (4, + LA).!* However, second-
order Raman modes, and especially the longitudinal phonons, experience a drastic increase in
intensity when WS; is exfoliated as it is in the presented fibers. For this reason and because the

E,?, and E |, modes are energetically inhibited by following the forbidden selection rule in the
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back-scattering geometry, characterization is done only by considering the below-described

ratio in Figure S6.

1
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Figure S6. Raman spectra of various fibrous materials, starting from PEO-MWCNTs (light
green), PEO-2D-WS; (light orange), PEO-2D-WS,-MWCNTs (dark red) and PEO-2D-WS,-
MWCNTSs-CB (black). The spectra focus on the range 200 — 600 cm-!, to probe the presence of
WS,, as well as on the range 1250 — 1700 cm!, to detect MWCNTSs and CB. The black dashed
lines indicate the positions of the 2LA + E!; and the 4,4 bands for identifying the quality of
incorporated 2D-WS,. The grey dashed lines show the positions of the D band (1352 ¢cm™!) and
the E»g-band (1585 cm"), caused by the graphitic structure, magnified in the inset on the right

side.

XRD analysis

Figure S7 displays the XRD patterns of all different PEO-based nanofibers that were produced
from the prepared blends. PEO fibers naturally show a certain crystallinity after the
electrospinning process, which is seen throughout all different samples. By using the Scherrer
equation with a K factor of 0.9 (ascribed to the assumption of spherical crystallites) and the
reflex position at 19.15°, the crystallite size was calculated to be 0.259 nm for PEO with a
maximum deviation of 0.058 nm, which corresponds to 22%.%7 In 2001, Deitzel et al. ascribed
the reflexes (indicated as the red dots) directly to the crystalline phase of PEO Since no heat
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treatment is applied to the fibers due to the low melting point of PEO, it is understandable that
no large crystallites are produced during the electro-spinning process. However, neither ball
milling nor the addition of differing kinds of particles into blends affects the crystallization and
crystallite sizes of the PEO electrospun fibers.

Comparing the larger relative intensities of WS, to the PEO reflexes, there is no doubt that
crystalline WS; is present in the fibers based on the 2D-WS,-containing blends (indicated by
the blue rectangles in Figure S7). The (002) reflex at 14.3° (dggp, = 1.01053 A) from the
reference is the most prominent reflex for the 2H-phase of the TMD. No side phases, such as
WO; or 1T-WS,, were produced during exfoliation and fiber-spinning. In the case of WS,, the
exfoliation might affect the reflex position and, further, the d-spacing of layers. The deviation
of the reflex positions for all samples corresponds, compared to the reference, to d-spacing
differences from 0.0051% to 0.8447%. The exfoliation of bulk WS,, dissolved in suspensions
and finally electrospun, therefore, did not affect the distance of the dy, plane of the 2H-WS,

phase and no phase transitions were observed.

j M + WS, (01-084-1398)

m‘ ® PEO (J. M. Deitzel et al.)
~

>.‘ * *® * . ol
-

D PEO:2D-WS, MWCNTS.CB
C pA ~ N

9 —— PEO:2D-WS, MWCNTs
£

O °« PEO:2D-WS,
)

N

(U ° °®

S PEO:MWCNTs
O

Z PEO

T T T T T

20 30 40 50
20/ °

-
o

Figure S7. Normalized X-ray diffraction patterns of all produced fibrous samples: PEO (light
blue), PEO-MWCNTs (light green), PEO-2D-WS, (light orange), PEO-2D-WS,-MWCNTs
(dark red), and PEO-2D-WS,-MWCNTs-CB (black). The reflexes can be ascribed to PEO (red

dots), as it was observed by Deitzel et al.8, and WS, (blue rectangles).
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IEIectronteI Separator leibroussampIes_I

Figure S8. Schematic of the Swagelok-type cell used for characterizing the layers of fibrous
materials in symmetric configuration separated by a Whatman SiO,-fiber membrane using a

PC solution with 0.5 M TEABF, as electrolyte.

2E-5 |——10mV
1£.5/ PEO + MWCNTs PEO + WS, |—— 20 mv
Ly 50 mV
100 mV
| 0E+0
e : 150 mV
-1E-51 200 mV
-1E-5 |——250 mV
2B —— 500 mV
1.0 08 06 04 02 1.0 08 06 04 02
%51PEO + WS, + MWCNTs PEO + WS, + MWCNTSs + CB
X el 2.0E-5
€
Q 0E+0- 0.0E+0-
3 . .
-1E-54 -2.0E-5
2B . . . . 4.0E-5 .
1.0 08 06 04 02 1.0 08 06 04 0.2
1.0E-5
PEO + MWCNTSs + CB 20507 _
5.0E-6 - 1.0E-6{ /’2},
0.0E+0 4 (,’t/ x ____/—///
0.0E+01,, 1,066 B
2.0E6 ] o e
-5.0E-6 ~—— PEO 2D-WS, MWCNTs @10 mV/s

-3.0E-6 4

T T T v -4.0E-6 N T
-1.0 -0.8 -06 -0.4 -02 -1.0 -0.8 -0.6 -04 -0.2

Potential vs. Fc/Fc* /V Potential vs. Fc/Fc™ / V

PEO 2D-WS, MWCNTs CB @10 mV/s
PEO MWCNTs CB @10 mVis

Figure S9. CV curves of the optimized additive concentrations and their mixtures used for
calculating the C, values shown in Figure 2(a-e). The potential vs the Fc/Fc* couple (0.74 V)
can be deduced from Figure S10. The masses for calculations of the specific capacitance were

as following: m(PEO + MWCNTs) = 2.65 mg, m(PEO + WS;) = 5.28 mg, m(PEO + WS, +
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MWCNTs) = 4.3 mg, m(PEO + MWCNTs + CB) = 4.98 mg, m(PEO + WS, + MWCNTs +

CB)=1.44 mg.

Current/ A

1.0x10°
8.OX10'6;
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0.0
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Figure S10. Ferrocene redox reaction for the used electrolyte.

Table S1. Values of all calculated C from the CV curves at different scan rates shown in

Figures 2, 4, and S15.

Sample CC@l10 C@o Ci@ C@ C@ C@ C@ Cs @ 500
mV/s/ 20 50 10 150 200 250 mV/s / F/g
F/g mV/s/ mV/s/ mV/s/ mV/s/ mV/s/ mV/s/
F/g F/g F/g F/g F/g F/g
CB-PTFE 0.49 0.243  0.090 0.032 0.015 0.009 0.006 0.003
Current
Collector
CB-PTFE 3.535 1.628  0.426 0.137 0.069 0.042 0.029 0.014
CC & ternary
fibers
bended 12.019  10.646 7.150 3.572 4.374 3.302 2.568 1.049
Flattened 8.992 8.012 5892 4216 2.995 2.191 1.653 0.594
again
CC@l10 Ci@o Ci@ C@ C@ C@ C@ Cs @ 500
mV/s/ 20 50 100 150 200 250 mV/s/
mF/g mV/s/ mV/s/ mV/s/ mV/s/ mV/s/ mV/s/ mF/g
mF/g mF/g mF/g mF/g mF/g mF/g
S11
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PEO-WS;- 101.15 93.12  84.15 75.21 69.41 64.89 61.30 49.84
MWCNTs-
CB fibers
PEO-WS,- 42.05 29.57  19.96 14.28 12.17 10.78 9.79 7.39
MWCNTs-
fibers
PEO-WS, 20.06 16.76  13.88 11.88 10.80 10.05 9.50 7.96
12:5
mg/mL
PEO-WS, 8.69 7.75 6.92 6.36 6.07 5.88 5.72 5.22
25.0
mg/mL
PEO-WS, 12.24 10.32  8.47 7.19 6.41 5.96 5.61 4.61
37.5
mg/mL
PEO- 67.00 62.25 5440  48.30 44.45 41.74 39.23 32.01
MWCNTSs
0.5 mg/mL
PEO- 8.03 6.61 3,50 2.51 2.11 1.85 1.68 1.27
MWCNTSs
1.0 mg/mL
PEO- 22.22 19.60  15.56 12.27 10.86 9.72 8.91 7.53
MWCNTSs
1.5 mg/mL
Cycle / No. Pristine 1 2 3 4 5 6 7 8 9 10
@ 10 mV s!
Pristine/ F g!  7.41
Bent/ F g'! 1435 9.17 9.18 11.27 11.62 927 9.05 8.16 7.77 1796
Flat/ F g'! 638 398 6.01 586 554 576 543 564 569 5.66
-8 5x109
4x10™1 (oo
3%x108% "o
2%1078 {3 om0
< -1,5x10°
8| 20x10°
_.\_, 1x10 e -04 02 00 02 04
C ] Potential / V
o 0
31 x107%+
-8 = PEO
Ox% .
2x10 PEO CNTs
-3%108- PEO 2D-WS,
-4x108 —— PEO 2D-WS, CNTs CB
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Potential / V
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Figure S2. Conductivity measurements done on pellets which were pressed out of large fiber
mats. For contacting, a mask was used to place two silver-paste contacts in an equidistant

position for all samples to ensure comparability.

7 i ——— outer longitudinal
o outer longitudinal
o 6_ —— mid longitudinal
= 7 —— mid longitudinal
~ 5 —— inner longitudinal
") —— inner longitudinal
$ 4_ transversal
= - \ transversal
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229 \ \ \
O ] \
=11 | \

0 . —T —T—— .‘;\‘ — 'E T T
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Tensile strain / mm/mm

Figure S3. Dependency of stress-strain curves on position on the fibrous mat for the PEO-WS,
composite material. The colors depict the positions on the right side where single samples for
the stress-strain measurement were taken. Green curves (outer longitudinal) were obtained from
fibers at the edge of the mat. The blue curves (mid longitudinal) were taken closer to the edge
and the red curves (inner longitudinal) were directly taken from the center of the mat. The
yellow curves (transversal) show observed values for samples taken transversal to the motion

of rotation of the drum roll collector.
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Figure S4. TGA of all produced fiber samples from room temperature up to 700 °C with a

heating rate of 2 K min'.
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Figure S5. PEIS measurement carried out in a Swagelok cell for a single current collector (CB
+ PTFE) sheet and relative fitting using the Randles circuit shown in the diagram. On the right

side, the schematic of the cell is shown.

Table S2. Values, error-values and error in percentage for the series resistance (R), the charge
transfer resistance (R.;), and the double layer capacitance (Cq) from the fitted Randles’ circuit

(see Figure S14) for two different samples.

Sample R,/ Q R,/ Q Cq/nF

PEIS2 6.94+0.18 (2.57%) 171.67+0.18 2.6154 + 0.0064
(0.10%) (0.25%)

PEIS3 6.06 £0.20 (3.32%) 172.43+0.21 2.5981 + 0.0079
(0.12%) (0.30%)
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Figure S6. C, from CV curves using pouch cells at different scan rates from 10 mV/s up to 500

mV/s in the range from -0.25 V to 0.6 V. The plain current collector (black) and the current

collector with the on-top electrospun ternary blend-based fiber composite (yellow) are both

displayed. 120 pL of electrolyte were used for the pouch cell preparation and the cells were

closed using a vacuum sealer. (see methods section and Figure 4a for details).
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Figure S26. Galvanostatic charge-discharge cycles performed on a pouch cell at 50 mA g for
3000 cycles. From the cycling test, the C; retention (black-axis) and the coulombic efficiency

(red-axis) were calculated. The dotted lines show the position of 100 % retention and efficiency.
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This publication is related to the top-down approach of producing monolayered and few-
layered transition metal dichalcogenides and joins the ranks with the following publications
(publication 4 and publication 5). As a recap, it is essential to recognize the potential impact
that TMDCs could have on the future of nanoscale electronics. The significance of these
materials became evident in 2004 when Novoselov and Geim successfully produced
monolayers of graphite, known as graphene, and demonstrated its exceptional conductive
properties for electric currents.'3?%23 From there on the scientific community quickly went on
to the idea of single-layered semiconductors for transistor applications.3>*° TMDCs were
considered to be sufficient choices for monolayered materials based on the chemical structure
having weak VdW-interactions between stacked layers instead of chemical bonds.%1430:33 Tg
obtain the monolayered material both top-down and bottom-up approaches can be
employed. Bottom-up approaches like CVD typically yield higher quality, producing perfect
triangular monolayers of MoS; or WS,.228222 However, the top-down approach is more cost-
effective, sustainable and scalable. Here, shear forces are used to exfoliate monolayers from
the bulk material.1#¢7239 Normally, NMP is used as a solvent but in order to follow a
sustainable approach we chose water-based LPE methods instead.*?23 To increase the yield
and concentration of 2D material the exfoliation process is supported by adding surfactants
into TMDC-H20 suspensions.1%14556787,222,223,231 \W hjle most publications argue that there is a
dependence between the surfactant concentration, the yield and the quality of exfoliation,
some argue that the influence of concentration is negligible.?3%233 To understand a possible
correlation between concentration and exfoliation vyield we performed a series of
experiments. The concentration of initially three different surfactants was varied from the
CMC and stepwise below. SDS, SDBS and SHS were chosen as surfactants, having different
molecular masses which gives tendencies if larger surfactant chains are beneficial for the
exfoliation process. The quality of exfoliation was exploited using UV-Vis spectroscopy, Raman
spectroscopy and the specific Zeta potentials for all suspensions. This approach allowed for
the evaluation of various surfactants based on their effectiveness in stabilizing exfoliated MoS;
and WS, suspensions. Key factors such as quality, exfoliation efficiency, band gap, suspension
stability, and concentration were used to compare and classify each surfactant's performance.

We observed that different surfactants and their concentrations yielded varying results for
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WS, and MoS;. For MoS,, SHS at a concentration of 8.2 mM provided the best suspension
stability, while SDBS at 1.0 mM was most effective in terms of yield. For WS;, an intermediate
concentration of 4.1 mM SHS achieved the best balance between suspension stability and
exfoliation quality. It is important to learn two things from the conducted experiments. First
of all, the most effective concentrations of SDBS and SHS were above the CMC for each
surfactant resulting in the best performing suspensions. However, no single surfactant
emerged as the definitive choice. The exfoliation process must be tailored for each material
and its intended application, balancing suspension stability and exfoliation quality. This
balance often involves compromises, as increasing the concentration of TMDCs or surfactants

tends to negatively impact stability.
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Systematic Investigation on the Surfactant-Assisted
Liquid-Phase Exfoliation of MoS; and WS, in Water for

Sustainable 2D Material Inks

Micaela Pozzati, Felix Boll, Matteo Crisci, Sara Domenici, Bernd Smarsly,

Teresa Gatti,* and Mengjiao Wang*

MoS; and WS, have gathered significant attention due to their tunable properties
and wide range of applications. Liquid-phase exfoliation (LPE) is a facile method
to prepare 2D MoS,; and WS,. Currently, the principally employed solvents for
LPE of MoS; and WS, are expensive and toxic, and have high boiling points.
These drawbacks encourage to find more sustainable alternatives to the liquid
medium used for the preparation of 2D material inks. Water is the best option,
but surfactants are necessary for LPE in water, since MoS; and WS, are
hydrophobic. Organic molecules with amphoteric character such as sodium
dodecyl sulfate, sodium dodecylbenzene sulfonate, and sodium hexadecyl sul-
fonate (SHS) are selected as suitable candidates for the role. However, the study
of these surfactants used in LPE is barely systematically reported. In this work, a
detailed investigation is presented on their impact on the LPE of MoS; and WS,,
which are representatives of transition-metal dichalcogenides. By characterizing
and qualifying the products from average number of layers, it is found that all the
surfactants work efficiently to exfoliate MoS, and WS, into few layers, and SHS
stabilizes the 2D layers better than the other two. However, in terms of yield and
relative surfactant concentration, a real trade-off is not identified between
maximized quantity of exfoliated materials and minimized surfactant concen-
tration, which prompts to select the colloidal ink based on the specific further

to the possibility of preparing the 2D lay-
ered counterparts, which possess specific
electronic and optical properties.*” As
shown in Figure 1, Mo$S; and WS, contain
a layer of metal atoms sandwiched between
two sulfur layers, and these sandwiched
layers are linked to each other by van der
Waals (vdW) forces in the bulk.®'* Due
to the unique layered structure, it is
possible to use top-down methodologies
which are more scalable, versatile, and cost-
effective compared to the bottom-up meth-
o0ds.”! Therein, liquid-phase exfoliation
(LPE) is commonly used to produce 2D lay-
ered materials. This procedure consists in
delaminating the layers of the material dis-
persed in a solvent by mechanical forces
such as ultrasonication and high shear mix-
ing.m] For instance, in the sonication-
assisted LPE, the sonication generates the
growth and collapse of microbubbles of
the solvents, thus resulting in shock waves.
These waves can produce shear forces

needs for processing.

1. Introduction

Transition-metal dichalcogenides (TMDs) have gathered
significant attention in a wide range of applications, such as
energy storage, sensing, and optoelectronics."™ In this broad
family of materials, MoS, and WS, play important roles due

M. Pozzati, 5. Domenici, T. Gatti, M. Wang
Dipartimento Scienza Applicata e Tecnologia (DISAT)
Politecnico di Torino

Corso Duca degli Abruzzi 24, 10129 Torino, Italy
E-mail: teresa.gatti@polito.it; mengjiac.wang@polito.it
F. Boll, M. Crisci, B. Smarsly, T. Gatti

Center for Materials Research (LaMa)

Justus Liebig University

Heinrich-Buff-Ring 17, 35392 Giessen, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssr.202400039.

DOI: 10.1002/pssr.202400039

Phys. Status Solidi RRL 2024, 2400039

102

2400039 (1 of 9)

on the bulk materials, break the vdW

interactions between the layers of the 2D

structures, and form layered materials

eventually."*'3 The type of solvent plays
an important role on the yield and quality of the 2D materials.
Typically, organic solvents such as N-methyl-2-pyrrolidone,
dimethyl sulfoxide, and N,N-dimethyl formamide are the most
commonly used in exfoliating MoS, and WS,. However, they
are expensive and toxic, and have high boiling point.'*'® To
avoid these disadvantages, water is applied as an alternative.
Since most of the TMDs are hydrophobic, surfactants are needed
to stabilize the 2D nanocrystals in water.

In LPE, ionic surfactants are applied for stabilizing the sam-
ples and thus increase the production yield in 2D layered colloids
in water."%?% Thanks to the electrostatic forces, the ionic surfac-
tants can compensate the vdW attraction between the layers of
the material, thus preventing the restacking.”"*”! There are dif-
ferent kinds of surfactants that can be used in this process and
the most reported one for MoS; and WS, is an anionic surfactant,
namely sodium dodecyl sulfate (SDS), whose chemical structure
is shown in Figure 1b.?* Tt is characterized by a Cy; alkyl chain
that tends to aggregate on the nanosheets surface, avoiding the
restacking.?®** Surfactants with a similar structure as SDS have

© 2024 Wiley-vCH GmbH
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Figure 1. Structures of the two-layered TMDs considered in this study (MoS, and WS;) in their semiconducting H-phase and modular structures of

surfactants SDS, SDBS, and SHS.

been applied in LPE as well. Sodium dodecylbenzene sulfonate
(SDBS) is also used as stabilizing agent. It is reported that the
nonpolar benzene rings in SDBS combine with the 2D layers
with a strong bind energy, thus improving at the same time
the colloidal stability and yield in 2D MoS; in an aqueous solu-
tion.**?! Additionally, since it is reported that the length of the
alkyl chain can have an impact on the stability of the dispersion,
we have identified sodium hexadecyl sulfonate (SHS) as a new
potential surfactant for stabilizing 2D nano-inks, considering
its long Cy¢ alkyl chain.””) Plenty of previous studies suggest that
the concentration of the surfactant has a great impact on the dis-
persion quality and final concentration.?®! Therefore, to tune, the
concentration of the surfactants will be important for optimizing
the LPE of MoS, and WS,.

In this work, we perform a systematic investigation about the
influence of the surfactant type and concentration on the quality
of exfoliated MoS; and WS,. As shown in Figure 1, three differ-
ent surfactants, SDS, SDBS, and SHS have been selected for this
study. Thege organic surfactants have a critical micellar concen-
tration (CMC), and it was reported that surfactants can play a
more efficient role in LPE when their concentration is less than
the CMC.1*®! However, some other reports have shown that the
surfactant concentration has negligible influence on the yield
and quality of exfoliated samples.”*! This confliction encourages
us to systematically investigate the relationship between
surfactant concentration and the exfoliated samples by LPE.
Considering the CMC of SDS, SDBS, and SHS are respectively
8.2, 2.7, and 0.55 mm,**>?! we chose the CMC of SDS as the
highest surfactant concentration and set the concentrations to
8.2, 4.1, 2.0, 1.0, and 0.5mmM for comparison. By testing the
UV-vis absorption, Raman spectra, zeta potential (ZP), we were
able to compare the quality of the exfoliated MoS; and WS, in the
aspect of layer thickness and stability. Eventually, the production
yield is calculated for all the exfoliated samples. It is found that
the thickness of the layers is not tightly related to the surfactant
type and concentration, as almost all the samples are few layered
for MoS, and mostly monolayered for WS,. Meanwhile, SHS
performs better than the other two surfactants in stabilizing
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the nanosheets, since LPE MoS, and WS, colloids have
long-term stability with SHS.

2. Results and Discussion

The suspensions of MoS, and WS; were obtained with the
surfactant-assisted LPE method described in Experimental
Section, and the MoS, or WS, samples were labeled by the
surfactant type and concentration. Transmission electron micro-
scope (TEM) measurements were performed on selected MoS,
and WS, suspensions to characterize the morphology of the exfo-
liated samples in detail. In Figure 2a, it is evident that the exfoli-
ated MoS, are thin nanosheets with a lateral size of more than
500 nm. In Figure 2b, the TEM image with higher magnification
displays a thin side view of less than 10 nm of the nanosheets.
Since the interlayer spacing of MoS; is 0.615 nm, we expect that
the exfoliated samples have less than 16 layers.*’! Figure 2c
shows a TEM image of the exfoliated WS; nanosheets of more
than 500 nm lateral size. In Figure 2d, it is easy to find the thick-
ness of the WS, nanosheets of around 5 nm from the wrinkled
part, which implies that the obtained WS, nanosheets have less
than 8 layers.**

The effect of the surfactant on the optical properties of exfoli-
ated MoS, was studied by UV-vis absorption spectroscopy.
Figure 3 shows the UV-vis normalized absorption spectra of
LPE MoS, with SDS, SDBS, and SHS at different concentrations.
All the spectra have shown the four characteristic excitons of
MoS, at around 670 nm for the A exciton, 610 nm for the B exci-
ton, 450 nm for the C exciton, and 395 nm for the D exciton, con-
firming the existence of the 2D layered material. Spectral
changes are observed while varying the concentration of the sur-
factant. Therein, A and B excitons stands for direct excitonic tran-
sitions occurring at the K points in the first Brillouin zone, due to
the spin—orbit splitting of the top of the valence band. C and D
excitons are related to the optical transitions from the deep
valence band to the conduction band.** In Figure 3a, the slope
in the region between the B exciton and the C exciton becomes
sharper while increasing the surfactant concentration, indicating

© 2024 Wiley-VCH GmbH

103



3.5. Publication 3

ADVANCED
SCIENCE NEWS

E é s_gsrrl

[ehysica

edscienc

www.ad com

Figure 2. TEM images of a,b) MoS, SDBS 1.0mm and c,d) WS, SDS
0.5 mm.

smaller and thinner nanosheets. In addition, the value of A exci-
ton is closely related to the size of the product. As listed in
Table 1, the position of the A exciton tends to shift to shorter
wavelength while increasing the concentration, revealing smaller
and thinner nanosheets as well.?>**#! [t has to be mentioned
that there is no linear relationship between ligand concentration

~ www.pss-rapid.com

and absorption intensity, since the linear increase of surfactant
concentration does not result in the linear increase of sample
concentration, which have direct influence on the absorbance
intensity. While the relationship between product yield and con-
centration of the surfactant will be discussed in the following
content.

In addition, the bandgap of the nano-colloids was calculated
with the Tauc plot equation (Equation (1)):
(ah)'/" = A(hv — Ey) (1)
where a is the absorption coefficient, h is the Plank constant, v is
the frequency, E, is the bandgap energy, and n is 2 for the indi-
rect bandgap materials such as few-layered MoS, and WS,.5*"!
The values obtained are listed in Table 1. It is obvious that
all the exfoliated MoS, have a larger bandgap range of
1.38-1.65 eV compared to the bulk MoS, (1.2 eV).*”) When com-
paring values between different surfactants, SHS in general
results in higher bandgap compared to other surfactants, which
means MoS$, can be exfoliated into thinner layers when SHS is
applied. While comparing the values between different concen-
tration of the same surfactant, higher concentration of surfactant
tends to produce the samples with higher bandgap, which means
thinner nanosheets.*'! At last, the MoS, SHS 8.2mm sample
features the broadest bandgap of 1.65 eV, which means it likely
contains nanosheets with the smallest average number of layers
among all the LPE MoS, samples.

The UV-vis spectra of WS, are shown in Figure 4a—c. We can
observe the presence of the four characteristic excitons of
WS, (A: 2630 nm; B: 522 nm; C: ~460 nm; and D: ~430 nm)
in all the spectra while varying the surfactant type and
concentration, revealing the success of exfoliation in all the

@) ) ——MoS, SDS 0.5mM (b) ——MosS, SDBS 0.5mM © ——MoS, SHS 0.5mM
tmw, SDS 1.0mM 5 —— MoS, SDBS 1.0mM e —— MoS, SHS 1.0mM

——Mos, SDS 2.0mM —— MoS, SDBS 2.0mM ——MoS, SHS 2.0mM
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MosS, SDS 8.2mM ——MoS, SDBS 8.2mM ——MoS, SHS 8.2mM
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Figure 3. UV-Vis absorption spectra and corresponding Tauc plots of exfoliated MoS, with a,d) SDS, b,e) SDBS, and c,f) SHS.
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Table 1. Positions of A exciton and bandgap values for LPE MoS; samples
with the three different surfactants.

Surfactant Surfactant A exciton [nm)] Bandgap [eV]
concentration [mm)]
8.2 664.6 1.59
4.1 671.1 1.50
SDS 2.0 668.9 1.51
1.0 671.1 1.56
0.5 673.4 1.46
3.2 672.1 1.54
4. 670.1 1.60
SDBS 2.0 667.8 1.62
1.0 672.1 1.38
0.5 672.2 1.55
8.2 667.8 1.65
4.1 668.9 1.58
SHS 20 668.9 1.64
1.0 669.3 1.61
0.5 672.2 1.43

experiments.”’® Specifically, in Figure 4d, it is shown that the
bandgap of exfoliated WS, increases from 1.42 to 1.74 eV with
the increasing concentration of SDS from 0.5 to 8.2mm.
Therefore, higher concentration of SDS results in the exfoliated
WS, with broad bandgap and thinner layers of the samples on
average. In contrast, for SDBS and SHS, difference in concentra-
tion has negligible influence on the bandgap of the samples, as
shown in Figure 4e,f, and the bandgap of the samples by SDBS

(a) (b)

—— WS, SDS 0.5mM
—— WS, SDS 1.0mM
——WS, SDS 2.0mM
——WS, SDS 4.1mM
—— WS, SDS 8.2mM

Absorbance
Absorbance

c
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and SHS is around 1.74 eV. However, there is an exception of
WS, SHS 8.2 mm, which shows a bandgap of 1.43 eV. This might
be because 8 mM is much more than the suitable concentration
of SHS to exfoliate WS, and results in thicker layers than other
concentrations. Although the concentrations from 0.5 to 4.1 mMm
are all more than the CMC of SHS (0.5 mmM), we still obtained
WS, thin layers. It means that for the exfoliation of WS, with
SHS, the concentration of SHS is not limited to the CMC.
This result is different from the exfoliaion of MoS, with
SHS, which all results in thick MoS; layers, as shown in
Table 1. This might be because the different hydrophobicity
of WS, and MoS,; results in different interaction intensity
between the TMDs and SHS.'*? All the A-exciton positions
and bandgap values are listed in Table 2, for the sake of
comparison.

Exfoliation from the bulk to a 2D layered material results in a
change of chemical structure and electronic properties on the
surface of the samples. Therefore, Raman spectroscopy is used
as an effective technique for identifying the change in surface
chemical bonding and characterizing these exfoliated MoS;
and WS,. As shown in Figure 5a—c, all the exfoliated MoS, sam-
ples display two characteristic peaks: the peak at around
383 cm ! is assigned to the Ej, mode, while the peak at around
408 cm™ ! is assigned to the Ay mode.1*3# Eyg and Ay, are
related to the in-plane and out-of-plane vibrations within the
stacked layers. The shift between the two peak positions at
~383 and ~408cm ' can be used to identify the number of
layers in that exfoliated MoS, particles, since the thickness of
the materials is correlated with the frequency.'>™®! For mono-
layered MoS,, at an excitation wavelength of 532 nm, a difference
between the A, and the FEj, peak at 18cm ! is expected.
Few layered materials have shifts from 18 to 25cm . Above

400 500 600 700 800 900 1000
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400 500 600 700 800 900 1000
Wavelength (nm)

400 500 600 700 800 900 1000
Wavelength (nm)

0.0

Energy (eV)

Energy (eV)
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Figure 4, UV-Vis absorption spectra and corresponding Tauc plots of exfoliated WS, with a,d) SDS, b,e) SDBS, and c,f) SHS.
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Table 2. Positions of A exciton and bandgap values for LPE WS, samples
with the three different surfactants.

www.pss-rapid.com

Table 3. Distance between E;; and A,y Raman peaks in LPE MoS;
samples.

Surfactant Surfactant A-exciton Bandgap [eV]
concentration [mm] position [nm]
8.2 6293 1.74
4.1 629.3 1.74
SDS 2.0 6303 1.6
1.0 6309 1.67
0.5 6321 1.42
8.2 629.3 1.74
4.1 629.3 1.74
SDBS 2.0 628.2 1.75
1.0 628.2 1.74
0.5 630.3 1.70
8.2 628.2 1.43
4.1 630.3 1.70
SHS 2.0 629.3 1.75
1.0 629.3 1.75
0.5 629.3 1.75

25 cm™! samples are expected to be multilayered /bulk-like mate-
rial. Tn Table 3, the distance of the two Raman peaks is shown for
all samples with the three different surfactants and from 0.5 up
to 8.2mM. Apart from SDS 8.2mm, SDS 2.0mm, and SDBS
4.1mm, all other samples show a shift of 25cm ™! or bigger,
which is a characteristic of a multilayered material. However,

Surfactant Surfactant concentration [mm] Av[em™ ]
8.2 24.4
4.1 251
SDS 2.0 24.6
1.0 25.7
0.5 25
8.2 25
4.1 24.9
SDBS 2.0 251
1.0 25.0
0.5 25.4
8.2 25
4.1 25
SHS 2.0 25
1.0 25
0.5 25.5

it is important to consider that a certain degree of restacking
of the layers is expected during sample preparation, since for
the Raman analysis the suspensions are evaporated and the
residual dried particles are measured.*”]

Figure 5d—f summarizes the Raman spectra of all the exfoli-
ated WS, samples. For all the samples, the peaks relative to
2LA + Ezg and Ay, vibrational modes can be observed, at around

(a) E (b) (c)
2g Alg
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\ A >
2" |MoS2 SDS 2.0mM \ % U £ ’M
T [MoS; SDS 1.0mM /\Lj \ G [MoSz SDBS 1.0mM/| /| 8
c ] =N — T £ \J |/ \ MoS2 SHS 1.0mM
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Figure 5. Raman spectra of LPE a—c) MoS; and d-f) WS,.
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Table 4. (2LA + E3,) /Ay ratios in LPE WS, samples.

Surfactant Surfactant concentration [mm] (2LA + Eyp) fAyg ratio
8.2 3.38
4.1 2.66
SDS 2.0 2.35
1.0 1.69
05 2.58
82 3.67
4.1 3.67
SDBS 2.0 2.90
1.0 3.81
0.5 3.34
8.2 217
41 3.00
SHS 20 3.40
1.0 3.90
0.5 4.05

355 and 417 cm !, respectively."®**! As reported by other works
present in the literature, the increasing ratio of (2LA + Ej,)/A1, is
due to the decreasing the atomic layers of WS, nanosheets.””
For bulk WS,, the (2LA + Eg)/A;, ratio is around 0.5, while
the ratio of monolayered WS, reaches above 2. When the ratio
value is between 1 and 2, WS; nanosheets are present as few-
layer-stacked particle layers.®*) As shown in Figure 5d—f and
Table 4, independent from the type and concentration of the sur-
factant, all the exfoliated WS, samples are adequate for produc-
ing monolayer WS,, except the case of SDS at a concentration of
1.0 mm where a few-layered system was obtained. This might be
due to the restacking of the exfoliated samples during the prepa-
ration and Raman spectroscopy measurement. In general, for
WS,, we were able to show that all surfactants can produce
water-based WS; suspension containing highly exfoliated
nanosheets and the effect of restacking of the nanosheets is
not apparent at the solid state.

ZP measurements were performed to characterize the stability
of the obtained colloidal suspensions after LPE. As shown in
Figure 6, all the samples of MoS, and WS, provide a ZP value
lower than —20mV, indicating that all the suspensions are

e~
O
—

N
[

-50 |—m—sDs
-55 | —m— SDBS
| —m—SHS

L f L L L L L L L

01 2 3 4 5 6 7 8 9
Concentration (mM)

Average zeta potential (mV)

www.pss-rapid.com

colloidally stable and the suspended nanosheets negatively
charged. However, when the ZP values are between —20 and
—30mV, the samples show a short-term stability, and a gradual
sedimentation of materials was observed after several days.
While samples with —30 mV ZP values show a long-term stabil-
ity up to several months.*? Specifically, for MoS,, the application
of SDS and SDBS mostly results in a short-term stability, inde-
pendently from the surfactant concentration, since the ZP values
are in the range of —20 and —30 mV, while SHS can increase the
stability of the suspension dramatically, with the ZP values of
SHS as —30mV. In contrast, WS, suspensions show long-term
stability with most of the investigated surfactants and concentra-
tions, except with 1.0mm SDS. Interestingly, the blue lines in
Figure 6 clearly show that with SHS, the suspensions of both
MoS, and WS, gain better stability than that of SDS and
SDBS. When studying the impact of surfactant nature on the col-
loidal stability of the suspensions, no strict rule can be concluded
by comparing the variable parameters. However, there is still a

Table 5. Product concentration and yield for LPE MoS; calculated from
Lambert—Beer law and from weighted freeze-dried samples.

Surfactant  Surfactant Product concentration Product Yield
concentration by UV—vis absorption concentration by [%6]
[mn] [mgmL | freeze-drying
[mgmL ]
8.2 0.028 0.28
4.1 0.051 0.51
SDS 2.0 0.077 0.77
1.0 0.021 0.21
0.5 0.027 0.27
8.2 0.085 0.85
4.1 0.08 0.8
SDBS 2.0 0.093 0.93
1.0 0.1 1.1
0.5 0.043 0.43
8.2 0.032 0.36 0.32
4.1 0.042 0.42
SHS 2.0 0.027 1.35 0.27
1.0 0.021 0.21
0.5 0.061 0.61
(b)
" 20 : «
= —&—SDS
E 30t —=— SDBS
ol —&— SHS
T 40t
2
[o]
o 50
=
[
N g0l
[}]
[o2]
S 70t
<
-80 L~ " L L " L " L L
o 1 2 3 4 5 6 7 8 9

Concentration (mM)

Figure 6. ZP trends for a) MoS, and b) WS, samples with different type and concentration of surfactants.
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Table 6. Product concentration and yield for LPE WS, calculated from
Lambert-Beer law and from weighted freeze-dried samples.

Surfactant  Surfactant Product concentration Product Yield
concentration by UV—vis absorption concentration by [%¢]
[mm] [mgmL ] freeze-drying
[mgmL ]
8.2 0.068 0.68
41 0.097 0.97
SDS 2.0 0.13 0.23 1.3
1.0 0.11 1.1
0.5 0.23 23
8.2 0.12 1.25 0.85
4.1 0.12 0.8
SDBS 2.0 0.14 0.93
1.0 0.11 1.1
0.5 0.12 1.2
8.2 033 0.56 33
4.1 0.11 1.1
SHS 2.0 0.12 1.2
1.0 0.10 1.0
0.5 0.098 0.98

rough trend showing that, with all the surfactants used for Mo$;
and WS, exfoliation, higher concentrations increase the colloidal
stability of the samples.

The yield in the exfoliated material is another important stan-
dard to evaluate the effect of the surfactants and the correspond-
ing experimental parameters used. As described in Section
“Calculation Methods of the Sample Concentration,” UV—vis
spectra are used to quantify the yield and final concentration
of each suspension. The product concentration and the corre-
sponding yield of MoS; and WS, are calculated and listed in
Table 5 and 6, respectively. The product concentration values
changed with surfactant type and concentration, as shown from
the trends reported in Figure 7, For MoS; inks, SDBS results in a
better product concentration, compared to the other two surfac-
tants. With a surfactant concentration of 1.0 mm, it was possible
to obtain an optimized MoS$; concentration of 0.11 mg mL™" and
the highest yield of 1.1%. In contrast, for WS, inks there is no
clear evidence showing that the type or the concentration of the

(a)

—a—SDS
—e— SDBS
—a— SHS

o
.

o
o

Final concentration MoS2 (mg/mL)

1 2 3 4 5 6 7 8 9
Surfactant concentration (mM)

www.pss-rapid.com

surfactants has a relationship with the product concentration and
yield, However, we are still able to find the best parameter with
SHS 8.2 mMm, which can result in an outstanding product concen-
tration of 0.33 mgmL ' and yield of 3.3% compared to other
surfactant parameters. These results are comparable to the
published works.®*** Meanwhile, for some selected samples
with relatively high concentration, we were able to obtain the
actual concentration from freeze-drying the suspensions.
Interestingly, the concentration calculated from freeze-drying
method is higher than the concentration obtained from
UV-vis spectra. This might be due to the presence of residual
surfactants left on the samples after prolonged dialysis, which
indicates that the surfactant is tightly anchored on the nanosheet
surfaces. These surfactants are necessary to hinder the aggrega-
tion of the exfoliated layers when the samples are extracted from
inks, though they might influence the future application of the
exfoliated products.**!

3. Conclusion

In conclusion, a systematic study was conducted on the
surfactant-assisted LPE of MoS, and WS, in water. With the
aid of three different ionic surfactants (SDS, SDBS, and SHS),
exfoliations were carried out in water to produce sustainable col-
loidal suspensions. By charactering the samples with different
techniques, we were able to compare the quality of the exfoliated
2D MoS; and WS, nanosheets contained in the inks in terms of
layer thickness, colloidal stability, and product yield.

For MoS;, since most experimental parameters result in mul-
tilayer samples, the best parameters can be chosen considering
the sample stability and product yield. Specifically, 8.2 mm SHS
results in the best stability for LPE MoS, suspensions, while
1.0mmMm SDBS can result in the highest yield of the product.
Depending on the target application for the produced ink, one
can thus decide whether to proceed with a colloid containing
surfactant amount, which is relevant for certain purposes such
as use in electronic or energy-related applications.

As for what concerns LPE WS,, almost all the parameter com-
binationg result in monolayered product, except 8.2 mm SHS,
which anyway provides the highest yield in suspended WS,.
And, 4.1 mm SHS is likely the preferred choice to provide the
most stable suspension of layered WS, in water. Considering that

b) ~

—=—SDS
—e— SDBS
—&— SHS

2
'S

o
w
T

o
o
T

o
a
T

n n ' L 1 ' L '

01 2 3 4 5 6 7 8 9
Surfactant concentration (mM)

Final concentration WS, (mg/m

o
o

Figure 7. Product concentration trends for a) LPE MoS; and b) LPE WS, samples.
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the CMC of SHS is only 0.55 mM, our results surprisingly indi-
cate that the best concentration of SHS in the LPE of MoS, and
WS, is indeed highly above the CMC. As to the product yield, the
all the experiments reported in this work obtain a yield of less
than 3.3%, which is comparable but does not outperform other
published works. Therefore, modifications such as new surfac-
tants with different length of carbon chains and functional
groups, or longer exfoliation time, are necessary to increase
the product yield. With the detailed provision of a wide scenario
of experimental conditions from which to select one’s needs for
a specific application, such as processing of thin films, nano-
chemistry, or even biomedicine, this study will constitute a use-
ful tool for further research in the field of sustainable production
of 2D material inks.

4. Experimental Section

Materials and LPE Process: MoS, (99%), WS, (99%), SDS, and SDBS
were purchased from Sigma Aldrich and used without further purification.
SHS was purchased from TCl Chemicals and used without further purifi-
cation. All the exfoliations were performed using a tip sonicator and the
samples were cooled down to 0 °Cwith an ice bath during the process. LPE
was carried out on a Bandelin Sonopuls tip sonicator, operating with 80%
power using pulses of 1s on/1s off for 4 h. In all the experiments, the
suspension volume was kept fixed at 150 mL with a concentration of
the bulk materials of 10 mg mL ™. The concentration of all the surfactants
was 8.2, 4.1, 2.0, 1.0, and 0.5 mm. After the sonication step, liquid cascade
centrifugation was applied at two different rates. The suspensions
obtained after the sonication were centrifuged for 30 min at 1500 rpm
and, after keeping the supernatants, those were further centrifuged for
30 min at 3000 rpm with a Universal 320 Hettich centrifuge. Ultrapure
water was obtained with the Milli-Q Direct Water Purification System.
The detailed parameters of all the experiments performed in this work
are listed in Table S1, Supporting Information.

Characterization: UV—visible (UV-vis) absorption spectra of the colloi-
dal inks were recorded on a Goebel Uvikon spectrometer using a quartz
cuvette of 1 cm optical length from 350 to 1000 nm with a scan interval of
0.25 nm. Raman spectra were recorded on a Bruker Senterra instrument
using a 532 nm laser excitation source with a 2 mW of power, 6 s of inte-
gration, and 60 co-additions. The samples were prepared by drop-casting
the suspensions over a silicon slide and then analyzed. ZP was measured
on a Malvern Zetasizer Nano-ZS$ device three times and the results were
averaged to obtain the final results. The samples were measured in
Rotilabo precision glass cuvettes with a light path of 10 mm and a volume
of 3.5mL. TEM images were recorded using a non-aberration-corrected
TALOS F200X (ThermoScientific, Eindhoven, Netherland) operated at
200 kV. Images were recorded on a 16Mpxls CMOS camera with a 1 s
exposure time.

Calculation Methods of the Sample Concentration: UV analysis was
employed to calculate the final concentration of the 2D materials. A cali-
bration line was obtained using a set of dilutions from a suspension with a
known concentration, obtained after filtration. The slope of the calibration
line corresponded to the extinction coefficient of the dispersed material.
The final concentrations of the MoS, and WS, were obtained with the
Lambert—Beer law (Equation (2))

A =ebc @

where A stands for absorbance of the material, ¢ is the extinction
coefficient of the dispersed nanosheets, and ¢ is the concentration of
the suspension. In this work, we used the absorption value of the A exciton
as A. £ was obtained from the calibration lines from several standard MoS,
and WS, suspensions with known concentrations. For MoS;, the calcu-
lated ¢ was 7.85 mgmL™' cm, while for WS, the & was 3.91 mgmL™' cm.
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The other method used to obtain the final concentration was freeze-
drying. Before freeze-drying, dialysis was performed using cellulose dialy-
sis bag (Carl Roth) 14 kDa, filling each bag with 20-25 mL of the desired
suspension and closing both sides with a plastic pin once filled. The bag
was then left in a suitable Becker with Milli-Q water for 3 days, changing 3
times per day the water. Freeze-drying was performed at —10°C for 16 h
and a pressure of 1 mPa.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Table S1. Parameters selected and varied during the LPE process for the two investigated TMDs.

TMD Initial bulk concentration (mg/mL)SurfactantSurf. concentration (mM)Exfoliation time

8.2

4.1

MoS;, WS, 10 SDS 2.0 3h

1.0

0.5

8.2

4.1

SDBS
MoS;, WS; 10 2.0 3h

1.0

0.5

8.2

4.1

MoS;, WS, 10 SHS 2.0 3h

1.0

0.5
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In a collaborative effort, similar to the previous publication of WS; and MoS; exfoliation, in
this co-authorship | worked together with Matteo Crisci and Micaela Pozzati on the exfoliation
of Bi;S3. 2D-Bi;S3 is potentially interesting for many applications like energy harvesting, for
sensors, optoelectronics and in thermoelectricity. The low thermal conductivity, strong spin-
orbit couple, high absorption coefficient and direct band structure in the bidimensional state
are the most interesting properties related to this material 231234240 We employed a similar
exfoliation approach to our previous work with MoS; and WS;, utilizing water-based methods
and various surfactants to optimize the yield and quality of the exfoliated Bi,Ss. Given Bi;Ss3's
lamellar structure, characterized by covalent bonds in-plane and weaker Van-der-Waals
interactions out-of-plane, it can be mechanically exfoliated much like other metal
dichalcogenides.?'43233 Therefore, we treated the Bi,Ss in the same way as WS, and MoS;
regarding surfactant choice and its concentrations. For experimental analysis we utilized TEM,
SEM, Raman spectroscopy, UV-Vis absorption and DLS analysis for quantifying the
concentration, band gap, average particle size and overall appearance of the suspended
particles in the same manner as previous. In general, the highest yields of exfoliated product
were obtained for 8.2 mM SHS surfactant independent from the TMDC. However, the
maximum yield of Bi,S33 of 1.4 % reaches almost half of the obtained yield for WS, as reported
in publication 3. Further, the largest colloidal stability was achieved using SDBS as surfactant
for produced suspensions. Using the suspensions, it was possible for Micaela Pozzati to show
that a tuneable bandgap of the Bi;S3 thin films can be achieved by changing deposition

parameters and film thickness.
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Abstract: BiySs has gained considerable attention as a semiconductor for its versatile functional
properties, finding application across various fields, and liquid phase exfoliation (LPE) serves as a
straightforward method to produce it in nano-form. Till now, the commonly used solvent for LPE
has been N-Methyl-2-pyrrolidone, which is expensive, toxic and has a high boiling point. These
limitations drive the search for more sustainable alternatives, with water being a promising option.
Nonetheless, surfactants are necessary for LPE in water due to the hydrophobic nature of BiS;, and
organic molecules with amphoteric characteristics are identified as suitable surfactants. However,
systematic studies on the use of ionic surfactants in the LPE of BiyS; have remained scarce until
now. In this work, we used sedium dodecyl sulfate (SDS), sodium dodecylbenzene sulfonate (SDBS)
and sodium hexadecyl sulfonate (SHS) as representative species and we present a comprehensive
investigation into their effects on the LPE of Bi;S;. Through characterizations of the resulting
products, we find that all surfactants effectively exfoliate BiyS3 into few-layer species. Notably,
SDBS demonstrates superior stabilization of the 2D layers compared to the other surfactants, while
SHS becomes the most promising surfactant for obtaining products with high yield. Moreover, the
resulting nano-inks are used for fabricating films using spray-coating, reaching a fine tuning of
band gap by controlling the number of cycles, and paving the way for the utilization of 2D Bi;S3 in
optoelectronic devices.

Keywords: BiySs; surfactant-assisted liquid phase exfoliation; nano-ink; spray-coating

1. Introduction

Metal chalcogenides cover a large family of 2D materials, which have gained recent at-
tention due to their potential significance in many technological applications [1-6]. Among
them, Bi, S5 emerges as a potential candidate in thermoelectric applications, energy harvest-
ing, biomedicine, sensors and optoelectronics, due to its low thermal conductivity, strong
spin-orbit coupling, direct band structure and high absorption coefficient [7-12]. As shown
in Figure 1a, Bi»S3 possesses a lamellar structure in which the bismuth and sulfur atoms are
bonded through strong covalent bonds inside the layer, and these layers are linked by van
der Waals (vdW) forces to one another [13]. This unique layered structure allows the vdW
interactions between layers in bulk Bi;S; to be broken by mechanical force, thus producing
2D layered Bi;S3.

Colloids Im‘ﬁrfaces 2024, 8, 28. https:/ /doi.org/10.3390/ colloids8030028
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Figure 1. (a) Crystalline structure of Bi;S3 along the c-axis highlighting the vdW architecture and
molecular structures of (b) SDS, (¢) SDBS and (d) SHS.

Liquid phase exfoliation (LPE) is a simple and scalable technique used to produce
2D layered materials. This procedure consists of delaminating the layers of the material
dispersed in a solvent by mechanical force. In sonication-assisted LPE, the sonication
generates the growth and collapse of microbubbles in the solvents, thus resulting in shock
waves. These waves can exert shear forces on bulk materials, disrupt the vdW interactions
between the layers of the 2D structures and ultimately lead to the formation of layered
materials [14-16]. The type of solvent plays an important role in the efficiency of the
exfoliation, and the solvent typically used for exfoliating Bi>S3 is N-methyl-2-pyrrolidone
(NMP) [17-20]. Considering the high cost, high boiling point and toxicity of NMP, replacing
it with water has become a more eco-friendly and sustainable strategy.

Since BipS; is hydrophobic, surfactants are needed to separate and stabilize the
nanocrystals in H>O. In LPE, the frequently used surfactants are anionic surfactants that
can counteract vdW attraction between the material layers, inhibiting restacking by electro-
static force with each single layer [21,22]. One of the most employed surfactants for metal
chalcogenides is the anionic surfactant sodium dodecyl sulfate (SDS), and its structure is
shown in Figure 1b [23,24]. The molecule contains an anion with Cj; alkyl chain and SO4
group on the terminal of the carbon chain. The carbon chains construct semi-micelles on the
basal plane of metal chalcogenides to prevent the restacking of the exfoliated nanosheets,
while the terminal SO, ™ group forms a H-bond with water and stabilizes the exfoliated
layers [25]. Our previous work also proves the possibility of exfoliation of BipS; with
SDS [26]. Moreover, surfactants with a similar structure to SDS but different functional
groups have been reported in LPE, such as sodium dodecylbenzene sulfonate (SDBS). It
has been reported that the benzene ring in SDBS improves the colloidal stability of ex-
foliated MoS; [27]. Furthermore, it has been reported that by changing the alkyl chain
length, the stability of the exfoliated suspension and optoelectronic property of the colloidal
nanocrystals can be optimized as well [28]. However, a study regarding the influence of the
carbon chain of the surfactant on the LPE process is still missing. In addition to the type
of surfactant, the concentration of the surfactant significantly influences the quality and
yield of exfoliated metal chalcogenides [21,29]. Therefore, surfactant concentration will be
a crucial parameter in optimizing the harvesting of exfoliated Bi»Ss with good quality and
high yield.
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Based on the above background knowledge, in this work we systematically investi-
gate how surfactant type and concentration impact the quality of exfoliated Bi;Sz. Three
different surfactants have been chosen, SDS, SDBS and sodium hexadecyl sulfate (SHS),
to compare the influence of different functional groups and carbon chain lengths on the
LPE of BiyS; (Figure 1). It has been reported that controlling the concentration of the
surfactants less than their critical micelle concentration (CMC) can result in better-quality
exfoliated samples, while other studies reached contradictory conclusions [30,31]. In our
study, we set the concentrations from 8.2 mM to 0.5 mM for all the surfactants for better
comparison, considering that the CMCs of SDS, SDBS and SHS are 8.2, 2.7 and 0.55 mM,
respectively [32-35]. By assessing the band gap, stability and yield of the exfoliated Bi,Ss, it
is found that SHS results in the largest band gap and yield, while the colloidal suspension
is more stable with SDBS. As to the influence of the concentration, a higher concentration
of all the surfactants tends to form exfoliated samples with a higher band gap. Only SHS
shows a correlation between the concentration and the sample yield, and the record yield of
1.4% is obtained with 8.2 mM SHS. Moreover, concentration does not influence the stability
of the suspension. Eventually, we also show that the suspension can be made into BiyS3
thin films with a tunable band gap through ultrasonic spray-coating, which is a promising
perspective for the use of these nano-inks in the field of eco-friendly, solution-processed
optoelectronics.

2. Materials and Methods
2.1. Materials and LPE Process

Fluorine-doped tin oxide (FTO) coated glass slides, Bi;S3 (99%), SDS and SDBS were
purchased from Sigma Aldrich and used without further purification. SHS was purchased
from TCI Chemicals and used without further purification. All the exfoliations were
performed using a Baudelin Sonopuls tip sonicator and the samples were cooled to 0 °C
with an ice bath during the process. The tip sonicator operated with 80% power using
pulses of 1 s on/1 s off for 4 h.

In all the experiments, the suspension velume was 150 mL with a concentration of
the bulk materials of 10 mg/mL. The concentrations of all the surfactants were adjusted to
8.2 mM, 4.1 mM, 2.0 mM, 1.0 mM and 0.5 mM, respectively. The suspensions obtained after
the sonication were centrifuged firstly for 30 min at 1500 rpm to reserve the supernatant,
then this supernatant was centrifuged for 30 min at a higher speed of 3000 rpm to obtain
the final colloidal suspensions. A Universal 320 Hettich centrifuge was employed for the
centrifuge treatment.

Thin Biy5; films were fabricated using the Nadetech Innovations Ultrasonic Lab Spray
Coater on FTO glass substrates measuring 15 x 15 mm, and the suspensions from the
previous steps were directly used as inks for the spray-coating. We used N, pressure with
0.10 bar to get a uniform spray. The speed of the nozzle was 400 mm/min, and the working
flow of the suspension was 25 mL/h.

2.2. Characterizations

UV-visible (UV-vis) absorption spectra of the colloidal suspensions were captured
using a Goebel Uvikon spectrometer, employing a quartz cuvette with an optical length of 1
cm. The spectra were recorded from 350 to 1000 nm with a scan interval of 0.25 nm. Raman
spectra were acquired using a Bruker Senterra instrument equipped with a 532 nm laser
excitation source at a power of 2 mW. Integration time was set to 6 s with 60 co-additions.
Samples were prepared by drop-casting suspensions onto silicon slides for analysis. Dy-
namic Light Scattering (DLS) and Zeta potential (ZP) measurements were conducted on a
Malvern Zetasizer Nano-Z5 device, averaging results from three separate measurements for
accuracy. Measurements were performed in Rotilabo precision glass cuvettes with a light
path of 10 mm and a volume of 3.5 mL. High-Resolution Transmission Electren Microscopy
(HRTEM) imaging was performed using a non-aberration-corrected Transmission Electron
Microscope (TALOS F200X, Thermo Scientific, Eindhoven, The Netherlands) operating at
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200 kV. Images were captured using a 16Mpxls CMOS camera with an exposure time of 1 s.
The fast Fourier transform (FFT) pattern was converted with the Velox software (Thermo
Scientific Velox Software, Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.3. Calculation Methods of the Sample Concentration

UV-vis spectra were employed to calculate the final concentration of BiS3. A calibra-
tion line was obtained using a set of dilutions from a suspension with a known concen-
tration, and this concentration of samples was obtained using filtration of the products.
The slope of the calibration line corresponds to the extinction coefficient of the dispersed
material. The final concentrations of Bi;S3 samples were obtained with the Lambert-Beer
law (Equation (1)):

A =¢be (1

where A represents the absorbance of the material, e denotes the extinction coefficient of
the dispersed nanosheets, and c signifies the concentration of the suspension. Specifically,
we utilized the absorption value at 500 nm as A. The value of ¢ is derived from calibration
lines established using several standard Biy53 suspensions with known concentrations. For
Bi;Ss, the calculated ¢ is determined to be 7.4 mg/mL.cm.

To compare with the concentration calculated from UV-vis spectra, freeze-drying was
used to obtain the final concentration as well. Before freeze-drying, dialysis was performed
using a cellulose dialysis bag (Carl Roth) 14 kDa, filling each bag with 20-25 mL of the
desired suspension and closing both sides with a plastic pin once filled. The bag was then
left in a suitable beaker with Milli-Q water for 3 days, changing the water 3 times per day.
Freeze-drying was performed at —10 °C for 16 h and at a pressure of 1 mPa.

3. Results and Discussion
3.1. Characterizations of the Resulting Nanomaterials
3.1.1. TEM Analysis

The exfoliated BiyS3 nano-inks were prepared using the surfactant-assisted LPE method
outlined in Section 2.1 and a typical exfoliated BiySs; sample was used to characterize the
morphology and crystal structure of the colloids. As depicted in Figure 2a—c, nanosheets of
irregular shapes are observed, predominantly appearing as a few layers of around 10 nm of
thickness rather than single layers. The size distribution of the exfoliated samples ranges from
50 to 350 nm, with the size of around 150-200 nm as the dominate value (Figure S1). Study
of the selected area electron diffraction (SAED) illustrates that the crystalline nanosheets can
be indexed to orthorhombic structured Bi;S3 (ICSD: 30775) (Figure 2d). Figure 2e,f depict the
HRTEM image and its corresponding FFT pattern, revealing lattice planes within the nanosheets.
These planes exhibit spacings of 0.79 nm and 0.36 nm, indicative of the 101 and 301 planes,
respectively. This small nanosheet shows a [010] orientation, since it is possible to break the bulk
Bi,S; in the direction of [010] to obtain nanoribbons (Figure 1a) [31].
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Figure 2. TEM image of exfoliated Bi;S; with (a) SDS, (b) SDBS and (c) SHS. The scale bar in each
panel is 200 nm. (d) SAED pattern and (e) HRTEM of typical Bi;S3 nanosheets. (f) is the FFT pattern
of region (e).

3.1.2. UV-Vis Analysis

Figure 3a—c show the UV-vis absorption spectra of Bi;S; samples exfoliated with
different types and concentrations of surfactants. It can be observed that there is a growing
absorption intensity when the wavelength decreases for all the samples [21,22]. In samples
with the highest surfactant concentration, there is a notable rapid decline in absorption
intensity beyond 550 nm. This phenomenon could likely be attributed to the strong
influence exerted by the elevated concentration of surfactants (Figure S2). As a consequence,
this high concentration of surfactant gives less scattering in the spectrum. The band gap of
all the samples was calculated with the Tauc Plot equation (Equation (2)):

(cho)l/™ = A (hv — Ep) 2

where « is the absorption coefficient, & is the Plank constant, v is the frequency, Eg is
the band gap energy and n is 1/2 for Bi,S; with a direct band gap [36]. The values are
shown in Figure 3d-f and Table 1. In general, all the samples have a broader band gap
ranging from 1.74 to 2.44 eV in comparison to the band gap of bulk Bi,S; (1.3 eV) [37].
This is evidence that all the samples were exfoliated to nanoscale. Regarding the impact
of surfactant type, SDS yielded nano-inks with a lower band gap ranging from 1.85 to
2.03 eV, whereas samples with SHS exhibited a higher band gap range of 2.08 to 2.3 eV.
This indicates that samples derived from SHS possess a smaller size in terms of thickness
or particle size. Concerning surfactant concentration, the overarching trend is that higher
concentrations lead to broader band gaps. It is worth noting the detected non-linear change
in band gap with surfactant concentration. This complexity arises from various factors
influencing the band gap: not only is it connected to quantum confinement effects, but it is
also significantly impacted by the atomistic arrangement on the nanosheet surface, which
is dictated by the nature of the capping surfactant [28]. Though higher concentrations are
not strictly related to higher band gap, all these concentrations still result in samples with a
widened band gap, which is proof that all the concentrations can exfoliate bulk BiyS3.

117



3.6. Publication 4

Colloids Interfaces 2024, 8, 28

60f13

118

(a)

(d)

04 8,8, 805 0.5mM| () 0.7f ——Bi,S, SDBS 0.5mM (c) ——Bi,S, SHS 0.5mM
——Bi,S, SDS 1.0mM ———Bi,S, SDBS 1.0mM ———Bi,S, SHS 1.0mM
° ——Bi,S, SDS 2.0mM o681 ——Bi,S, SDBS 2.0mM 201 ——Bi,S; SHS 2.0mM|
5 93 ——Bi,S; 508 4.1mM[ & 5N ——Bi,S, SDBS 4.1mM 8 ——Bi,S, SHS 4.1mM
8 —Bi;S, SDS 8.2mM & ——Bi,S, SDBS 8.2mM G 15 {——Bi,S; SHS 8.2mM
S 02 g <
g o S <]
2 @ @ 10
Q e}
< < <
04 \‘\\ osf;
00 Oy - e— 0.0 L¥
400 5°3V 60‘} 70‘:1 500 900: 1000 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
avelength (nm) Wavelength (nm) Wavelength (nm)
0.4 -
B85 S0S0.5mM (e) °*——Bis,sDBS0.5mM (f) 4 —pgis,shsosmm
BLS: DS 1, 0mM ———Bi,S; SDBS 1.0mM Bi;S; SHS 1.0mM
——Bi;S, SDS 2.0mM Bi.S, SDBS 2.0mM ——Bi,S, SHS 2.0mM
I o . ——Bi,S, SDBS 4.1mM . [—BiS;SHS41mM
T Bi,S; SDS 8.2mM S | ——Bi,S, SDBS 8.2mM S ——Bi,S;SHS 8.2mM
S £ 02 £ 02
0.0 - e
00 o
15 20 25 30 e = = 5 00— 7 . =
Energy (eV) Energy (eV) Energy (eV)

Figure 3. UV-vis absorption spectra and corresponding Tauc plots of exfoliated BiyS3 nano-inks with
(a,d) SDS, (b,e) SDBS and (c,f) SHS.

Table 1. Optical band gap values extrapolated from Tauc plots of all exfoliated Bi;S3 nano-inks.

Surfactant Surf. Concentration (mM) Band Gap (eV)

82 2.03

4.1 1.74

SDS 2.0 2.01
1.0 1.95

0.5 1.85

8.2 213

41 211

SDBS 2.0 2.10
1.0 1.99

0.5 1.97

8.2 2.30

4.1 2.37

SHS 2.0 244
1.0 2.10

0.5 2.08

3.1.3. Raman Analysis

Figure 4 displays the Raman spectra of BiS3 samples with all the surfactants. It is
possible to identify two main active modes, namely the B;; and Ay Raman modes, in all the
samples. The peaks located at 188 em~1and 237 em™! belong to Byg mode, which arises
from longitudinal vibrations, while the Ag transversal modes are noticeable at 106 cm 2,
170 em~! and 265 cm ™! [38] After the exfoliation of the material, the frequency of the
longitudinal optical phonon is higher, so the ratio between the two modes decreases [39].
The two modes with the most identifiable peaks (B1g mode at 237 em~! and Ag mode
at 265 cm ™) were chosen to characterize the surficial property of the exfoliated samples.
Specifically, the intensity ratio of Ag mode and B1g; mode is calculated to determine whether
the samples were exfoliated [19,40]. In bulk BisS3, the Ay /By, ratio is 1.68 [26], while for
all the exfoliated Bi»S;, the Ag /By, ratio ranges from 1.02 to 1.32 (Table 2), which is clear
evidence that all the samples were exfoliated, and the surficial molecular vibration modes
are different from the bulk Bi>S3. When comparing band gap values with Ay /B, ratios
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in Raman spectra, a linear correlation is not emerging. Initially, a lower ratio of A, /By,
suggests a higher band gap, yet this association is due to the quantum confinement effect,
which is related to layer count, nanosheet anisotropy and average size. In these experiments,
the average size of the nanosheets is not controlled, thus it is difficult to build a linear
relationship between the average number of layers and the band gap values. However,
there is no report in the literature related to the values of A;/By, ratio and its connection to
any layer property of exfoliated BiyS3, thus we do not obtain any further information from
Raman spectra. Concerning the Raman mode shift in the samples, a distinct shift compared
to bulk Bi;Ss was not observed, except for BizS; SDBS 8.2 mM. This is likely due to the
fact that the frequency of the Raman mode does not vary significantly whether Bi,S; is in
bulk form or exfoliated. Another prominent mode observed in the samples using SDBS
appears at around 122 cm ™. This mode corresponds to a Bi-O stretching characteristic of
[3-Bi» O3, which may be associated with a non-stable oxide phase likely induced by laser
irradiation [41].
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Figure 4. Raman spectra of Bi»S; {(a) SDS, (b) SDBS and (c¢) SHS.

Table 2. A, /By, ratio of all Bi»S3 samples.

Surf. Concentration

2D Material Surfactant (mM) Ag/Byg Ratio
8.2 1.20
4.1 1.18
BipSs SDS 2.0 1.15
1.0 1.07
0.5 1.32
8.2 1.32
4.1 1.25
BiySs SDBS 2.0 1.19
1.0 1.17
0.5 1.02
8.2 1.30
4.1 1.12
BixSs SHS 2.0 1.30
1.0 1.25
0.5 1.25

3.1.4. Zeta Potenzial and DLS

ZP analysis was conducted to evaluate the stability of the Bi;S3 colloidal suspensions
from the surfactant-assisted LPE method. Generally, when the ZP values are between —20
and —30 mV, the suspension shows a short-term stability, while samples with —30 mV
ZP values show a long-term stability of up to several months [42]. Figure 5a illustrates
that all Bi,S3 water-based inks exhibit a ZP value below —30 mV, indicating long-term
colloidal stability of more than one month. Specifically, the ZP values of most Bi;S3 samples
are in the range between —30 and —50 mV, and the surfactant concentration appears to
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have minimal impact on them. An exceptional value of —80 mV is observed for the ink
produced using 8.2 mM of SDBS, indicating that the colloidal suspension obtained under
these experimental conditions exhibits outstanding stability.
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Figure 5. Zeta potential (a) and DLS (b) trends for the exfoliated BiySs nano-inks.

The average particle size of each sample was estimated by DLS and the results are
shown in Figure 5b. The average particle size of Bi;S3 remains approximately 100 nm
for SDBS, and the particle size shows a slight decrease when the surfactant concentration
increases. Upon comparing the concentration with the obtained band gap values, a positive
correlation becomes evident. Higher band values correspond to increased surfactant
concentration, resulting in a slight reduction in the average particle size. The sizes range
from approximately 110 nm to 90 nm, spanning surfactant concentrations of 0.5 to 8.2 mM,
respectively. With SDS, the average particle size of Bi;S3 ranges from around 200 nm to
125 nm from the lowest to highest surfactant concentration and it drops dramatically when
increasing the concentration of SDS. Tt is apparent that some inconsistencies emerge in
band gap values versus average particle size calculated from DLS. This discrepancy may
arise from the fact that for 2D and 1D materials, DLS primarily estimates the lateral length
of the nanosheet rather than the thickness [43]. Since both small thickness and small lateral
length of the nanosheets correspond to higher band gap values, because of the quantum
confinement, the influence of layer thickness is not considered in the values of DLS, thus
causing the mismatch between band gap values and average particle size, as measured
from DLS. Additionally, surface chemistry can influence band gap values as well, and
this factor has not been well studied for exfoliated Bi;S; with surfactants yet. Meanwhile,
the trend in particle size using SHS shows a rough range mostly under 200 nm, but little
correlation with the concentration of SHS and band gap values, as shown in Figure S3. This
trend in particle size agrees with the result from the band gap calculation in Table 1, in
which we expect samples with SDS to have roughly larger size than samples with SDBS.

3.2. Yield and Final Concentration of the Nanomaterials

The vield of the exfoliated material is another crucial metric used to evaluate the effects
of the surfactants and the associated experimental variables. As described in Section 2.3, UV-
vis spectra are employed to quantify the final concentration of the samples. All the results
are listed in Table 3 and shown in Figure 6. Apparently, samples with SHS demonstrate
superior values compared to those treated with the other two surfactants. Especially with
surfactant concentrations higher than 2.0 mM, the concentration of SHS reaches more than
0.05 mg/mL and yields more than 0.5%, while all the samples obtained with SDS and
SDBS have a concentration lower than this value. Moreover, higher SHS concentration can
result in higher yield, and we are able to obtain the maximum sample concentration of
0.14 mg/mL and yield of 1.4% in this work with 8.2 mM of SHS.
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Table 3. Product concentration and yield for LPE Bi,S; calculated from Lambert-Beer law and from
weighted freeze-dried samples.

Product Product
Surfactant 9 5 7 2
. Concentration with  Concentration with ;
Surfactant Concentration » 4 " Yield (%)
(mM) UV-Vis Absorption Freeze-Drying
(mg/mL) (mg/mL)

8.2 0.03 0.3

4.1 0.02 0.2

SDS 2.0 0.02 0.2
1.0 0.02 0.2

0.5 0.01 0.1

8.2 0.04 0.04 0.4

4.1 0.04 0.4

SDBS 2.0 0.02 0.2
1.0 0.04 0.4

0.5 0.01 0.1

8.2 0.14 0.08 1.4

4.1 0.11 0.44 1.1

SHS 2.0 0.07 0.7
1.0 0.02 0.2

0.5 0.02 0.2

0'0|||1|||x
0o 1 2 3 4 5 6 7 8 9

Surfactant concentration (mM)

Final concentration Bi2S3 (mg/mL)

Figure 6. Final concentration exfoliated BiSs nano-inks.

To validate this data, selected samples with higher concentrations were subjected to
freeze-drying after removing the surfactant through dialysis, and different values compared
to the calculated concentration from UV-vis spectra were obtained. This is probably due
to the residual presence of surfactant in the dispersion or the loss of samples during the
operation.

3.3. Production of Thin Films with Ultrasonic Spray-Coating

To test the potential for solution-processing of the prepared, water-based nano-inks,
we produced thin films of Bi;S3 using the ultrasonic spray-coating method, which is
very suitable for deposition of nanomaterial inks and might pave the way to potential
applications of these colloids in the sustainable fabrication of optoelectronic devices. With
the BiyS3 nano-ink exfoliated with 2.0 mM of SDBS, we sprayed for multiple steps on
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transparent substrates, to be able to detect the change in band gap as a function of the
number of layers deposited. The colloidal ink was directly used without further dilution,
since the concentration of the product was already very low (0.02 mg/mL). Figure 7 shows
the UV-vis spectra of the thin films prepared from spraying exfoliated Bi,S3;. From the
corresponding Tauc plots, the band gap values of the BiyS; thin films are found to be 1.43
and 1.26 eV for 30 and 50 spray-steps, respectively (Figure 7b). The intense absorption
is consistent with the remarkable extinction coefficient of Bi,S; [44]. Furthermore, the
absorption spectrum is clearly characterized by fringes. These fringes are evidently due to
the FTO film between the glass substrate and Bi,S3 thin films. In fact, it is remarkable that,
for the two different BiyS3 thin films, the spectral position of the fringes is the same. It is
evident that by adjusting the number of sprayed layers, the tuning of the band gap of the
BiyS; film is possible. These values are smaller than the band gaps of the nanosheets in the
suspension (Table 1), which is likely due to the nanosheets aggregation at the solid state,
within the film. Figure 7c,d display the SEM images of the as-synthesized thin films. In
Figure 7d, after 50 layers of spray coating, the sample shows a uniform Bi,S3 surface, while
the sample with 30 layers is not fully covering the transparent conductive oxide substrate.
The full-view images of Figure 7c,d are shown in Figure S4.

(b) [—Bi,S, SDBS 2.0mM 20 layers
—— 30 layers |— Bi,S, SDBS 2.0mM 30 layers
—— 50 layers 0.6 —— Bi,S, SOBS 20mM 50 layers|

460 660 860 10'00 1200 10 15 20 25 30 35

Wavelength (nm) Energy (eV)

Figure 7. (a) UV-vis spectra and (b) Tauc Plot of BiySs thin films produced from multiple ultrasonic
spray-coating steps from the 2 mM SDBS nano-ink. Top-view SEM images of the Bi;S; thin films
with (c) 30 and (d) 50 sprayed layers.

4. Conclusions

In conclusion, we conducted a systematic investigation into the surfactant-assisted
LPE of Bi,S;. Utilizing three distinct ionic surfactants (SDS, SDBS and SHS), we performed
exfoliation processes in water to generate stable colloidal suspensions, through a green
method that is a good alternative to the use of toxic organic solvents. Through compre-
hensive characterization employing various techniques, we compared the quality of the
exfoliated 2D Bi,S3 nanosheets present in the inks in terms of layer size, colloidal stability
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and product yield. It is found that with SHS, an exfoliated Bi»S3 with smaller particle size
and higher yield can be obtained, but SDBS can lead to more stable colloidal suspensions
compared to the other two surfactants investigated. Moreover, SHS with higher concen-
trations results in a higher yield in the exfoliated product, with the 8.2 mM concentration
providing the optimal value of 1.4%. Considering that the CMC of SHS is only 0.55 mM,
our results surprisingly indicate that the best concentration is high above the value of CMC.
Moreover, we found that uniform Bi»S; films with a tunable band gap can be obtained
with ultrasonic spray-coating, while further optimization of the film fabrication process is
needed to obtain films for practical applications in optoelectronic devices.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/colloids8030028 /51, Figure S1: Histogram of the distribution of
particle size BipSs; Figure S2: UV-vis spectrum of SDS 8.2 mM; Figure S3: DLS Bi,S3 SHS; Figure S4:
SEM images of the BixSs thin films with (a) 30 (b) 50 layers. Table S1: Parameters of LPE process.
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Table S1: Parameters of LPE process

14
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MC concentration Surfactant .
(mM) time
16 (mg/mL)
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18 4.1
19 Bi25s 10 SDS 2.0 3h
20 1.0
21 0.5
22 8.2
23 4.1
24 SDBS
Bi25s 10 2.0 3h
25
1.0
26
0.5
27
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30 BisSs 10 SHS 2.0 3h
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Figure S1: Histogram of the distribution of particle size Bi2Ss
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Figure S4: SEM images of the Bi2Ss thin films with (a) 30 (b) 50 layers.
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Matteo Crisi produced different hydrogels from WS, and PANI hybrids for electrochemical
applications as supercapacitors. By using a cost-effective and straightforward templating
approach with NaCl, he was able to tune the morphological characteristics and performance
of these materials as energy storage devices. The observed capacitive behaviour was linked to
structural changes induced by varying the ratio of active materials and NaCl loadings. It is
desirable to integrate these hybrid materials into wearable and flexible electronics, utilizing
gel or fiber-type scaffolds in future projects. To produce these hybrid materials, | contributed
by exfoliating WS, in a sustainable approach using IPA and H,O as solvents in a 7:3 v/v
ratio.'#?23 As proof of exfoliation | also performed Raman spectroscopy measurements and
UV-Vis spectroscopy measurements as well as analysed the excitons and vibration modes to
show the shift and intensity changes of the wavenumber correlated to the degree of
exfoliation.%°887.241 By implementing conductive agents like PANI into hybrid materials the
low conductivity of exfoliated WS; can be surmounted and combined properties are obtained

as well as it was done with WS,-carbon hybrids in publication 5.%168169,242
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Nanostructured 2D WS,@PANI
nanohybrids for electrochemical
energy storage
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2D materials are interesting flat nanoplatforms for the implementation of
different electrochemical processes, due to the high surface area and
tunable electronic properties. 2D transition metal dichalcogenides (TMDs)
can be produced through convenient top-down liquid-phase exfoliation
(LPE) methods and present capacitive behaviour that can be exploited for
energy storage applications. However, in their thermodynamically stable 2H
crystalline phase, they present poor electrical conductivity, being this phase a
purely semiconducting one. Combination with conducting polymers like
polyaniline (PANI), into nanohybrids, can provide better properties for the
scope. In this work, we report on the preparation of 2D WS,@PANI hybrid
materials in which we exploit the LPE TMD nanoflakes as scaffolds, onto which
induce the in-situ aniline polymerization and thus achieve porous architectures,
with the help of surfactants and sodium chloride acting as templating agents.
We characterize these species for their capacitive behaviour in neutral pH,
achieving maximum specific capacitance of 160 F/g at a current density of 1 A/
g, demonstrating the attractiveness of similar nanohybrids for future use in low-
cost, easy-to-make supercapacitor devices.

KEYWORDS

2D material, transition metal dichacogenide, nanohybrid, nanostructuring, energy
storage

Introduction

Electrochemical energy storage is a central topic in current technology-oriented
research (Zhang, 2013; Dutta et al., 2022) and the need to develop devices for different
type of applications, ranging from automotive (Xu et al., 2020; Rajagopal et al., 2022) up to
wearable electronics (Sumboja et al., 2018) and health monitoring platforms (Chen et al,,
2020), triggers the continuous search for novel active materials that can satisfy these
variable price and performance/durability demands. In this context, two-dimensional
(2D) materials are attracting considerable attention, due to their high surface area and
highly tunable electronic and electrochemical properties (Cui et al., 2020), as well as
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convenient methods for their large scale production. In
particular, the top-down liquid-phase exfoliation (LPE) of
bulk layered crystals (Hernandez et al., 2008; Nicolosi et al.,
2013; Paton et al., 2014) is a very promising production method,
allowing to obtain 2D nanosheets in colloidal form, ie., as
functional inks (Fu et al, 2018; Tian, 2021; Pinilla et al,
2022), suitable for the subsequent processing of solid-state
architectures.

Among the many different 2D materjals that have been
produced and studied in the last decade, 2D transition metal
dichalcogenides (TMDs) display interesting electronic and
mechanical properties for use in energy storage systems
(Cherusseri et al., 2019): in fact, the combination of large
surface area and variable oxidation states opens up the
possibility to store charges through both the electrical double
layer and the pseudocapacitive mechanisms. Unfortunately, the
most thermodynamically stable crystalline phase of TMDs,
ie, the 2H phase, is semiconducting, strongly limiting the
charge/discharge potential achievable from these
nanomaterials. The metastable metallic 1T phase can be
alternatively produced through LPE by pre-treating the bulk
crystalline material with organolithium compounds (Qian et al.,
2020), but concerns about stability under prolonged operation in
devices are still an open issue (Tang and Jiang, 2015; Jenjeti et al.,
2021). An alternative to the use of bare 2D TMDs comes from the
combination of these last ones with other (electro)active
functional materials, into composite or nanohybrid (Osella
et al, 2021; Versaci et al., 2022) structures. Since many years,
conducting polymers represent a valuable option for this type of
functional hybridization approach: they are low-cost and light-
weight materials, they can be pre-synthesized or directly
polymerized in-situ and they feature a wide range of
convenient electronic properties, which can be exploited for
energy conversion and storage applications (Sajedi-
Moghaddam et al,, 2017). Polyaniline (PANI) in particular,
represents a sort of benchmark material for the construction
of easy-to-make electrochemical energy storage platforms, due to
its excellent environmental and thermal stability, coupled to the
high electrical conductivity, typical of the emeraldine salt form,
obtained when polymerization is carried out in acidic conditions
(Beygisangchin et al., 2021).

In this work, we study nanohybrids of 2D WS,, prepared
from LPE of bulk WS; powder in environmentally friendly water/
isopropanol mixtures (LPE WS,), and in situ polymerized PANI
(defined from now on 2D WS,@PANI), for electrochemical
energy storage. Similar composite materials have been studied
by Jelinek and co-workers in a recent contribution, targeting the
formation of microporous frameworks, in which efficient ion
diffusion takes place, and revealing interesting performance in a
symmetric supercapacitor architecture (De Adhikari et al,, 2021).
In order to obtain well-integrated and porous nanoarchitectures,
we here adopt a templating strategy that makes use of two
different jonic surfactants, namely sodium dodecyl sulphate
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(SDS) and sodium cholate (NaCh), to promote the effective
mixing of the 2D nanosheets and the conducting polymer and
of sodium chloride, to tune the morphology and nanostructure of
the hybrids, following an example already reported for pure
PANI electrodes by Anbalagan and Sawant (2016). The choice of
these two specific surfactants is based on their well-known and
largely studied ability to efficiently disperse in water-based
environments many low-dimensional materials and, in
particular, TMDs, as thoroughly discussed in a recent, very
comprehensive review on the topic (Hu et al., 2021). The thus
obtained different hybrid species are characterized for their
performance,  revealing

structure-to-property-to-function  relationships

structural  and  electrochemical
important
which can be exploited to identify the most promising

combinations for use in supercapacitor-like devices.

Experimental section
Materials and methods

All chemicals and solvents were purchased from Sigma-
Aldrich and used without any further purification. Raman
spectra were recorded on a Bruker Senterra instrument using
a 514 nm laser excitation source, a x50 magnification lens, 2 mW
laser power, a 5s integration time and 20 co-additions. The
samples were analysed in solution (LPE WS, and LPE WS, re-
dispersed) or prepared by disposing powders over a silicon slide
(Bulk WS, and filtered LPE WS,) and then analysed. Powder
X-ray diffraction (P-XRD) measurements were performed on
PANanalytical B.V. Empyrean in the 5-75° range using a
step of 0013 and hold time of 75s.
Transmission electron microscopy (TEM) was carried out on
a JEOL-1100 transmission electron microscope with an
acceleration voltage of 100 kV. The sample was prepared by

measurement

dropping dilute suspensions of LPE WS, onto carbon film-coated
200 mesh copper grids. Scanning electron microscopy (SEM) was
performed on a Zeiss Merlin instrument at a working potential of
4 kV. Energy-dispersive x-ray analysis (EDX) was performed on
the same instrument at a working potential of 8 kV, an electron
beam current of 8 nA and a X-Max 50 Silicon Drift Detector with
50 mm?* active area and polymer window was used. Nitrogen
physisorption experiments were performed at 77 K with an
automated gas adsorption station Quadrasorb EVO by
Quantachrome Instruments. Prior to the measurements, the
samples were degassed in vacuum for 12h at 50°C. The
surface area was determined using the BET method, and the
pore size distributions were calculated via the nonlocal density
functional theory (NLDFT) approach, using the adsorption
branch of the isotherm. X-ray photoelectron spectroscopy
(XPS) measurements were conducted with a PHI
5000 VersaProbe II Scanning ESCA Microprobe (Physical
Electronics) with monochromatized Al Ka X-ray source in
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high power mode (beam size 1,300 pm x 100 pm, X-ray power:
100 W). Time steps of 50 ms, a step size of 0.2 eV and an analyzer
pass energy of 46.95¢V were used for measuring the detail
spectra. The sample surface was charge neutralized with slow
electrons and argon ions, and the pressure was in the range from
107 to 10°Pa during the measurement. Data analysis was
performed using the CasaXP$ software,

Liquid-phase exfoliation of WS,

For LPE, WS, powder with a particle size of 2 um and a
purity of 99% and sodium cholate hydrate (NaCh, from bovine
and/or ovine bile) with a purity of 99% were employed. Up to a
volume of 500ml, LPE was carried out in a mixture of
isopropanol and demineralized water at a ratio of 7:3 v/v.
First, 1 mg/ml of NaCh was added to the solvent mixture and
stirred until a clear solution was obtained. Afterwards, 10 mg/ml
of the bulk WS, powder was added to the solution under
continuous stirring for 10 min. The suspension was then
further homogenized for 30 min in an ultrasonic bath. The
LPE was carried out employing an IKA T25 digital Ultra-
mixer at 8000RPM for 4h, while the
suspension was covered and cooled in an ice bath to avoid
solvent evaporation. The final mixture was allowed to undergo
gravitational sedimentation for 4 days, after which the colour

Turrax shear

changed from black to a yellow-brown nuance in the
supernatant, which was thus separated from the precipitate
(pellet). This final LPE WS, ink was filtered on an Omnipore-
Teflon-Membrane (0.2 pm, from Merck Millipore), washed
thoroughly on the filter with water to remove any NaCh
residue and dried in vacuum, to determine the yield in 2D
WS, (~2%). The LPE WS, was then recovered from the filter
by re-dispersing it in isopropanol with the help of the ultrasonic
bath and isolated as a powder after isopropanol evaporation

under reduced pressure.

Synthesis of 2D WS,@PANI hybrids

Pure PANI  was through  oxidative
polymerization by first preparing a 0.1 M solution of aniline
in 1 M HCl saturated with NaCl (brine). In another container, a
1.15M solution of K,S,04 was prepared in 1M HCl (also

saturated with NaCl). Both solutions were then combined

synthesized

together and cooled to 0°C using an ice bath. After stirring for
30 min, the suspension was filtrated under vacuum and washed
with 200 ml of 1 M HCI and twice with 25 ml of acetone. The
formed product was dried at 40°C in a vacuum oven overnight.
0.4893 g of a dark green, almost black solid was obtained, which
corresponds to a yield of 98%. For synthesis of the 2D WS,@
PANI hybrids, a slightly modified procedure was used: first the
surfactant (1.25mg/ml for SDS, 1.5mg/ml for NaCh) was
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dissolved in 1 M HCI saturated with brine. Afterwards the
respective amount of the LPE WS, powder (0.01, 0.02 and
0.05 equivalents compared to the used aniline) was added and
dispersed by sonicating in an ultrasound bath at 37 Hz, 60%
power for 15 min. Then, 0.245 ml of aniline were added to still
form a 0.1 M solution. Afterwards, the mixture was combined
with the same oxidant solution, as previously described, and the
protocol continued as above. Since different WS,/PANI molar
ratio were prepared, Table 1 summarizes the relative quantities
for each involved chemical and the quantity of product obtained.

Electrochemical testing

The electrochemical performance of the 2D WS,@PANI
hybrids was characterized by galvanostatic charge-discharge
(GCD) and electrochemical impedance spectroscopy (EIS)
using a three-electrode set up based on a glassy carbon
electrode (GC) as working electrode (WE), a platinum wire as
counter electrode (CE) and an Ag/AgCl reference electrode (RE).
The data have been then translated against the reversible
hydrogen electrode (RHE), for the sake of clarity. The tests
were performed on an Autolab PGSTAT302 equipped with
the Nova (2.1.1.) software. The WE was prepared as follows:
an ink of 5 mg/ml of active material was produced by weighting
the desired hybrid and dispersing it in 2 ml of H,O/EtOH (1:1 v/
v). Afterwards 60 pl of Nafion (30 pl/ml of ink) were added to the
suspension and the final ink was sonicated in ultrasonic bath
(40% power, room temperature, 37 kHz frequency) for 1h.
Afterwards, 5 pl of the resulting ink were drop casted on top
of the GC WE and dried in oven at 100°C for 1 h before use. The
measurements were performed in 0.5M Na,SO, electrolyte.
GCD measurements were performed in the voltage range
0-0.8 V at the different current densities of 0.2, 0.5, 1, 2, 5,
10 A/g. Based on the GCD curve, specific capacitance (Cg) for the
single electrode material was calculated using the equation:

DAt
* T mE AV

1

where I is the discharge current applied, At is the discharge time
of the curve, m is the mass of active material on the electrode and
AV is the potential window. EIS measurements were carried out
on a BioLogic SP 200 potentiostat at a constant potential mode of
0V. Frequency range was varied between 200 kHz and 10 Hz at
an amplitude of 5mV.

Results and discussion

For the production of LPE WS,, we have optimized a
protocol that resorts to the use of shear mixing in green
isopropanol/water solvent mixtures (Crisci et al., 2022) in the

presence of NaCh as surfactant, to assist the mechanical
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TABLE 1 Relative quantities (mg, mmol) for each involved reagent in the preparation of 2D WS,@PANI nanohybrids and the quantity of product

obtained.

WS,/PANI molar ratio K;$,03 (mg, mmol)

1:20 (+SDS) 919, 9.9 66, 0.2
1:20 (+NaCh) 919, 9.9 77, 0.18
1:50 (+SDS) 919, 9.9 66, 0.2
1:50 (+NaCh) 919, 9.9 77, 0.18
1:100 (+5DS) 919, 9.9 66, 0.2
1:100 (+NaCh) 919, 9.9 77,0.18

exfoliation by properly adjusting the liquid medium surface
tension. Optimization has mostly been addressed at reducing
as much as possible the amount of surfactant, while still
obtaining a good yield in exfoliated 2D material ink, as well
as to be able to scale-up the production up to 500 ml per batch.
Remarkably, this process is providing yields that are similar to
those obtained by resorting to more classical LPE in high boiling
like (NMP),
undoubtedly more suitable from an environmental perspective

solvents N-methylpyrrolidone while being
for the future industrialization of similar inks (Hu et al., 2021).
We have then proceeded through a filtration, accompanied by
thorough washings, to remove all the surfactant and obtain a
powder of the LPE WS, directly usable for the preparation of the
2D WS,@PANI nanohybrids. Although NaCh is also employed
within this last process, we had the need to remove the native one,
being interested also in testing another surfactant, namely SDS,
to compare the effect of the two different molecular structures on
the quality of the 2D WS,@PANT species.

In order to rule out the extensive re-aggregation of the
individual few-layers WS, nanosheets during filtration and to
demonstrate the reversibility of such aggregation following a
simple re-dispersion step in ultrasonic bath, we have carried outa
thorough Raman analysis, following the detailed description
reported in the work of Terrones and coworkers (Berkdemir
et al, 2013). The results of this analysis are displayed in
Supplementary Figure S1 of the Supplementary Material (SM).
By examining the position and relative intensity of the 2LA +
E'2g peak in the range 350-375 cm™ and of the A, peak in the
range 410-430 cm ™, it is possible to estimate the average number
of layers present in a given WS; sample. In Supplementary Figure
S1, we show the spectra of the starting bulk WS, in powder
compared to that of the LPE WS, ink in liquid, of the filtered LPE
WS, ink (as powder) and of the re-dispersed nanomaterial in 1 M
HCl in brine in the presence of freshly added surfactant (as a
suspension). In these spectra, the two Raman modes under
investigation change significantly in position when going from
the bulk to the LPE material (the 2LA + E'2g mode shifts from
34810 364 cm™' and the A, mode from 413 to 433 cm ™). Also in
the filtered material, they never return to the original bulk
position, although a slight shift to lower wavenumbers is
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Surfactant (mg, mmol)

04

LPE WS, (mg, mmol) Product (mg)

35, 0.14 281
35, 0.14 370
14, 0.06 331
14, 0.06 165
7,003 284
7, 0.03 345

detectable after filtration. The average number of layers in the
nanosheets can be quantified by considering the ratio between
the intensities of the 2LA + E'2g mode and the A;, mode. This
ratio is lower than 1 (0.95) in bulk WS, and increases to a value
higher than 2 (2.08) in the LPE WS, indicating the production of
nanosheets with an average number of layers between 1 and 3,
thus a highly exfoliated nanomaterial. TEM images of this
material (Supplementary Figure S2) demonstrate their few-
layers nature (possibly some mono, bi and tri-layer species are
distinguishable), although strong aggregation at the solid-state
(i.e., in this case on the TEM grid) takes place, making difficult to
distinguish individual flakes. In the filtered species, we observe a
decrease of the ratio to values similar to the bulk (0.95), which
anyway reconverts to 1.6 in the re-dispersed powder, typical of
2-5 layers nanosheets (Berkdemir et al., 2013), thus again mostly
2D layered species.

The procedure adopted to prepare nanostructured 2D WS, @
PANI hybrids is depicted in Figure 1A, in which the effective
mixing between the nanosheets and aniline is ensured by the
presence of one of the two investigated surfactants (SDS or
NaCh) and the formation of porous architectures is templated
by the concomitant action of NaCl crystals (Anbalagan and
Sawant, 2016) during the in situ oxidative polymerization,
triggered by potassium persulfate used as the oxidant. The
trapped NaCl crystals are then removed after thorough
washings of the filtered composite materials, leaving behind
the target 2D WS,@PANI hybrids. Other than varying the
surfactant, we have also tuned the relative molar ratio
between LPE WS, and aniline, to produce hybrids with
different stoichiometries, ranging from 1:20 to 1:50 and up to
1:100.

All the samples have been investigated through Raman and
P-XRD of which prototypical
diffractograms are reported in Figures 1B,C, respectively. The

analysis, spectra  and
results are compared with the Raman spectra and P-XRD
patterns of the two individual components, namely LPE WS,
and pure PANT, also prepared with the NaCl templating method.
From Raman, we can distinguish in the nanohybrid the presence
of the two previously discussed 2LA + E'2g and A'8 modes of

layered WS,, with positions unvaried with respect to LPE WS,
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FIGURE 1

(A) Schematic representation of the template-assisted synthesis of nanostructured 2D WS,@PANI nanohybrids. (B) Raman spectra and (C)
P-XRD diffractograms of the nanostructured 2D WS,@PANI nanohybrids, of template-assisted synthesized pure PANI and of LPE WS; (the P-XRD
pattern of this last one has been obtained from the filtered powder)

FIGURE 2

SEM images at different magnifications of prototypical nanostructured 2D WS,@PANI nanohybrids obtained with different LPE WS,/PANI molar
ratios and with different surfactants favouring the proper mixing of the two individual components in the composite. (A) 2D WS,@PANI with 1
20 molar ratio prepared in the presence of NaCh as surfactant. (B) 2D WS,@PANI with 1:100 molar ratio prepared in the presence of SDS as surfactant
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and intensity ratio typical of highly exfoliated material, although
not precisely determinable due to overlapping of the A, mode
with a vibration of PANI (out of plane deformation of the ring
structure). Concerning the PANI component in the hybrids, we
can observe a change in the relative intensities of the two signals
at around 1,600 cm™! (stretching of the conjugated C-C bonds in
the quinoid form) and at around 1,480 cm™ (stretching of the
C=N bond) with respect to pure PANI, likely indicating a change
in the supramolecular structure of the polymeric/oligomeric
chains, although extremely complex to exactly determine
(Trchova et al, 2014; Stejskal et al, 2017). P-XRD also
confirms the presence of the two crystalline components in
the hybrids, although no particular additional information can
be inferred, if not that residual NaCl is not present in the sample
at detectable levels (the typical intense reflex of this last one at
20 = 31.7° is absent in the diffractograms).

The templating and nano-structuring effect of the particular
synthetic method here employed is well recognizable from the
SEM characterization of the resulting nanohybrid materials. First
of all, it should be pointed out that the mixing effect of the
surfactant is essential to not achieve phase separation during the
in situ aniline polymerization in the presence of the LPE WS,
flakes, as it is testified by the SEM image reported in
Supplementary Figure S3 (right) of the SM. This was recorded
on a 1:20 2D WS,@PANI sample, for which individual and
aggregated 2D material flakes emerge within a background of the
sole polymer scaffold (a SEM detail of the nanomorphology of
pure PANT is also provided in the same figure, left, for the sake of
comparison). The tendency to self-aggregate is indeed typical of
the LPE WS, material when casted from the liquid phase onto
substrates, as it can be seen from the SEM image also reported in
Supplementary Figure S3 (bottom image).

Then, what clearly emerges from SEM images reported in
Figure 2 and in Supplementary Figures S4, S5, is a certain
difference in the nanomorphology of the different hybrids,
obtained in the presence of either NaCh or SDS as the
compatibilizer. In particular, for the NaCh-based 2D WS,@
PANI hybrids we can distinguish already at the lowest 2D
WS,/PANI ratio (1:20, Figure 2A) the formation of fractal-like
nanostructures, most likely due to the NaCl-templated growth of
PANI on the surface of the 2D WS, nanosheets, coupled to
filaments of the same polymer connecting different areas. These
peculiar morphological characteristics are further maintained in
the samples with higher 2D material/polymer
(Supplementary Figure S4). On the contrary, in the hybrids
synthesized in the presence of SDS, the formation of similar

ratios

complex nano-architectures is only detectable within the 1:100
2D WS,@PANI sample (Figure 2B), while at the higher TMD
contents, the presence of aggregated TMD flakes separated from
PANI aggregates is distinguishable. These data might indicate a
different ability of the two surfactants to act as proper
compatibilizers between the two materials in the composites.

In particular, the more extended molecular structure of NaCh,
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FIGURE 3

XPS spectra of (A,C) 2D WS,@PANI with 1:20 molar ratio
prepared in the presence of SDS and (B,D) 2D WS,@PANI with 1:
20 molar ratio prepared in the presence of NaCh in the W 4f, S 2p
(top panels) and N 1s and Cl 2p (bottom panels) regions.

compared to the mostly linear one of SDS, seems to better
provide efficient intermixing between the 2D WS, nanosheets
and the conjugated polymer. Further studies are anyway
necessary to better understand this behaviour. In addition, it
is worthy to specify that the formation of the peculiar filament-
like nanostructures in these composites is most likely attributed
to the use of the saturated brine solution during the synthesis.
During this process, NaCl crystallizes from the saturated solution
and then re-dissolves during the washings, allowing the
formation of short chains and filaments of PANT between the
different polymeric domains.

Although the degree of nano-structuring in the synthesized
hybrids seems to point out at different overall surface areas for
the various type of samples, physisorption data were not varying
significantly across both the NaCh- and SDS-based series. Type
III N; physisorption isotherms were found for all the investigated
species (a prototypical one is reported in Supplementary Figure
S6), indicating the presence of mostly macropores and surface
areas from Brunauer-Emmett-Teller (BET) analysis all in the
range 23-27 m?/ g, thus considerably lower than what found for
similar species recently (up 70 m*/g in the work of De Adhikari

frontiersin.org



3.7. Publication 5

Crisci et al.

TABLE 2 Comparison between atomic % of different elements in 2D
WS2@PANI nanchybrids as obtained from XPS and EDX analysis.

At. % C N O d wW S S/W ratio CI/N
ratio
2D-WS2@PANT 1:20 + SDS
XPS 764 113 61 41 015 205 136 0.4
EDX 85 105 11 35 03 0.4 133 0.33
2D-WS2@PANTI 1:20 + NaCh
XPS 747 78 75 4 0.1 0.8 12 0.5
EDX 852 107 08 13 08 1.2 1.5 0.12

etal. (2021). We completed the compositional analysis of the 2D
WS,@PANT hybrids by comparing XPS and SEM-EDX data for
the 1:20 samples prepared in the presence of both SDS and NaCh
as compatibilizers. XPS spectra of the tungsten, sulphur, nitrogen
and chlorine regions of these species are reported in Figure 3,
while the entire spectra are displayed in Supplementary Figure
S6, for the sake of completeness. From the W 4f region of the
SDS-based hybrid, it is clearly distinguishable the presence of
tungsten oxide species together with the native sulphide
(Figure 3A). As the oxide is not detectable from P-XRD, it
must be related to the sole surface, coming from the there-
happening partial oxidation of WS,. These oxidized species are
not detected in the XPS spectrum of the NaCh-based hybrid
(Figure 3B), in which only the signals of WS, are present: we can
therefore argue that the PANI nanostructures seen in the SEM
images of the latter and not in those of the former (at least not in
the 1:20 sample), act as an effective protecting layer against the
surface oxidation of the TMD nanosheets. The S 2p region shows
in both samples the presence of WS, and of sulfate species, which
are most likely related to residues of the oxidant used for PANI
polymerization. From N 1s region, it is detected the PANI
component in the hybrids, characterized by mostly -NH-
NH- groups along the chains coming from the
aromatic and quineoid polymer forms, but also from small
cationic and oxidized nitrogen species, particularly in the
SDS-based sample. The level of PANI p-doping can be
inferred by analysing the Cl 2p region, where both chloride

and =

ions and organic chloride (i.e., chloride directly bonded to carbon
atoms) can be distinguished (still, uncertainty would remain on
whether some of the chloride signals are not originating from not
petfectly washed away NaCl used during the synthesis, although
no sodium signal is seen in the XPS spectra, Supplementary
Figure S7, indicating the lack of this element on the surface).
Qualitatively, the spectra of the two species are not differing
significantly, but it is possible to quantify the atomic percentage
of the various elements and calculate from that the CI/N ratio,
which is directly related to the extent of doping, since chlorides
act as counter-ions for the doped form of the polymer.

In Table 2, we show this quantitative data for the 1:20 SDS-
and NaCh-based 2D WS,@PANT hybrids, calculated from both
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XPS and SEM-EDX analysis, with the former providing
information on the surface composition while the latter of the
bulk. As it can be inferred from this numbers, the CI/N ratio is
slightly higher in the NaCh-based sample, although here no clear
signal of —-N"- species (that are counterions of CI” in the p-doped
PANI) are present in the N 1s region (Figure 3C).

The S/W ratio could provide some information on the
stoichiometry of the WS2 component, although this number
is strongly influenced by the presence of the oxidant residues
(SO4>) and of the sulphate polar head in SDS molecules. Indeed,
this ratio is considerably high on the surface, where mot likely
these sulphur-containing species are prevalently located, while in
the bulk it is closed to the expected value (2), with a slight under-
stoichiometric tendency that might be related to sulphur-
vacancies present on the 2D WS2 nanosheets (most likely on
the edges). Supplementary Figure S8 reports the SEM-EDX maps
of the different analysed elements in the 1:20 2D WS2@PANI
hybrids prepared in the presence of SDS and NaCh. Here, we can
notice the inhomogeneous nature of the former composite,
characterized by areas in which WS2 seems confined (W and
S signals distribution), while the PANI component is present
everywhere (N, C and Cl signals). These data further reinforce the
previous speculation made from simple observation of the SEM
micrographs, i.e., the low extent of intimate mixing between the
two materials in the SDS-containing 1:20 2D WS2@PANI
hybrid. On the other hand, for the NaCh-containing hybrid,
we can further confirm from Supplementary Figure S7 the highly
homogenous nature, with the W and § signals extending over a
large part of the mapped area as are those of N and C.

The series of synthesized 2D WS2@PANI hybrids has been
characterized for its electrochemical performance in light of the
charge storage capability at neutral pH (Figure 4), by
investigating them through GCD. The materials have been
displaced in the form of powder samples on a GC electrode
with the help of Nafion as binder to ensure their safe and stable
attachment. The choice of operating at neutral pH is specific for
the perspective of employing them in wearable electronics,
although it is that PANI-based
demonstrate higher capacitances in strongly acidic media (Li
et al., 2009).

Figures 4A,B display the calculated CS from GCD curves
(Supplementary Figure 89, Figures 4C,D) as a function of the

well  known species

current density for the composites prepared in the presence of,
respectively, NaCh and SDS at the different 2D WS2/PANI
ratios.

The performance of the two NaCh-containing samples
featuring the lowest amount of PANT (1:20 and 1:50) is rather
similar and always surpassing that of pure PANI up to high current
densities. Remarkably, the CS value at 1 Afg of the 1:20 sample is
160 F/g, thus almost doubling that of pure PANL. In addition, this
value is also slightly higher than the CS value at such current
density reported by De Adhikari et al. (2021) from similar hybrid
materials (140 F/@ 1 A/g) featuring even higher surface areas,
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FIGURE 4

Electrochemical performance of 2D WS2@PANI nanchybrids at neutral pH (in 0.5 M Na2S04 electrolyte). Specific capacitance as a function of
current density for 2D WS2@PANI nanchybrids at different molar ratios prepared in the presence of (A) NaCh and (B) SDS. The data for pure PANI are
also provided for the sake of comparison. GCD curves at increasing current densities for (C) the 1:20 2D WS2@PANI nanohybrid prepared in the

presence of NaCh and (D) for pure PANIL.
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FIGURE 5

EIS analysis-derived Nyquist plots with relative equivalent
circuit for the NaCh-based 1:20 2D WS2@PANI| nanohybrid and for
pure PANI as measured after GCD analysis.
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pointing out at the existence of other effects governing the
capacitive behaviour in these systems. However, the same
cannot be observed for the SDS-based samples, which overall
have worst performances than the pristine PANI reference, with
the exception of the extremely low current densities regime. The
present data seem to confirm the generally lower quality of the
constituent materials mutual mixing and nano/microstructure in
the SDS-based composites in comparison with the NaCh-based
ones, which translates in a poorer electrochemical charge storage
ability. The WS2 surface oxidation detected by XPS in these
systems, might also be a partial cause of their poor
performance, as generally the oxide is less conductive than the
sulphide (Liu et al., 2015). Since the capacitive behaviour of pure
2D WS2 is almost negligible (and for this reason not shown here),
the results obtained for the 1:20 2D WS2@PANI hybrid prepared
in presence of NaCh point out at a notable cooperative effect
between the TMD nanosheets and the conducting polymer, which
allows to overperform both the individual species involved. This is
even more evident when considering that by increasing the

conducting polymer content, and thus going more in the
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TABLE 3 Fitted values from the EIS characterization of the NaCh-based 1:20 2D WS,@PANI nanohybrid and for pure PANI after GCD analysis.

Sample Rs (Q) Ret () CPE1 (S)
PANI 63 89 1.49¢-6
2D WS2@ PANI 29 113 7.79¢-7

direction of a mostly polymer-based active material, the energy
storage capability worsens progressively and becomes even lower
than that of pure PANI (in the 1:100 sample).

To better characterize the electrochemical behaviour of the
champion composite (i.e., the 1:20 2D WS2@PANTI + NaCh), we
examined more in detail the GCD curves of this material at
increasing current densities (Figure 4C). The GCD curves allow
to appreciate the longer discharge time typical of the hybrid in
comparison to the pure PANI reference (Figure 4D), which
contribute to the higher CS measured for the former. In
their sign  of the
pseudocapacitive behaviour of these materials over the range

addition, asymmetric shape is a
of current densities examined (Chen et al., 2013).

Stability is a key issue when dealing with modified electrodes:
delamination of the coating may occur during measurements and
EIS is a really sensitive tool for this scope (Jorcin et al., 2006). To
further try to understand the long-term energy storage properties
of the NaCh-based 1:20 2D WS2@PANI nanohybrid (the best
performing sample) in comparison with the reference PANI
sample, EIS analysis was carried out on the electrode after
GCD characterization, working in the same electrolyte medium,
with the relative Nyquist plots reported in Figure 5. Cyclability of
the electrodes was indeed an unsuccessful method to understand
durability, since it was visually clear that the active materials were
progressively detaching from GC during scans. The results of EIS
thus provide information about the electrode-electrolyte interface,
i.e., the kinetics of the charge transfer mechanisms happening
between WS2 and PANI, as well as about the electrode surface
area. The experimental data are fitted using a Randles modified cell
(Nguyen and Breitkopf, 2018), choosing a constant phase element
(CPE) for modeling the double layer capacitance and the Warburg
element (Lamberti et al,, 2013): in this way the non-ideality of the
whole system can be modeled emphasizing the role of each
constituent in the composite electrode. In particular, Rs refers
to the saturated resistance, Rct is the charge transfer resistance
associated to the sodium cations discharge in the underlying GC
electrode, the CPEL1 is the associated double layer capacitance and
CPE2 represents the Warburg element related to the semi-infinite
linear diffusion of the ions from the electrolyte towards the
electrode. Fitted values are reported in Table 3. The associated
Cdl values from the CPE1 values are calculated using the equations
reported in reference (Bard and Faulkner, 2000).

The Rct for pure PANI is slightly smaller than the one of the
2D WS,@PANI best sample (113 vs. 89 ), reflecting a reduced
conductivity for the TMD-modified PANI electrode: this result
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N1 cdl (uF) CPE2 (S) N2
0.87 0.39 0.00051 045
0.89 0.24 0.00076 0.29

suggests a slower charge discharge at the modified electrode after
prolonged GCD characterization. This result is also justified by the
steeper slope of the Nygvist plot (ie., smaller Warburg impedance)
for the pristine PANT sample: the diffusion of ions towards the
working electrode is therefore strongly limited by the presence of
WS,. Furthermore, the presence of a depressed semicircle in both
samples (and therefore the use of a CPE instead of an ideal C)
accounts for the inhomogeneity of the surface as supported by
SEM analysis (Figure 2): more specifically, one expects to find a
quasi-tridimensional surface (Mulder et al., 1990). This is the case
of the hybrid sample at least, where a fractal morphology is found.
However, the N1 fitted value for the two samples (0.87 for PANI
sample and 0.89 for the 2D WS,@PANI sample) is almost the
same thus corroborating the idea that the surface roughness for the
two samples is comparable (as also suggested by BET analysis).
The
characterization accounts for the decrease of about 40% of the
value of the Cdl for the compaosite electrode (0.39 uF for pristine
PANI and 0.24 uF for 2D WS,@PANI sample) that reflects a
smaller surface area for this sample.

The EIS results as a whole suggest that capacitive
measurements are not conservative for the electrodes as they
have been here characterized (i.e., by relatively simple deposition
on a GC) and in order to obtain durable devices, it will be

delimitation occurred after intense electrochemical

necessary to develop an optimized process for their preparation.
We further proof this issue by carrying out multiple cycles of
charge/discharge on two prototypical composites (the 1:20 2D
WS,@PANTI hybrids prepared with both NaCh and SDS) at 1 A/g
current density. The results, reported in Supplementary Figure
S10 over 100 cycles, show how an almost immediate drop in Cg of
almost 30% takes place after only 10 cycles, likely due to
progressive detachment of the active material from the GC
clectrode during cycling. In general, anyway, we can observe a
slightly higher stability of the NaCh-based composite, confirming
the better agglomeration between the components in this active
material. The incorporation within a gel matrix of the 2D WS,@
PANI hybrid material is indeed the next step that we are
currently exploring in order to produce stable supercapacitors
retaining the capacitive properties found in the current study.

Conclusion

In this work, we report on a series of electro-active composite
materials between LPE WS, nanoflakes and in-situ polymerized
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PANTI with large interest for application into the next-generation
of low-cost, light-weight energy storage devices. We show how
the use of different compatibilizers can strongly influence the
level of mixing between the two components and consequently
the surface properties, with strong implications into charge
accumulation mechanisms. In addition, the concomitant effect
of using a simple, inexpensive and easy-to-remove templating
agent like NaCl during the synthetic process, allows to tune the
nano-structuring of the resulting species, with peculiar
morphological features emerging in combination with the
compatibilizer, which have likely a large influence on the
observed capacitive behaviour.

The combined physico-chemical and electrochemical
characterization of these species provides significant hints on
the structure-property-function relationships, which will serve
for the design of even more active nano-structured energy storage
materials. Our future plans include their integration into flexible
supercapacitor architectures by previous incorporation into
hydrogel scaffolds, targeting the field of wearable technologies,
which will likely cover a large portion of the market for electronic
products in the up-coming decades.
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Figure S1. Raman spectra LPE WS> pre- and post-filtration and after redispersion of the
filtrated material in 1 HCL in brine in the presence of a freshly added surfactant. The spectrum

of bulk WS; powder is also shown for the sake of comparison.

Figure S2. TEM images of LPE WS..
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Figure S3. SEM images of template-assisted oxidatively polymerized pure PANI, of a 2D
WS2@PANI nanohybrid prepared without the addition of any surfactant and of LPE WS>

casted from the colloidal phase onto a substrate.
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Figure S4. SEM images of 2D WS2@PANI nanohybrids obtained with different LPE
WS,/PANI molar ratios in the presence of NaCh.
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Figure S6. a) N> (77 K) physisorption isotherm of a prototypical 2D WS2@PANI nanohybrid.
The total surface area is calculated from the adsorption and desorption branches using the

NLDFT method.
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Figure S7. Full XPS spectra of 1:20 2D WS2@PANI nanohybrids prepared in the presence of
SDS and NaCh.
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Figure S9. GCD curves at increasing current densities for different 2D WS2@PANI
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4. Conclusion & Outlook

This dissertation contributes to three key areas: electrospinning, exfoliation and flexible
energy storage. The process of electrospinning has shown to be a versatile technique, both
for producing flexible backbone materials as well as the preparation and improvement of
carbon materials using polymer solutions as precursors. Throughout the research, | gained
significant expertise in the method, particularly in electrospinning PAN fibers (publication 1)
and PEO fibers (publication 2), as well as exploring other materials. Produced fibers were
specifically tailored for applications in flexible energy storage devices, widely known in
literature, like carbon-based fibers, polymer fibers using conductive polymers like PEDOT:PSS
and other composites as well as core-shell structures.®21>243-246 pDyring the optimization, a
study was conducted to examine the effects of heat treatment on electrospun CNFs by varying
Ts and T.. After electrospinning, the conversion of PAN fibers to CNFs is attained by these two
heat treatment steps. The specific surface area, the nitrogen ratio and bonding types turned
out to be strongly dependent on the specific temperatures chosen with optimum Cs achieved

at T=325°Cand T.= 800 °C of about 49 Fglat 0.5 A g™

Using this combination of heat treatment, the degree of graphitization in combination with
the largest accessible surface area leads to the highest C;. However, at carbonization
temperatures above 800 °C, Cs decreased due to a nitrogen loss, which reduced the
pseudocapacitive contributions from pyridinic and pyrrolic species in the carbon lattice. This
highlights the importance of carefully optimizing the thermal treatment process for energy
storage devices and the many steps in a process that need to be addressed for the
optimization of a product or device. Moreover, in terms of recyclability, optimizing simple
materials is crucial, as complex composites and doped systems are much harder to recycle in
line with circular economy principles. Thus, refining processes at each stage cannot only
improve properties like Cs in this particular case but also contribute to more sustainable

energy storage solutions acknowledging the bigger picture.?*’
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However, due to the limited flexibility of CNFs, other approaches were followed involving
material mixtures and compositions of carbon-based materials. Here, TMDCs were selected
as active species having versatile properties ranging from their large surface area, electronic
properties, adjustable bandgap and their possible phase transitions from the semiconducting
towards the metallic phase.'®2%248 |n supercapacitor applications these materials are ideal
candidates in combination with conductive carbon species, as previously reported in the

literature.®

To fully utilize the wide range of TMDC properties, exfoliation throughout top-down
approaches is necessary. Choosing the top-down methods comes with several benefits
regarding yield, costs and sustainability. Using water or alcohol as solvents instead of NMP as
the most efficient solvent for most exfoliation processes, the toxicity and costs are reduced
drastically.3? The usage of water typically results in lower yields, which can be faced by
employing surfactants as suspension-stabilizing agents for the exfoliation process. This
combination helps to maximize the efficiency of TMDC exfoliation while maintaining

environmental and economic viability.

Working on the exfoliation process of TMDCs, two studies were published (publications 3 & 4)
that explored the impact of various surfactants and concentrations on the exfoliation
efficiency of MoS,;, WS, and Bi;S3. It was revealed that MoS; aqueous solutions with
concentrations of 8.2 mM SHS lead to highly stable suspensions while 1.0 mM SDBS
suspensions remain less stable but produce the highest yield. For WS, the highest yield was
obtained using 8.2 mM SHS aqueous solutions as exfoliation medium. However, exfoliation
efficiency is low since it lacks in the degree of exfoliation. Here, 4.2 mM SHS was considered
to be the best choice in terms of stability and monolayer production of the inks. For Bi,Ss the
aqueous solution containing 8.2 mM SDBS provided the most stable suspensions but the yield

of SHS at 8.2 mM suspensions was higher compared to SDBS.
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Overall, SHS at high concentrations proved to be the most efficient surfactant across various
TMDCs. Notably the best-performing surfactant concentrations have been far above the CMC
of SHS which is 0.55 mM. The results suggest that depending on the application, the
preparation of stable suspensions of TMDCs should be varied in terms of concentration and
surfactant to obtain either high concentrations, a higher degree of exfoliation or more stable
suspensions. Depending on the application as a high-energy material or for electronics,

changing the exfoliation medium can be a wise choice for optimizing processes.

The combination of TMDCs with carbon-based materials was utilized afterwards to produce
flexible energy storage devices based on PEO fibers in publication 2. In addition to
electrochemical characterization and capacitance retention, the flexibility and mechanical
resilience of the devices were studied. The bending of the pristine cell led to a strong increase
of Cs rising from 7.77 F g* to 14.35 F g due to pressurization. After three bending cycles, a
plateau around 5.70 F g* was reached in the flattened cell. The addition of MWCNTs as
nanofillers improved the fiber stability and further increased Cs. Although the Young's
Modulus of the PEO fibers decreased with the inclusion of WS, MWCNTSs enhanced the tensile
stiffness, raising it from 42.99 £ 11.92 MPa to 96.47 + 31.90 MPa. Most importantly, the
preparation of the composites exposed a synergistic effect of the exfoliated WS, MWCNTSs
and CB leading to higher Cs which does not derive from the simple sum of all components. The
attractive interaction between the materials was also seen in TEM images, where WS;
particles are surrounded by carbon material and vice versa highlighting the strong material

synergy.6%24°
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Further research should focus on identifying the exact mechanism behind the observed
synergy between carbon materials and TMDCs, which has also been reported in the literature
for MoS,-carbon composites in intercalation processes.'® To further explore this, the same
types of flexible energy storage devices should be produced using MoS; instead of WS,,

allowing for performance comparisons and a deeper understanding of this synergy.

This interaction might stem from phase transitions of TMDCs near the carbon surface, possibly
involving the more conductive metallic 1T-phase. Here, other approaches using the 1T-phase
can be followed as well since its electrical conductivity is superior to the 2H phase. The
optimized CNFs from publication 1 could be a considerable backbone material for the
deposition of TMDCs on the surface using hydrothermal reactions using bottom-up

approaches.

Additionally, since nitrogen is used in CNF production, preventing the oxidation of TMDCs,
TMDCs could be directly integrated into the spinning suspensions to create TMDC-CNF
composites. Here, the synergy effects between TMDCs and carbon could play a major role as
well for the performance as an energy storage device. The combination of TMDCs and CNFs
could further benefit from past optimizations in both material systems. By embedding TMDCs
into CNFs during the electrospinning process, the resulting composite could leverage the

conductive and surface properties of both materials taking advantage of the expected

synergy.

The synergy effect between TMDCs and carbon is not the only noteworthy aspect of these
studies. Changes in Cs were obtained from the pressurized cells in publication 2. This opens
up the possibility of using flexible, symmetric capacitor devices in pressure sensor
applications. Such devices could be implemented to detect high-pressure areas on non-flat
surfaces to identify weaknesses or abrasion regions. Additionally, they could be used as inserts
in shoes to map the load distribution on the sole for medical and ergonomic applications. This
highlights the multifunctional approaches and possible potential of the flexible composites
and the individual materials beyond energy storage, broadening the scope and giving space

for creativity regarding their application.?*®
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