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Abstract

Energy consumption has increased in recent years, and in our current society, it is
expected to grow even more. However, concerns about how the energy is
produced are also rising, since we can currently observe issues resulting from past
reckless policies. To solve the issues, many countries are shifting towards the
production of energy through renewable sources, which, while being a promising
way to solve the energy crisis, also have significant problems. One of the main ones
is their intermittency, meaning they have periods with high energy production and
other where it is much lower. To address this issue, energy storage devices are key

to store excess energy in peak production periods and releasing it when necessary.

Super-capacitors are quite interesting from this point of view, due to their good
energy and power density, allowing for fast charge and discharge, whilst also
providing a good amount of energy, making them suitable for quick energy access
and backup power sources. Among the material used for such devices, 2D
materials are used, providing high surface area and stability, but suffering from
restacking and poor capacitance. On the other hand, another interesting class of
materials is Conductive Polymers (CPs) which showcases very high specific
capacitance, but are always victims of rapid performances degradation. Therefore,
the combination of these two materials can lead to a general improvement of their

properties and solving their individual issues.

The focus of this thesis’ work is to produce and lay the basis for further work on
the use of blends using 2D material, specifically MoS, and WS; and conductive
polymers. To do so, the first part of the thesis is aimed at the production of 2D
materials using different solvents and techniques and establishing a
characterization protocol. While the second focuses on the actual production of
the blends using 2D-TMDC and PANI and their structural and electrochemical

characterization in both three and two-electrode set up.






Zusammenfassung

In den letzten Jahren ist der Energieverbrauch gestiegen, und in unserer heutigen
Gesellschaft wird erwartet, dass er weiter zunimmt. Gleichzeitig wachsen jedoch
auch die Bedenken Uber die Art und Weise, wie Energie erzeugt wird, da die
Probleme, die aus friiheren Entscheidungen resultieren, zunehmend sichtbar
werden. Um diesen Herausforderungen zu begegnen, setzen viele Lander auf die
Energieerzeugung aus erneuerbaren Quellen, die zwar eine vielversprechende
Losung der Energiekrise bieten, aber auch erhebliche Probleme mit sich bringen.
Eines der Hauptprobleme ist ihre Intermittenz, was bedeutet, dass es Perioden mit
hoher Energieproduktion und andere gibt, in denen sie viel geringer ist. Um dieses
Problem anzugehen, sind Energiespeichergerate entscheidend, um tberschissige
Energie in Spitzenproduktionszeiten zu speichern und sie bei Bedarf freizusetzen.
Superkondensatoren sind in dieser Hinsicht sehr interessant, da sie eine gute
Energiedichte und Leistungsdichte aufweisen, was schnelles Laden und Entladen
ermoglicht und gleichzeitig eine betrachtliche Menge an Energie liefert. Dies
macht sie geeignet fiir den schnellen Energiezugriff und als Notstromquellen.
Unter den Materialien, die fir solche Gerate verwendet werden, werden haufig
2D-Materialien eingesetzt, die eine grofSe Oberflache und Stabilitat bieten, jedoch
oft unter dem Problem des Stapelns und einer geringen Kapazitat leiden. Eine
andere interessante Materialklasse sind leitfahige Polymere (CPs), die eine sehr
hohe spezifische Kapazitdit aufweisen, jedoch oft von einem schnellen
Leistungsabbau betroffen sind. Daher kann die Kombination dieser beiden
Materialien zu einer allgemeinen Verbesserung ihrer Eigenschaften flihren und
moglicherweise ihre individuellen Probleme l6sen.
Der Schwerpunkt dieser Arbeit liegt auf der Herstellung und der Schaffung der
Grundlagen fiir weitere Untersuchungen zur Verwendung von Mischungen, die
2D-Materialien, insbesondere MoS2 und WS2, sowie leitfahige Polymere
enthalten. Zu diesem Zweck zielt der erste Teil der Arbeit auf die Herstellung von
2D-Materialien unter Verwendung verschiedener Losungsmittel und Techniken

sowie auf die Etablierung von Charakterisierungsprotokollen ab. Der zweite Teil



konzentriert sich auf die eigentliche Herstellung der Mischungen aus 2D-TMDC
und PANI sowie auf deren strukturelle und elektrochemische Charakterisierung in

Drei- und Zwei-Elektroden-Aufbauten.



Abbreviation List

Abbreviation

Description

Abbreviation

Description

2D Bi-dimensional PEGDA Polyethylene glycol
diacrylate
AFM Atomic force microscopy | SAED Selected area electron
diffraction
CcMC Critical micellar SC Supercapacitor
concentration
CP Conductive polymer SDS Sodium dodecyl sulfate
DFT Density functional theory | SDBS Sodium dodecyl benzene
sulfate
DLS Dynamic light scattering SEM Scanning Electron
Microscopy
DMF Di methyl formamide SHS Sodium hexyl sulfate
DMSO Di methyl sulfoxide SM Shear mixer
EXAFS Edge x-ray absorption TEM Transmission electron
fine structure microscopy
EIS Electrochemical TGA Thermogravimetric
impedance spectroscopy analysis
GCD Galvanostatic charge TMDC Transition metal di
discharge chalcogenides
GO Graphene oxide TS Tip sonicator
HER Hydrogen evolution UV-Vis UV visible spectroscopy
reaction
HSP Hansen solubility usB Ultrasonic bath
parameters
IR Infrared spectroscopy XAS X-ray absorption
spectroscopy
LPE Liquid phase exfoliation XANES X-ray absorption near
edge structure
NMP n-methyl pyrrolidone XPS X-ray photoelectron
spectroscopy
NS Nano sheet XRD X-ray diffraction
PANI Poly aniline ZP Zeta potential
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Chapter 1: Introduction

Chapter 1: Introduction

Energy has been and continues to be a key factor in the development of our society.
Ever since the Industrial Revolution and the massive increase in energy demands,
the energy supply has been a significant concern for various countries. Initially,
fossil fuels were an easy and readily available source of energy. However, only a
few decades later, their drawbacks became apparent to the scientific community,
and their negative impacts are now evident, with significant changes in
greenhouse gas levels, an increase in extreme weather events, and rising average
temperatures.>? As a result, countries are striving to find more sustainable and

long-term alternatives, such as solar, wind, nuclear, and hydroelectric energy.3*

However, the most desired solution, renewable energy, often has the drawback of
being inconsistent, with periods of high and low production. Therefore, storing
excess energy during high-production periods to redistribute it back at any given
time is key to providing a consistent power supply to all facilities. The solutions for
this include batteries and electro-storage devices and the production of chemical
energy vessels, such as hydrogen. Both allow for the accumulation of excess
electricity produced, that can then be used whenever necessary, either by directly
connecting the energy storage device to the source requiring power or by

consuming the vessel to retrieve the stored energy.

Among energy storage devices, batteries are the most suited for everyday use due
to their high energy density and low power output, allowing the operation of low-
energy-demanding devices for extended time periods. However, mass production
will be a critical issue in the future due to the cascading effects on the supply chain
and the final cost of the device, stemming from the use of critical raw materials
such as lithium (Li), cobalt (Co), and nickel (Ni) in the best-performing batteries.>”
’ Therefore, finding and using alternatives that can power large systems or serve
similar roles is essential. Supercapacitors have the potential to do so with good

energy density as well as better power density compared to batteries, making
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Chapter 1: Introduction

them capable of powering large devices, especially when used in series.®1!
Additionally, they provide quick access to stored electricity, making them suitable
as backup power sources or for quickly recharging devices in need of energy.
Therefore, their application flexibility is a key feature of such devices, which also
encompass their use in small devices. In fact, flexible super-capacitors are devices
used to store energy to power up small and wearable devices.'>™1* While they
usually have lower capacitances in comparison to larger super-capacitors, they are
easy to produce, flexible and have no health-related drawback. Super-capacitor
flexibility is also evident in the material used for their production, since they
possess different fields of application, different materials proved to be more
suitable for one or the other specifically. For example, in the aforementioned
flexible super-capacitors, conductive polymers mixed with polymeric matrix are
very commonly used, while in more conventional applications, the material choice
depends on the storage mechanism used, such as carbon-based materials, where
graphene and polymers are examples, and their inorganic counterparts, such as
oxide and transition metal compounds. Among all these, a class of material found
its way into supercapacitor applications, specifically Transition Metal
Dichalcogenides (TMDC).*>"'7 The shear amount of materials in this class that can
be used is astonishing, while also having vastly different storage properties, based
on either pseudo-capacitive or EDLC mechanism. Moreover, their flexibility, i.e
doping possibilities, blending with other materials and nano-structuring, opens to
almost infinite research possibilities. In our case, we found interest in the
dimensional reduction to obtain 2D structures. They are the easiest to obtain from
this class of materials, due to their inherent structure, as described in detail in

Chapter 2.1.2.

Therefore, this dissertation provides examples and studies of the use of TMDCs
and 2D materials in energy storage and conversion. The thesis is divided into two
main sections: the first section focuses on basic knowledge and establishing

protocols for the synthesis of 2D materials, while the second one explores the use
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of 2D materials in energy conversion and storage applications, focusing on

blending with other materials to further improve their properties.

In publication 1, MoOQs exfoliation is thoroughly studied to provide the theoretical
basis for solvent selection when performing exfoliation experiments and setting
up characterization routines for subsequent publications involving 2D materials in
this work. In this publication, several solvents are tested, according to the Hansen
Solubility Parameter theory (HSP), utilizing also different characterization
techniques and conducting in-depth analysis via XANES/XAS measurements and

theoretical calculations to further support our findings.

Following the example of publication 1, publication 2 also focuses on the synthesis
of 2D materials using water-based solvents and studies the surfactant
concentration’s effect, as well as their lateral chain length’s one. Characterizations
are performed following the procedure established in the previous paper,

providing insight into the series of experiments performed.

As for the second section of this dissertation, publication 3 and 4 focus on
demonstrating the use of TMDC in super-capacitors applications. Publication 3
provides the basis for studying super-capacitor and outlines the procedures that
are further refined in publication 4, where the procedures are applied to another
TMDC, MoS;, with the addition of surface functionalization as an extra step. This
intermediate step is exploited to further increase the properties already

displayed in publication 3.

Publication 5 is focused on demonstrating the strength of TMDCs as energy
converters and providing efficient alternatives to established, but more expensive,
catalysts such Pt on C. In this work, MoS; is coupled with BiOBr, produced, and
tested by a collaborator, to study not only electrochemical performances, but also
photo-electrochemical ones, opening up further system improvements. The
material was tested in photo- and electrochemical- set ups but also monitored
using synchrotron radiation to understand the kinetics of the reaction, further

supported by DFT calculations to integrate experimental and theoretical analysis.
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Lastly, publication 6 studies another application of the functionalized MoS;
mentioned in publication 4, this time in a pressure sensor material proof-of-
concept device. Here MoS; is used both as a support on which the various
polymers are synthesized and anchored, and as the electro-active component,
offering a piezo resistive behavior in the final hydrogel and enabling the pressure

sensing properties as low as peripheral pressure ranges.
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Chapter 2: Theoretical Background

2.1: Chemistry and properties of transition metal dichalcogenides

and oxides

During the thesis, extensive work was done to synthesize different materials.
Some of them are reported in the works published through the doctorate period,
while others were only assessed, but with no additional focus, therefore, only the
materials discussed here had the potential to be used and yield relevant work to
be shared. In general, they all shared some properties within each other, such as
conductivity, production ease, potential in electrochemical devices, but the main
one is their structure, which will be discussed in the next chapters, which allows
for dimensional reduction. Specifically, most of these materials showed a stacked
layered structure, composed of two-dimensional layers on top of each other, held
together via Van der Waals forces, which can be overcome to obtain 2D
nanomaterials. A plethora of different properties stems from this dimensional
reduction, including variation in band gap, surface properties and electronic
properties as well and this topic will be discussed as well in more detail in a
subsequent chapter (Chapter 2.2). Therefore, in this sub-chapter, we are going to
take an in-depth look at each specific material, used in publications in this thesis
work. An overview of their general properties, examples of synthesis routes for

bulk and nanostructures, as well as applications will be reported.
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Chapter 2: Theoretical Background

2.1.1: Properties, synthesis, and applications: an overview on MoO:s

Molybdenum and oxygen combine to form a plethora of different compounds
together, depending on the synthesis conditions. One of these classes of
compounds is the molybdate anion, Mo0O4%, and its polyoxometallates These
compounds, whose basic structure is octahedral, can polymerize to form complex
polyanion complexes at specific conditions, whilst also being used as precursor for
the synthesis of MoOs oxides. These clusters form at an intermediate acidic pH,
from 3 to 7 usually, while the molybdate anion is mostly present at basic pH. When
the pH reaches very low values (below 1), the molybdate polyanions are
protonated and thereafter, the material precipitates as MoQOs. The precipitated
oxide is one of the possible phases of MoQOs, which has four main polymorphs
obtainable at different conditions.’®2?! These polymorphs have all the same
MoOe® octahedral building blocks that can arrange in several ways according to

the structure (a, B, y and h phases).

a-MoOs; is the thermodynamically stable phase, with the octahedra sharing the
edges in a zig-zag pattern along two dimensions, forming layers that stack in the
third dimension. The stacking layer yields a typical Van der Waals structure, where
the different layers are held together via weak intermolecular forces. This
characteristic is particularly appealing in this work, since it provides suitable
material for exfoliation, forming sheets with a thickness down to 0.7 nm for MoOs,
to be used in nanocomposites or in nano inks. Usually, a-MoQs is formed via
calcination at 500 °C of the other phases, most of the time from h-MoOs. h-MoOs3
is the kinetic favored phase, with an hexagonal Bravais lattice, and forms rapidly
at room temperature by simple acidification of a molybdate solutions.??-2¢
Compared to a-MoQs, the h-Mo0O3 phase has building block sharing a corner,
instead of an edge, and still assembling in a zig-zag structure forming 1D tunnels
in the 3D structure of the material. However, it does not have a layered structure
that can be exploited to obtain nano-sheets, therefore it is mostly used as a

precursor to a-MoO:s.
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The monoclinic e-MoOs3 phase also has a 2D structure, allowing for its exfoliation,
but, in comparison to the alpha phase, it is an high temperature and pressure
polymorph, therefore quite difficult to obtain and exfoliate without proper set ups.
27-29 | 3stly, B-MoOs is another relevant polymorph of MoOs which has a ReOs-like
structure, formed by MoOs octahedra, sharing oxygen corners forming a three
dimensional structure, that cannot be exfoliated anymore.?%3%-32 Other oxides,
such as MoO; and mixed oxide with molybdenum in oxidation states ranging from
IV to VI are present, described often as MoOs., but due to structural variation,
they are not always suitable for exfoliation.33=3¢ Therefore from now on, | will focus

only on MoOs and its preparation methodologies and applications.

Considering the chemistry already discussed, MoQOs, especially in the h phase, can
be synthesized quite easily via precipitation?®3” obtaining a material with low
crystallinity or even with an amorphous structure. From this precursor, through
calcination, crystalline h-MoOs is obtained or, if the temperature is high enough,
a-MoOs is produced.384% Sol gel synthesis***? is another methodology applied to
produce the h- phase, but a calcination step is still necessary to obtain the layered
phase. Therefore, to solve this issue, hydrothermal synthesis is often used,
allowing for peculiar and subcritical condition that can yield the direct production
of the desired phase. Hydrothermal synthesis is mostly performed in autoclaves
for long reaction times, going from few hours to days.3>** In addition to the
classical hydrothermal methodology, there is also a notable improvement to this
techniques that uses microwaves to assist in the homogenous heating of the

samples.8->0

Once the material is obtained, it can be applied in several applications, with energy
storage and sensing being the most prevalent for MoOs. In general, in battery
science h-MoOs is preferred??°%°2, due to its channels and easy diffusion of small
cations into the structure. However, a-MoOs found applications, especially if the
layer distance is tuned, in energy storage related devices.*®>3-3> |n sensors, instead,
a-MoOs is a lot more commonly used than the other phases®®=° with only few

examples for m-Mo03® and h-Mo003.%!
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Chapter 2: Theoretical Background

2.1.2: Properties, synthesis, and application: an overview of

Transition Metal Dichalcogenides (TMDCs)

TMDCs are a vast class of materials of wide scientific interest, aided by the
application possibility of such materials in all energy related topics, as shown by
Figure 2, where MoS; is taken as a reference. The number of publications in the
past 4 years has been outstanding considering the range of fields encompassed in
the research. Moreover, focusing on energy storage devices, super-capacitors, and
batteries (Figure 2b), an increase in publications in those fields can be observed
from the early 2010s, period where research on TMDCs and 2D materials started
blooming. TMDCs are compelling in these applications, due to their layered
structure and high oxidation states. In fact in conventional lithium ion batteries,
the lithium ions intercalate between the layers of the electrodes and TMDCs can
be used in a similar way in battery science, with the added advantage of
undergoing redox reactions easily and being more earth abundant.®? For
supercapacitor, TMDCs are important because of their redox properties, exploiting
then a mechanism similar to a battery, but also due their inherent high surface

area that allows also for another surface storage mechanism. (Chapter 2.3.)
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relative application as search keyword. (a) Number of cumulative publications in the year range 2020-2024
for the different applications observed; (b) number of annual publications from 2014 to 2024 for two specific

fields: batteries (red) and supercapacitors (black)
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Looking at the basic properties of this class of materials, their stoichiometric
formula is MX>, where M can be any transition metal from the 4t to 7t group and
Xis an element of the chalcogenide group (usually S, Se, but in some instances also
Te). TMDCs formed by 8™ and 9™ transition metal groups also exist but they exhibit
properties which are not pertinent to the current thesis work. Even without these,
the number of materials is high, moreover, despite the diversity, they all share
with each other some key structural features. The metal ion often has an oxidation
state of +4, while the chalcogenide of -2 and the basic structure has either a
trigonal prismatic or distorted octahedral coordination, with one of the

coordination being the prevalent in any different TMDC.

The unit cell, then, assemble to compose a X-M-X type layer, where the metal
atoms are surrounded and sandwiched in between two chalcogenides’ layers,
forming a Van der Waals structures. The thickness of MX; layers is around 7 A, like
graphene’s one, and, in a similar way, they are held together by intermolecular
forces, enabling their delamination. Moreover, TMDCs show a variety of stacking
polymorphs depending on synthesis conditions, resulting in evident structural
differences from each other. Three primary polymorphs exist, and they are 1T, 2H
and 3R (Fig 1), where the number stands for the amount of X-M-X units present in
a unit cell and the letter indicates for the coordination mode, trigonal (T),
hexagonal (H) and rhombohedral (R) respectively. The stability of each of these
polymorphs depends on the material itself, as well as other properties. Among
these, MoS; and WS; are discussed in more detail in the following chapter, due to

their extensive use in this thesis work.
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Chapter 2: Theoretical Background

Figure 2. TMDC polymorphs. From left to right, 1T (tetragonal phase), 2H (hexagonal symmetry) and 3R
(rhombohedral symmetry). All of the phases here reported have an octahedral symmetry®3 Reprinted from
Kolobov A, Tominaga J, Springer Series in Material Science, 2016, 29-77, 239 with permission from Springer

Nature. Copyright 2016 Springer Nature.

MoS; and WS; exist naturally in the 2H phase, where they both have semi
conductive properties, with a band gap of 1.3 eV and 1.8 eV respectively in their
bulk form. However, this band gap can be tuned by dimensional reduction,
reaching values between 1.8 and 2 eV for MoS; and more than 2.1 eV for WS..
Moreover, dimensional reduction triggers a photoluminescence effect that was
not present in the bulk 2H materials. This is a specific feature observed in mono
layered MoS; and WS;, where a sharp photoluminescence feature at circa 1.85 eV
and 2.0 eV respectively appears, that drastically decrease increasing the amount
of layers.®* Furthermore, an additional optical properties modification can be
observed with the transition to the 1T phase. Whenever the two TMDCs’ phase
change, they lose the before mentioned optical properties in exchange for higher

conductivity and catalytic activity.
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Therefore, the synthesis methodology and routes are essential to obtain
nanostructured TMDCs with all the aforementioned properties. In general, bulk
TMDCs are extracted from two minerals, molybdite and tungstite, but, in a
laboratory scale, their synthesis goes through, most of the time, a sulfurization
process of metal (VI) oxides or a metallate precursors. Hydrothermal synthesis is
also a very common option for the sulfurization reaction, with several sulfur
precursors used, such as thioacetamide®, thiourea®8, cysteine® 7% and other
more niche sulfur based compounds.”! However, a significant difference in
condition has been noticed while producing MoS; and WS,. The first one usually
needs lower temperatures compared to the latter, varying from 140 and
220 °C8772774 while WS; generally needs higher temperature close to 250 °C to
ensure the complete sulfurization to the TMDC. However, the material obtained
from this synthesis can have one of the two phases mentioned beforehand or a
mixture of the two. In general, there is no dividing line between when one is
produced and the other. It can be deducted from literature that, using MoS; as
example, the 1T phase is usually produced at milder conditions, meaning lower
temperatures, reaction times and filling factor, gradually giving away in favor of
the 2H, when the conditions intensify. For example, very low reaction times’>~"/,
as well as low filling factors’®7’8, usually yield mostly 1T phase. While long reaction
times 72767°-813nd high filling factors 782 usually yield 2H phase rich materials,
with a plethora of additional conditions that can provide a mixture of the two in
different percentages.®38> A short description of how all these conditions changes

the reaction media is discussed in Chapter 2.2.1.

However, most of the synthesis found in literature, directly bypasses the
production of bulk material to directly produce nanostructured TMDCs,
specifically 2D structures, due to their relevance and straightforward production.
Both bottom-up and top-down approaches are possible with relative pros and
drawbacks. Among the first class, hydrothermal synthesis is the most significant,
but it was already discussed beforehand, while also CVD methodologies are also

widely used and they allow the production of materials with a precisely defined
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number of layers, keeping a tight control on the synthesis procedure.®5°° However,
the parameters to control to obtain specific morphologies are multiple and co-
dependent, such as pressure, concentration of precursors, heating of the different
sections flowing rate.’*93 Therefore, CVD is a technique with a steep learning

curve, but it rewards the user with its precision and control.

On the opposite end of the spectrum, starting from bulk material is another option
to get the nanostructured material. Exfoliation is the preferred method by
researchers, and there are several ways to use this technique, ranging from
mechanical exfoliations, such as scotch tape methodologies®*?8, first introduced
by Novoselov et al.?® in 2004 by exfoliating graphene and further developed in the
years,1097192 and ball milling!%-1% to liquid phase exfoliation®’~11°, using different

solvents and condition, which is described in more details in the Chapter 2.2.2.
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2.2: 2D Materials overview and synthesis methodologies

Nanomaterials constitute a diverse class of materials characterized by at least one
dimension in the nanometer scale, typically ranging from few nanometers to
hundreds. This defining feature makes them particularly appealing for many
research topics and research groups, becoming the base of modern research. As a
result, nanomaterials are applied in different and extremely different fields,
spanning from sensors to energy storage to bio applications, thanks to their
flexibility and the ability to tailor their properties to specific needs. In general,
nanotechnology can provide various kinds of materials, classified based on the
number of dimensions in the nanoscale range; namely, OD materials are materials
with all dimensions below the nanoscale, 1D materials with two, 2D materials with
only one and lastly 3D, or bulk materials, with O dimensions in the nanoscale. Each
type may have different properties, depending both on the chemistry of the
compound and the direct effects of the dimensional reduction on it, but all
nanomaterials share some key features common in all nanomaterials. First and
foremost, with the size reduction comes an increase in surface to volume ratio,
resulting in a larger proportion of surface atoms, which usually improves surface
sensitive applications, therefore this geometrical factor is an important variable to
tune the desired property. Secondly, with the dimensional reduction, a
modification of the band gap will occur in semiconducting and insulating materials.
In a bulk material, their discrete energy states will increase in number forming a
continuum, or a band. As size decreases, particularly close to the so called Bohr
radius, this continuum breaks leading to a partial return to a discrete energy level,
which have a larger separation compared to the bands of a semiconductor and
therefore, provoking blue shift (increase) of the band gap.!!! This phenomenon is
referred to as “quantum confinement effect”, first observed in OD materials!'>113
(quantum dots) and later applied on to 1D and 2D nanocrystals. (Fig 3) Additionally,

other physical properties such as magnetism, melting point and mechanical
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strength, are modified during the reduction process and can drastically change

their applications.14115

Q@ 0 o o

Band gap

Figure 3. Schematic of the dimensional reduction effect on the band gap of nanomaterials

Specifically, 2D materials, or nano-sheets (NSs), are characterized by only one
reduced dimension allowing free movements of electrons without restriction in
the other two directions. The properties are influenced as described beforehand
and they can be produced using both methodologies, from molecular precursors
(bottom-up approaches) and from their bulk counterpart (top-down approach).
There are plenty of methodologies that can be used from both the two
methodologies family: CVDs, scotch tape, hydrothermal, ball milling and colloidal
synthesis, but describing all of them would be too lengthy, therefore | will focus
only on the used methodologies throughout the doctoral work, mainly LPE

technique and hydrothermal methodology. (Fig.4)
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Figure 4. Scheme of the different synthesis methodologies for nanomaterials and specifically 2D-materials.116
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.
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2.2.1: Hydrothermal synthesis

Hydrothermal synthesis has always been an easy and efficient methodology to
produce nanomaterial in laboratory and larger scales. It is of particular interest
because of the wide number of condition that can be used and the possibility of
obtain very different morphologies®> 71117118 and phases®®11%-121 by simply tuning

and refining such parameters.

Briefly, a hydrothermal reaction, or more generally a solvothermal one, is a
bottom-up synthesis methodology involving the use of temperature ranging from
80 °C up to 300 °C and high pressures. These conditions are achieved using sealed
Teflon liner in iron autoclaves, where pressures going up to hundreds of
atmospheres can be reached.'?? Solvothermal reactions usually have a sharp
increase in temperature and pressure, large enough to modify the solvent’s
properties, allowing the solubilization of complex precursors. However, in
hydrothermal synthesis, where water is used, the pressure and temperature can
reach critical values. The high pressures combined with the high temperature led
to a drastic change in the water properties: a supercritical fluid can be reached.
(Figure 5a) However, reaching such extreme conditions can be dangerous, so the
limits for autoclave reactions are usually set around sub critical conditions. This
still translates into sharp changes in dielectric constant, dissociation constant and
density of the solvent, thereby altering the reaction condition in the autoclave.

(Figure 5b)'23
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Therefore, the choice of solvent and condition can influence the outcome of the
reaction. Beyond the obvious parameters, such as temperature and time, another
one overlooked and not remarked during these reactions is the Filling Factor (FF),
a percentage value that represents how the hydrothermal vessel is the
hydrothermal vessel. FF can also greatly enhance the autogenous pressure inside
the vessel, as at the same temperature, the volume of solvent would change how

quickly this parameter rises. (Fig. 6)
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Figure 6. Filling factor dependency of pressure at different temperatures'16122 Reprinted from Richar .
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2.2.2: Liquid Phase Exfoliation (LPE)

Dimensional reduction, as stated beforehand, is a highly effective way to tune the
properties of specific materials. This process can be achieved thought different
ways, which can be categorized in top-down®¥12%-132 gnd bottom-up
approaches.1?>13313% Ag the names imply, top-down methods start from bulk

materials, while bottom-up methods begin with small building blocks.

Specifically, liquid phase exfoliation (LPE) is a straightforward technique among
the top-down methodologies and it involves overcoming the Van der Waals forces
that keep together the different layers of the 2D materials by using external
energy.13713% (Chapter 2.1) Although this technique is relatively simple, it requires
the optimization of different parameters. In fact, LPE not only depends on time,

but also on media and sonication technique.

The first and easiest parameter to consider is time, and it has been proved that
longer exfoliation times usually yield higher final material concentration, due to
the amount of energy given throughout the whole process to overcome the forces
between sheets.!*® However, extended exfoliation times are not ideal, due to
concern related to energy consumption, heat control and scalability. Therefore,
reducing the duration while optimizing other parameters to maximize yield and
minimize the cost is always appealing. To do so, the choice of media is key to
improving LPE quality and exfoliation. A lot of research has been done to optimize
this parameter, with organic high boiling point solvents leading the way in this
sector. (NMP, DMSO, CHP, DMF are examples) They are surely the most
performing, but greener and cheaper solutions should be researched as well,
however achieving such enormous tasks via trial and error is an impractical
solution. For this reason, several theoretical models can be employed for a
preliminary screening: one of which is the Hansen Parameter Solubility (HSP)
theory. 147144 It was proposed by Charles Hansen in 1967, and it is based on the

Hildebrand parameter theory, already use to predict stability and solubility
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between a solvent and a solute. In this theory, one parameter, based on the
vaporization energy (E) and molar volume of the pure solvent (V, Eq.1), was used
to ascertain similarities between solute and solvents.

2 |E

_ Eq.1
5= - (Eq.1)

Matching the as resulting parameters among solute and solvent is a way to predict
solubility between substances. In the specific case of LPE and 2D materials, the
matching between the solvent’s parameters and the exfoliated material’s one is
an index of the overall final stability of the suspension and indicates also the
exfoliation efficiency of the material used. However, these predictions are not
always accurate, since Hildebrand theory'#~147 is a rough approximation that does
not fully account for the substances’ intrinsic properties, considering only the
overall cohesive energy density. This is where HSP theory comes into play. It builds
from the same concept of the Hildebrand theory, but it expands on it by
considering the different interactions between molecules in a solvent. Specifically,
the three main contributions are related to dispersive forces, polar interactions,
and hydrogen bonds. Inserting these in the overall equation for vaporization or

cohesive energy, it will turn out:

Etor = Ep + Ep + Ey (Eq.2)

From this, it is possible to calculate the components to the solubility parameters,
applying the Hildebrand parameter theory and dividing the vaporization energy

for the volume fraction of the solvent:

52 = 62+ 62+ 62 (Eq.3)
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Most of the parameters for common solvents are already tabulated, and therefore
it is possible to compare them with the material’s one, using the following

equations:

(Re)?* = 4(8pz — 8p1)* + (8pz — 6p1)* + (Buz — 6y1)? (Eq.4)

RED = =2 (Eq.5)

Where 6y, is one of the parameters (X= D, P, H) for one of the components of the
mixture (Y: 1,2), R, represents the radius of an imaginary sphere calculated by
using the HSP values for solute and solvents, while the interaction radius (Ro) can
be calculated by using the parameters of the solute alone. Lastly, RED is an index
of the affinity between dispersions and represents the matching between the
sphere formed using R; and Ro. The closer this value gets to 0, the higher affinity
between the two and the solute will dissolve in the solvent, while for values larger

than 1, the system will not dissolve.'*!

Furthermore, the choice of sonication methodology significantly impacts the
quality and yield of the exfoliation process. Most commonly used methods
comprehend Ultrasonic Bath (USB)#%4% Tip Sonicator (TS)*° and Shear Mixers
(SM).15-153 Each technique provides energy to overcome the Van der Waals forces

between different layers, each employing a different mechanism:

e Ultrasonic Bath (USB) uses indirect vibration through the glassware to
transmit the necessary energy to overcome the material’s layer-to-layer
interaction (Fig 7a);

e Tip Sonication (TS), instead, uses cavitation; a process where bubbles are
formed via direct pulses from the tip sonicator in the suspension, until they
reach a critical size where they burst, causing high local temperatures and

pressures, capable of exfoliating the 2D material*>*1>> (Fig 7b);
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e Shear Mixing (SM) overcomes the Van der Waals interactions between the
different layers via direct shear forces, caused by the suspension’s
movement between a rotor and a stator, slowly reducing the material

thickness until the 2D material is obtained (Fig 7c).

There are evident advantages and disadvantages to each of these techniques: Tip
Sonication is an aggressive and efficient methodology that allows shorter
exfoliation times (20 minutes up to few hours) to obtain high concentration and
stable dispersions, while being able to process only smaller amounts of material.
Shear Mixing is the opposite: can be used to exfoliate large volumes of material
and it is already established as an industrial methodology, while needing longer
exfoliation time to obtain the same results as a TS. An Ultra Sonication Bath, on
the other hand, is more delicate and therefore produces a smaller amount of
surface defect, but also its applicability is often restricted to lab scale

experiments.1>®

(a) (b) ()
((((W ( )m , N ,
® H - (T

Figure 7. Scheme of the different sonication instruments possible for Liquid Phase Exfoliation (LPE). (a)

Ultrasonic Bath sonication (USB), (b) Tip Sonication (TS) and (c) Shear Mixing (SM)

The complexity of this simple method does not stop at these parameters, as
nowadays researchers are mixing and adding even more pretreatment steps or
using different solvent mixtures or surfactants. Some examples include chemical

exfoliation: a well-known case is the production of 2D-1T-MoS; via lithium ion
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intercalation.07157,158 The process involves an intercalation step followed by an
LPE process in which the energy is mainly provided by the reaction of lithium in
water to form hydroxides, which simultaneously expand the 2D structure of the
TMDC to obtain high quality, high yield exfoliated material. Another example of
chemical exfoliation paired with LPE is the production of MXenes,*>°7162 which are
generally produced from MAX phases by the removal of an A element via HF
etching or a F based mixtures and then exfoliated in water with a proper additive.
Additives, and more specifically surfactants'®3-1%®, open a new world for
exfoliation, as they allow the use of solvents before unsuitable for exfoliation, such
as water. However, the evident drawbacks are the additional steps necessary to
remove the additives, if possible, at all, and the potential effect of such compounds
on the final properties of the device, as these small molecules or polymers can

hinder specific applications.
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2.3: Characterization of 2D materials

Production of 2D materials was discussed in the previous sections, however, how
to characterize them is a key topic, since usually mono-/bi-/few- layered materials
are preferred. Therefore, it is of utmost importance to understand the properties
and quality of the exfoliated materials. Usually, the techniques employed can be
categorized in two main classes: material related, and applications related. In the
first class, morphological and structural characterization are included, such as XRD,
Raman and microscopies; while in the second class, the characterization may vary
depending on the final application. Considering the scope of this dissertation,

electrochemical characterization, such as CV, LSV and GCD will be discussed.

2.3.1: Morphological and structural analysis

There are a number of characterizations that can be performed on 2D materials to
obtain relevant information on their status, and they can normally be divided into
morphological and structural. However, in this dissertation, we will shortly go
through these techniques from a production point of view: the material was first
obtained as a suspension, characterized and then a powder was obtained from it

and then further characterized.

Following this logic, characterization performed on a suspension or starting from
a suspension are the first ones performed. They provide information about the
size of the nanoparticles (DLS), the stability of the suspension (ZP), optical (UV-

Vis), morphological (electron microscopies) and structural properties (Raman).

Once the characterization on the suspension is performed successfully, the
material can be extracted from the media via lyophilization, by evaporation or by

centrifugation. These processes yield materials in powder form that can be further
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characterized using X Ray Diffraction (XRD), Raman and Infrared (IR) spectroscopy,
X-Ray Photoelectron Spectroscopy (XPS), Scanning Electron Microscopy (SEM) and

Thermogravimetric Analysis (TGA).

2.3.1.1: Dynamic Light Scattering (DLS) and Zeta Potential (ZP)

measurements

Dynamic Light Scattering (DLS) and Zeta Potential (ZP) are analyses performed on
the same instrument, but they work and give information on different properties
of the same suspension. The first (DLS) provides an estimation of the size of the
nanoparticles in the liquid, while the second (ZP) gives information about the
suspension stability in the form of potential necessary to be able to move the
nanoparticles in the media. DLS exploits the Brownian motion of the particles and
laser irradiation to obtain the result. Specifically, the measurement monitors the
change in laser intensity and scattering when a particle randomly passes through
the same path as the laser. The change is then recorded and via a correlation
function (Eq. 6, Eq. 7, Eq. 8), the translational diffusion coefficient (D) is calculated,
which relates directly to the average Brownian motion speed and afterwards, via

the Stokes-Einstein equation, the hydrodynamic radius is calculated. (Eq. 9)

G(t) = A*[1+ Bexp(—2I'T)] (Eq. 6)
I' = Dg? (Eq. 7)

4 7]
a=( fon) wsin ) (Eq. 8)
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kT
3nnD

d(H) = (Eq.9)

Where A and B are, respectively, baseline and intercept of the correlation function,
T is the time difference in the correlation function, D is the translational diffusion
coefficient, n is the refractive index of the media, Ao is the wavelength of the laser,
U is the scattering angle, k is the Boltzmann’s constant, T is the temperature in

Kelvin and n is the viscosity of the media.

As can be seen, DLS can provide realistic hydro-dynamic diameter values, however
it starts from a rather incorrect approximation for 2D materials, which is the
assumption of the presence of only spherical particles (Fig 8a) in the Stokes-
Einstein equation and, therefore, all the particles’ geometries will be related to the
hydrodynamic diameter of a sphere. Therefore, it is often more precise to refer to
the obtained resulted as a “sphere with the same translation diffusion parameter
as the particle” and in the case of 2D materials (Fig. 8b), the value obtained can be

seen as an approximation of the lateral size of the bi-dimensional material studied.

(a) (b)

Bi-dimensional
NPs

Spherical
NPs

-

Theory Real case

Figure 8. (a) Theory vs (b) Real case of DLS measurements on nanoparticles and 2D materials

On the other hand, ZP does not present the same issue since there are no

geometry-related components in the formula to estimate the potential necessary
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to move the nanomaterials. In fact, the equation used to obtain the value (Eq. 10)

relates mostly to solvent properties and other tabulated values:

_ 2xegxzxf(ka) (Eg. 10)

U

Where Ur represents the electrophoretic mobility, € and n are the dielectric
constant and viscosity of the solvent, z is the zeta potential and f(ka) is the so-
called Henry’s function. This function represents the thickness of the electric
double layer around the nanoparticle in confront to the nanoparticle size and it is

extremely dependent on the polarity of the solvent.

In general, the measurement exploits the surface charge of the nanoparticles,
which derives from different sources, i.e surface functional group, inherent surface
charge of the material or adsorption of charged species on the surface. This
surface charge affects the distribution of ions around the nanoparticles forming an
electric double layer. More specifically, two regions are distinguished around the
nanoparticles, an inner region (Stern layer) and outer layer (diffuse layer). In the
Stern layer, ions have a high concentration immediately around the nanoparticles,
while in the diffuse layer there is a lower concentration of charges, which are
exchanged continuously between this section and the bulk material. These layers
are separated by an imaginary border (Fig. 9) at which boundary potentials are

calculated.
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Figure 9. Electric double layer around a spherical nanoparticle, highlight the inner and outer circle and the

potential at the difference EDL “surfaces.”

2.3.1.2: UV-Vis spectroscopy

In a similar way to DLS, UV-Vis spectroscopy is a technique involving light sources,
however UV-Vis and visible light are, instead, used and different wavelengths are
scanned, in contrast with DLS. Using a desired detector, it is possible to measure
the transmittance (T), percentage of the incident light reaching the detector, and
correlate such value with the absorbance (A), calculated and expressed via the

Lambert-Beer law. (Eq. 11)

1 I
A= logo== logo—=Cxexl (Eq. 11)
T I
Where lpand I are the intensity of the light source before and after, respectively,
passing through the sample, C is the concentration of the suspension, € is the

molar attenuation coefficient tabulated for most materials and /is the optical path

length.
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This technique can be used both qualitatively and quantitatively for the analysis of
2D material suspension. In the first case, it is possible to see the presence of
excitonic peaks, especially for TMDCs, their shift difference towards lower
wavelength compared to the bulk material and the change in spectra. Moreover,
from the graph the concentration of a suspension can also be determined by using
tabulated € values at specific wavelengths using the Eq. 11. Additionally, with a
simple data analysis, the band gap of a material can be found via the Tauc Plot.
This analysis involves the conversion of wavelength to energies to create a new

plot and the linear fit of the curve yields the band gap value.

2.3.1.3: Imaging: TEM and SEM microscopies

Microscopies techniques are also essential for the characterization of bi-
dimensional material, as they provide information on the morphological features
of the nanostructures. Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) are particularly valuable since they provide images of
the morphology from the microscale to the nanoscale, allowing the analysis of the
thickness and lateral size of a nanoparticle by simply looking at the image. They
both exploit an electron beam penetrating through the sample, interacting with
atoms to produce different signals that can be studied. For example, SEM focuses
on studying secondary electron, backscattered electron and characteristic x-ray,
(Fig 10a) while TEM makes use of the transmitted electron to obtain information
on the samples (Fig 10b), causing a vast difference not only in the microscope
themselves but also in type of information obtained from each technique.
The use of these different phenomena makes the two microscopy’s techniques
vastly different from each other. SEM allows for tridimensional images and simple
preparation, while it does not offer insights into the internal structure of the
material and can reach several hundred nanometers resolution. TEM, on the other

hand, provides 2D images, while being able to observe the internal structure of
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the sample itself and achieving higher magnification compared to the SEM, up to
few nanometers, however it suffers from lower flexibility in samples’ preparation,
while also needing much more complex and expensive instruments and

instructions.
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Figure 10. Scheme of (a) a scanning electron microscope and of (b) a transmission electron microscope

2.3.1.4: Powder XRD and Raman spectroscopy: Insight into the

structure of a material

Lastly, P-XRD and Raman measurements are used to discern structural
information of the material. The first technique is a standard material
characterization methodology and exploits the diffraction of x-rays on an
organized and repetitive crystalline structure to obtain a specific and recognizable

pattern derived from the sample’s structure. Raman spectroscopy is a technique
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also used to analyze inorganic materials, as it allows the detection of the different
and specific modes, specific to the sample itself, which are often not visible in the
IR spectroscopy. In fact, Raman scattering, and IR spectroscopy are very similar
techniques from a certain point of view, but very different at the same time, as
they exploit two different phenomena. IR relies on the absorption of low energy
radiation, infrared light, by the vibrational modes of a molecule, causing a shift in
energy from the ground level to higher energy state in the vibrational levels. (Fig
11) This change can be observed at specific energy values, depending on where
the absorption occurs, and each bond in each material has specific wavelength at
which they resonate to absorb the incident light, therefore yielding a fingerprint
specific to that material. On the other hand, Raman focuses as well on radiation
absorption, but in this case, radiation has higher energy, a laser source, and
therefore the excitation that takes place in the electronic states, instead of the
vibrational ones. When light is absorbed in the electronic state, several
possibilities arise. The absorption itself is studied in UV-Vis, but also decays from
such states are studied and depending on the final state, the effect is different. In
the case of decay from the excited state to the same initial energy level, the decay
is called Rayleigh scattering, an elastic scattering, meaning no change in overall
energy occur at the end of the whole transition. (Fig 11) While in the case the
decay and the absorption do not match, there will be a difference in energy from
the initial state, either a surplus or deficit, and a transfer to or from the vibrational
mode will be necessary. This change in energy will result in a leaving photon at a
different energy from the incident one, that can then be translated into signals.
These phenomena are called Stokes or anti-Stokes effects, when the final

wavelength has lower or higher energy respectively.®’
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% :
Infrared Rayleigh Stokes anti- Stokes

Figure 11. Depiction of the absorption effect observed in IR spectroscopy and Raman scattering.

Therefore, from this short explanation, it can be understood that the IR focuses on
the variation of dipole moment of the material, while Raman on the polarization
tensor’s variation in the electronic cloud of the material. These effects have, often
time, different selection rules, therefore, the use of one or the other technique
should be done after careful consideration of the inherent symmetry of the
material. Consequently, it is of utmost importance to understand which modes are
Raman or IR active to properly use one, the other or both techniques. This can be
done by applying the crystal group theory and by using the table related to the
point group and checking the selection rules to determine which normal mode is

active or not.

2.3.1.5: X-Ray Photoelectron Spectroscopy (XPS)

X-Ray Photoelectron Spectroscopy (XPS) is used for surface analysis of the
materials and gives not only information on the elemental composition of the

surface, but also on the chemical environment of an atom. This technique exploits
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the photoelectric effect, where electromagnetic radiation, in this case x-rays,

removes an electron bound in the electronic structure. This radiation needs to

have high enough energy to remove an electron from the material structure,

therefore the use of x-rays. (Eq.12)

hv = BE + KE + ®gpe,

(Eq. 12)

where hv is the X-ray source energy, BE is the binding energy of the electron in the

electronic state, KE is the kinetic energy with which the electron is expelled by the

atom and lastly @, is the work function of the spectrometer.

Specifically, what happens in an XPS machine is that the detector measures the

kinetic energy of the exiting electrons and, since initial x-ray photos and work

function are known, the binding energy is calculated. This value is fixed for the

elements and does not change even when the x-ray source varies, since they are

inherent properties of the orbital the electron was in and it would only change the

kinetic energy of the exiting electron. (Fig 12a)
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Once the binding energy is calculated, information about the surface composition
of each element can be extrapolated. In fact, measurements of single element
regions can be performed, and corresponding peaks can be studied. (Fig 12b,
Carbon as an example) Moreover, it is possible to attribute and discern the
different bonds underlying such peak, depending on their position. This can be
done by considering the electron negativity and electron density around an atom;
the larger the difference in electron negativity between two atoms bonded
together, the larger the shift compared to the homo-nuclear bond. For example,
in the C 1s region, the peak related to the C-C bond is always seen at 284.9 eV (Fig
12b), while, when there are bonds with other elements or even different kind of
hybridization of the carbon, additional peaks will appear and show a shift to
different binding energies, forming, in the overall peaks, shoulders. (Fig 12b)
Taking oxygen as an example, a shift of 1.5 eV can be seen for single bond and of

3 eV for the case of a double bond.

2.3.2: Electrochemical characterization

Electrochemical characterizations are a very important class of analysis performed
on 2D material and essential to determine their performance in specific sectors,
such energy storage and electro-catalysis. For this reason, a short overview of
some of the most common techniques used and why they are important for the

characterization of those materials.

2.3.2.1: Voltametric techniques

Firstly, cyclic voltammetry (CV) and, from a certain perspective, linear sweep
voltammetry (LSV) are the most used techniques to study redox processes. They

are voltametric techniques that relies on a constant change of potential during the
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measurements. CV’'s measurements study the redox processes, cycling in between
a potential window to study both cathodic and anodic reactions. While the second
methodology, LSV, focuses only on one of the two reaction branches, scanning
from potential A to potential B, stopping once the final potential is reached. The
following explanation applies also for LSV measurements, the explanation will
focus on the ins and out of CVs measurements. Using the ferrocene
(Fc)/ferrocenium (Fc*) couple as an example (Fig 13), it is possible to observe peaks
throughout the measurements, which vary depending on the species analyzed,
and in the case of reversible species, as seen in Fig. 13, two close and well-defined

peaks can be seen.
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Figure 13. (a)-(g) Concentration vs distant from the electrode graphs at different point in the cyclic
voltammetry analysis (h) and the change in potential against time in the same measurement (1)16° Reprinted
with permission and under the scope of Author Choice open access license of ACS Publication from Elgrihi
Noemie, J. Chem. Educ., 2018, 95, 2, 197-206, 10.1021/acs.jchemed.7b00361. Copyright 2018 American

Chemical Society'??

This behavior can be explained and predicted by using the Nernst equation (Eq 13),
which allows the understanding of how systems behave, whenever there is a
change in species concentration and of potential, similarly to a snapshot

performed at specific conditions.
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E=E°— — nQ, (Eq. 13)

Where E2,;, is the standard potential for the cell, R is the universal gas costant, T
is the temperature in Kelvin, z is the number of electrons exchanged during the
reaction, F is the Faraday constant expressed in Coulomb per mole and Q; is the
reaction quotient of the cell reaction, often express, for simplicity sake, as the

guotient between the concentration of the two species reacting.

Changing the potential will slowly affect the reaction rate and will progressively
consume the reactant species on the electrode surface, gradually increasing the
current. This is a kinetic regime, where the current is determined by how quickly
the reactant is converted into product. As the potential increases or decreases and
the reaction rate increases, the current reaches a peak where the diffusion of the
material and its conversion are immediate. Afterward, increasing even further the
potential, causes the concentration of reactant species on the electrode surface
to decrease, decreasing the current and then forming a plateau afterward, this
happens because the reaction rate is larger than the material diffusion to the
surface. This is called diffusion regime and is described via the Randles-Sevcik
equation (Eq. 14), where the dependence on the diffusion coefficient is expressed.
Moreover, the dependence on the scan rate is introduced here and it can be
observed that, in general, the current increases with increasing scan rate. This can
be counterintuitive. However, the current is the definition of the charges passed
per unit of time, and hence the increase via a higher scan rate can be observed.
These regimes are of crucial importance to understanding the reaction kinetics and

to obtain proper measurements, especially in electro-catalytic applications.

iy =2.69%10°*n”/2% A CxVDxv (Eq. 14)
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Where i, is the peak current, n is the electron number transferred during the
process, A is the electrode area in cm?, C is the concentration of the active species
in mol/L, D is the diffusion coefficient in cm?/s and v is the scan rate in /s and the
constant value at the beginning comes from a temperature related term and it is

solved for a temperature of 25°C.

Varying the scan rate usually leads to an increase in current, according to Eq. 14,
however the increase in rate can also provide insight into the reversibility of the

reaction itself. (Fig. 14)
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Figure 14. Depiction of different CV profiles depending on the type of reaction occurring. (a) CV analysis of a
reversible redox couple, (b) of a quasi-reversible redox couple and (c) lastly of an irreversible redox couple'’®
Reprinted with permission and under the scope of open access license of Linképing University from Kosala
Wijeratne Linképing University Electronic Press., 2018, p.93, 10.3384/diss.diva-152888. Copyright 2018

Linképing University.

In fact, increasing the scan rate not only increases the current but can also
significantly change the shape of the CV curve depending on the species reacting
at the electrode. In fact, in a reversible reaction, the curve shape will remain
similar at all rates (Fig. 14a) and the difference between the cathodic and anodic
peak will be below 57 mV, value calculated from Eq. 14 considering E= E1.
However, there may be cases where the curves do not have the same shape and
instead the two peaks are starting to drift apart from each other. (Fig. 14b) This
case is called a semi-reversible reaction, where increasing the scan speed results

in @ more pronounced shift and separation of the two peaks, while still being


https://doi.org/10.3384/diss.diva-152888
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present. The last case, Fig 14c, is when the reaction is irreversible, meaning that
after one of the two electrochemical cycles, the return scan will provide no redox
peak. This is usually the case when the target species reacted or diffused quickly
away from the electrode surface and therefore not being available for

further 169,171,172

2.3.2.2: Galvanostatic measurements for energy storage devices

Another commonly used technique in electrochemistry and in battery science is
Galvanostatic Charge Discharge. (GCD) This technique, conversely to LSV and CV,
is a galvanostatic technique, meaning that a constant current is applied over time
and the potential variation is measured. GCD is widely applied in cycle and capacity
characterization of energy storage devices and often provides information on the
type of storage mechanism present in the materials, in addition to data on
resistance and capacity. (See Chapter 2.4.1) In general, this measurement is quite
straightforward, since charges are injected into the material up until a specific
voltage, however the shape of the as obtained curve can already provide several

information.
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Figure 15. (a)(b)(b) GCD curves of electrode materials and (d)(e)(f) their respective CV curves'’3 Reprinted from
Tyler S Mathis, Narendra Kurra, Xuehang Wang, David Pinto, Patrice Simon, Yuri Gogotsi, Adv. Energy Material,
2019, 9, 1902007 with permission from Wiley. Copyright belongs to Wiley, 2019.

From Fig.15, the GCD curves can suggest what kind of process is taking place. In
Fig 15a a linear increase and decrease in voltage is observed, forming a regular
triangular shape, and it can connected to the absence of any surface reaction,
confirmed by checking the corresponding CV curve (Fig 15d) where no redox peaks
are observed, hinting at an electric double layer type of mechanism. (Chapter
2.4.1) In contrast, in Fig. 15b and 15c, the presence of plateaus is observed, which
is connected to surface and bulk chemical reactions, as it can also be seen in Fig.
15e and 15f respectively. In the CV analysis, two redox peaks can be seen in both
cases, indicating a different charge storage mechanism, however these details will

be discussed more in depth in the relative chapter (Chapter 2.4.1).
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2.4: Applications: Supercapacitors and Hydrogen Evolution

Reaction (HER)

The material studied in this thesis work weere then characterized and used
keeping in mind two specific applications. The first one is related to energy storage,
specifically in supercapacitors, devices which are in between batteries and
capacitors, with present characteristics in between the two. (Fig. 16a) The second
one is their use as catalyst for the hydrogen evolution reaction (HER) to produce
green hydrogen, exploiting the already known properties of TMDC in such
application. In the following Chapter, basic knowledge of supercapacitors energy

storage and of electrocatalysis especially for the HER reaction. (Fig 16b)

(a) (b) Total reaction: 2H,0—0,+2H,
Oxygen node Cathode Hydrogen
J et
I B Er
H,0

Anode
apoyie)

Electrolyte

Figure 16. (a) Scheme of an energy storage device'’* and (b) scheme of an electrolyzer'’> (b) Reprinted from
Zhou, F., Zhou, Y., Liu, GG. et al. Recent advances in nanostructured electrocatalysts for hydrogen evolution
reaction. Rare Met. 40, 3375-3405 (2021), https://doi.org/10.1007/512598-021-01735-y with permission

from Springer Nature. Copyright belongs to Springer Nature, 2021.
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2.4.1: Energy storage: Supercapacitors

Supercapacitors (SCs) are part of the energy storage devices class and are the
middle ground between batteries and capacitors. They borrow characteristics
from both technologies and aim to provide the highest possible energy in the
shortest amount of time and, thus, their use as supply and backup energy sources
is quite useful, even though work needs to be done to achieve energy levels
comparable to batteries’” one. However, looking more in-depth at how these
devices storage charges can help understand the reason for the properties of these

devices.

SC devices are composed of two electrodes, a separator and an electrolyte, similar
to a battery, but the energy storage mechanism takes place on the surface of the
material itself. However, the energy storage mechanism may differ, depending on
interactions taking place on the surface. They can be mainly of two types: the first
one is based on non-faradic processes where the charges are bound
electrostatically to the surface,'®176177 while the other process consist of faradic
processes, meaning that a surface reaction takes place where an exchange of
electrons is involved.’8181 Since they are both surface processes, the increase in
surface area highly influence the capacitance of the material and therefore there
has been a lot of focus on improving this aspect of the material, however it has
also been reported, in 2005 by Linoam et al.'8218 that the size of the pores,
especially nanopores with size of few nanometers, is important to improve the

properties of the supercapacitors and further extend their surface area.

In general, considering their dependence on surface area, supercapacitors can be
seen as capacitors themselves and therefore a rough estimation of their
capacitance can be calculated by simply using the same formulas used in

conventional systems. (Eq. 15)

ggEx A
C = Od (Eq. 15)
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Where € and goare respectively the electrolyte dielectric constant and the vacuum
dielectric constant, A is the surface area of the electrode and d is the distance

between the two condenser’s plates or electrodes.

This was the initial assumption made by Helmholtz in 1879, where he was
considering only a layer of closely packed counter ions balancing the surface
charge of the electrode (Fig 17a). His theory was lacking from several points of
view, such as neglecting further interaction between ions and solvent molecules,
treating charges as point models and the simple assumption behind it, however
he was the first one proposing an explanation for interaction of solid-liquid phases.
Later on, Gouy-Chapman proposed a theory where ions were not static and could
diffuse and move due to thermal motion.'8418 This means that the charge
distribution decreases the further away the distance from the electrode, therefore,
allowing for the use of the Boltzmann distribution (Eq. 16) to describe the
concentration of ions from the surface to the bulk of the solution. (Fig 17b)

—ZieQ
kT

n; = niexp ( ) (Eq.16)

Where n{ is the bulk concentration of the ion, ziis the charge of the ion, e is the
charge of an ionic species, ¢ is the potential, k is the Boltzmann constant, and T is

the temperature.

This description was then further integrated by Otto Stern in the so-called Stern
model, which is similar to the one used these days.'®¢188 The model draws from
the two previous theories and considers a thin, closely packed layer of counter
ions at the electrode surface, with minimal distance to the surface. This equals
their ionic radius itself, therefore considering the size of the ions directly into the
model. It also includes a diffusion layer where solvated ions can approach the

electrode and be still affected by the charged electrode. (Fig 17c)
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Lastly, subsequent scientists further refined Stern’s model and addressed the
inherent issues the model initially had and gave explanation to other surface
effects, such ion adsorption or surface reaction. To this matter, Grahame
introduced the definition of “specially adsorbed ions” which includes the
previously described ions that, after losing their solvation shell, approach the
surface to react with it, giving rise to the pseudo capacitance.’®%1%! Moreover,
Grahame introduced the current separation in three layer of the Helmholtz-Stern
model. The Inner Helmholtz plane (IHP), encompassing all the ions in close
proximity to the surface with an average distance equal to the average diameter
of the ions themselves, which is called Inner Helmholtz layer or simply Stern Layer.
Then there is an Outer Helmholtz layer (OHP) which encompasses an area where
the solvated ion interacts with the surface and aligns around it, whose imaginary
border passes thorough the center of the ion at its minimal distance point. Lastly,
there is the diffusion layer where solvated ions are free to move around but with

low to null interaction with the surface of the electrode. (Fig 17d)

Diffusion layer | IHP OHP  Diffusion layer

it

QQ

' [}
Helmholtz Theory Gouy-Chapman Theory Stern Model

GCS Theory Grahame Model

Figure 17. Evolution of electric double layer models in the year, starting from (a) the Helmholtz model to (b)
the Gouy-Chapan model, (c) the Stern model or GCS (Gouy-Chapman-Stern) theory and lastly (d) the

Grahame correction

The last depiction provides a comprehensive description of the processes taking
place on the surface and allows for a distinction between the different sources
from which capacitive behavior can arise in supercapacitors. In fact, there are two
main types of supercapacitors, as mentioned before, based on faradic processes,
pseudo capacitive SCs, and on non-faradic processes, namely so called ELDC. The
first process is typical of metal oxides and conductive polymer, where a surface

redox reaction takes place, while the second is more common in carbonaceous
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species, with graphene and nanotubes as examples, where charges are simply
oriented like in a capacitor. There have also been reports, where each electrode
focuses on one of the two storage mechanisms in a so called asymmetric geometry,
and sometimes using directly a typical battery electrode, instead of pseudo
capacitive, called a “capattery” or a “super battery”, merging together properties

of both worlds to achieve even further enhanced performances.

Regardless of the storage mechanism in supercapacitor, the formula to calculate
the specific capacitance is the same, derived from the classic capacitance formula,

which is function of the charges and potential applied.1%173181 (Eq. 17)

L
Cs= e = Ifol/V(t)dt (Eq. 17)

Where | is the current density used in galvanostatic measurement, 1/V(t) is the
potential variation in function of time and the time is generally considered from
the beginning of the measurement to the end. The charges are calculated via GCD
graph, examplesin Fig. 14, and the Eq. 17 is a general way to consider and calculate
capacitance values, not depending on the shape of the measurement. However,
in the case of an ideal supercapacitor (perfectly triangular shape) or with a quasi-
triangular shape, a simpler formula can be used to calculate the specific

capacitance. (Eq. 18)

I*tdis
C. = Eq. 18
§ AV (Ea. 18)

Where | is the current density used during the measurement, t;; is the discharge
time of the curve and AV is the potential window used in the same measurement.
This is a very commonly used formula even for not ideal supercapacitor, which can
lead to overestimation of the capacitance, therefore Eq. 15 is suggest being used

in that case.
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Once the capacitance values are obtained, it is possible to calculate both energy

(Eg. 19) and power (Eq. 20) from which a Ragone plot can be built. (Fig 20) This

calculation must be performed using two-electrode measurements, since the

Ragone plot is often used to compare the characteristic and performances of

devices with each other, even though it is possible to calculate this value for a bare

electrode, comparing then material with one another.

E ! fid Vd G V7 (Eq 19)
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2.4.2: Electro catalysis: Hydrogen Evolution Reaction (HER)

Hydrogen is a very important material for the energy transition, because of its low
impact on the ecosystem when burnt and its energy density. However, it is an
energy vector, meaning that it can only transport energy from one place to
another. Therefore, it must be produced by some external process in one place to
be transported and used somewhere else as combustible to be of use. The most
common methodology used to produce hydrogen, currently, is the steam
reforming procedure, but this process consumes fossil fuels to produce the desired
product but also large quantities of CO;. Consequently, a green, efficient, and
renewable way to produce hydrogen must be found. Among the most promising
options, water electrolysis is the most appealing due to its ability to produce H;
from a very common source and because it is also the combustion product of the
energy vector, therefore closing the loop. Although particular attention must be
paid to the energy used for this reactions, since using nonrenewable sources

would not reduce the effective environmental impact of such process.194-1%

Water electrolysis is composed of two reaction: hydrogen reduction (Eq. 21, Eq.
22) and water oxidation to oxygen (Eq. 23, Eqg. 24), however in this section, only

the hydrogen evolution reaction (HER) part will be focus on.197-1%°

HER (Acidic): 2H* + 2e”—— H, (Eg. 21)

HER (Basic / Neutral): 4H,0 + 4e~ —— 2H, + 40H~ (Eq. 22)
OER (Acidic / Neutral): 2H,0 —— 4e~ + 4H* + 0, (Eq. 23)
OER (Basic): 4OH™—— 0, + 2H,0 + 4e™~ (Eq. 24)
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Looking at the basics of the HER, the reaction is a multi-step process catalyzed
reaction where two electrons are exchanged. It is composed of two main steps: 1)
the adsorption of H* or H,0 on the surface (depending on the solvent pH), called
Volmer step (Fig 19, Eq. 25), and 2) the desorption of the final H, molecule via
chemical (Tafel step, Fig 19, Eq. 26) or electrochemical (Heyrovsky, Fig. 19, Eq. 27)

Step _200—203

Volmer-Heyrovsky process

U / Heyrovsky step

H

o[ o] :
99
Volmer step \ v? = ';nlj "
Eleclrode | —— [ electoge | ——— Volmer-Tafel process
Tafel step

Figure 19. Scheme of Hydrogen Evolution reaction with highlight on the possible rds steps and possible

mechanism routes

H* + e”—— H* Volmer step (Eq. 25)
H*+ H" + e~ —> H, Tafel step (Eq. 26)
2H*—— H, Heyrovsky step (Eq. 27)

Each one of these steps can be the rate-determining and it depends greatly on the
catalyst used, since the reaction must use a catalyst to overcome the kinetic
barrier to start producing molecular hydrogen without reaching extreme condition.
Finding the ideal catalyst is challenging, because it involves solving performances
issues, but also durability and costs, therefore it is usually a very complicated task

204,205

to do. However, Volcano plots, constructing keeping in mind the Sabatier

principles and DFT calculations, are a way to have an idea of the performances of
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some specific metals for the reaction, where basically the best catalyst is the one
that bind H* strong enough to avoid adsorption problems and not too strong to

avoid poisoning of the material. (Fig 20)
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Figure 20. Volcano plot for HER reactio0.n?% Reprinted from Sara M. Stratton, Shengjie Zhang, Matthew M
Montemore, Surface Science Report, 78, 2023, 3 with permission from Elsevier. Copyright belongs to

Elsevier, 2023

As expected, noble metals are in the optimum range for HER reaction and Pt/C is
considered the benchmark catalyst for such a reaction with very low over potential
and Tafel slopes below 40 mV/dec. However, considering the growing need of
energy, even with a low loading of Pt on a support, the need and the cost for such
material will increase even further, thus reducing the appeal for noble metals, due
to their inherent high cost. Other transition metal are then the key to sustain an
increasing interest and need in hydrogen production and among this catalyst such
TMDC76206-209 ' metal borides!*3, and other metals??, but also mixtures of catalyst

such as Ni-Fe?!?, Ni/NiO?'2213, Ni/g-C3Ns*** and others. 203215216
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Chapter 3: Publications

In the following paragraphs, the publications on which this thesis work is based
are reported. Main author and shared authorship works are the ones contributing
to the dissertation, but also co-author works show the application, and further
collaboration underwent during the doctoral period. Each publication is
introduced by a short context section, describing, and expanding on the work
conducted as author during the publication period. Moreover, the specific
contribution | performed are highlighted to clearly differentiate my work from the
co-authors’ one. Below a concise summary and description of each type of
publication and the general contribution for such literature work is provided, to

avoid repetition throughout the short introductions.

Main Authorship:

A main authorship work encompasses and organizes work done by the candidate
over several months or years. The candidate is primarily responsible for a large
amount of the experimental, interpretation and writing work. Results are
discussed on a regular basis with the author co-authors, especially Prof. Teresa
Gatti. Manuscript drafts are mostly written and produced by the main author, with
continuous feedback and correction from the co-authors, unless otherwise stated

in the description part.

Shared Authorship:

A shared authorship work involves cooperative work done by two or more authors
that contributed equally to one or several areas of the work, such experimental
data gathering, data interpretation and manuscript preparation. This type of work
proofs a strong communication between the different main authors and a

continuous discussion between them and the different co-authors, in order to
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further elevate the quality of the work. Manuscript drafts are prepared according
to deliverables set by each of the main co-authors and are then corrected and

processed via continuous feedback between them and all co-authors.

Co-Authorship:

A co-authorship work pertains to the publication done by another author, where
the candidate has performed one or more task that helped further improve the
quality of the research. Such tasks can vary from experimental ones to draft
reviewing or writing ones. The main author takes the lead in manuscript writing
and the co-author provides targeted contributions, suggestions or reviewing a

specific section of the work to refine and elevate the final publication.
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3.1: Publication’s list:

Publication n°1:

Main Authorship.

Crisci M., Dolcet P., Yang J., Salerno M., Belteky P., Kukovecz A., Lamberti F.,
Agnoli S., Osella S., Gross S., Gatti T. “Design Principles and Insights into the
Liquid Phase Exfoliation of Alpha MoOs for the Production of Colloidal 2D Nano
Inks in green Solvents”, Journal of Physical Chemistry C, 2022, 126, 404-415

Publication n°2:

Main Authorship.

Crisci M., Boll F., Merola L., Johannes Pflug J., Liu Z., Gallego J., Lamberti F., Gatti
T. “Nanostructure 2D WS @PANI nanohybrids for electrochemical energy
storage”, Frontiers in Chemistry, 2022, DOI: 10.3389/fchem.2022.1000910. (Gold

Open Access)

Publication n°3:

Main Authorship.

Crisci M., Felix B., Domenici S., Gallego J., Smarsly B., Lamberti F., Wang M.,
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Hybrids with PANI as dual blend Super-capacitive Materials”, 2024, under

revision.

Publication n°4:
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RLL, 2024. DOI: 10.1002/pssr.202400039
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Wang M., Osella S., Torre B., Crisci M., Schmitz F., Altieri R., Di Fabrizio E.,
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Photoelectrocatalyst by Van der Waals Heterojunction Strategy,” ChemCatChem,
2024, €202400282
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“Liquid exfoliation of hydrothermally synthesized MoO3z meso-structures in low
toxicity solvents for the production of green 2D materials inks”

Crisci M., Dolcet P., Belteky P., Kukovecz A., Lamberti F., Gross S., Gatti T.
Chem2DMat, 2021, Online conference

Poster Presentation n°2

“2D transition metal dichalcogenide-conductive polymer hydrogel for flexible
energy storage devices”

Crisci M., Boll F., Pflug J., Merola L., Gatti T.

Graphene2022, 2022, Aachen (Germany)

Oral Presentation n°1:

“2D transition metal dichalcogenide-conductive polymer hydrogel for flexible
energy storage”

Crisci M., Boll F., Pflug J., Merola L., Gatti T.

EMRS, 2022, Varsaw (Poland)

Oral Presentation n°2:

“Electroactive 2D TMDC based polymer hybrid and hydrogel”
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3.2: Publication n°1

Design Principles and Insights into the Liquid Phase Exfoliation of
Alpha Mo0Os for the Production of Colloidal 2D Nano Inks in green

Solvents

Authors: Crisci M., Dolcet P., Yang J., Salerno M., Belteky P., Kukovecz A.,
Lamberti F., Agnoli S., Osella S., Gross S., Gatti T.

Before this publication, extensive work on the exfoliation of graphene and other
initial 2D materials was performed?!3¢217-219 while the use of MoOs as possible
candidate for such application was still investigated. In general, the LPE, the usual
technique used for ink production, has several parameters to consider to obtain a
concentrated and stable colloidal ink. The number of parameters makes this easy
technique, complicated to properly optimize. Among these solvents are one of the
major to take into account and already several researcher reported work on this
matter: Hanlon D. et al.1*® have studied the exfoliation of MoOs in high boiling
point solvents, such as NMP, DMSO and DMF, using shear exfoliation, proving that
the aforementioned solvents give the best results both in term of concentration
and 2D material thickness, confirming the thread seen also for other 2D materials.
However, the use of high boiling, expensive and potentially dangerous solvents, is
a big detriment for actual application of the material, therefore the quest to
successfully obtain high concentration inks using more environmentally friendly
solvents continued. Ji F. et al.??° proposed and tested more commonly available
solvents, such as ethanol and isopropyl alcohol, using also a pre-grinding step to
improve the yield, while also Datta R.S. et al.??!, Etman A.S. et al.??> and Sricharan
M. et al.?>3 reported use of low boiling point solvents to exfoliate such material,

with different degree of success.

With these considerations, publication n°1 needs to be seen as a continuation on

this research thread, focused on obtained high yield and small MoOs flakes using
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green and sustainable solvent and studying the effect of different exfoliation
instruments. a-MoQOs was synthesized using a straightforward hydrothermal

procedure already reported in literature??

, and it was used to produce 2D
materials inks, where solvents were changed (water, acetone, 2-butanone,
water/isopropanol mixture) and the exfoliation instrument. The solvents used in
these work were decided following the Hansen Solubility Parameter theory (HSP)
to try the efficacy of using such theoretical background to predict potential solvent
for the exfoliation of 2D material, as reported in some literature work.143145225 The
inks” sheet size and stability was characterized via DLS and Zeta Potential
measurements, however it must be pointed out that DLS, as techniques itself, is
precise only for spherical particles, therefore the use of such methodology is a
rough estimation of what can be observed with further specific characterization.
Optical properties were evaluated via UV-Vis analysis, while the morphology was
studied via TEM and SEM images and confronted with the previously used DLS
measurements. Lastly, the powder obtained from the inks were further
characterized via Raman spectroscopy, XRD, SAED, AFM and XAS, specifically
EXAFS and XANES using the synchrotron irradiation at SOLEIL. These last
measurements helped shine light on the atom position and local environment of
the Mo atoms and their level of distortion and bond length before and after
exfoliation. Lastly, DFT calculations were used to gain deeper insights on the
exfoliation final effect on the material and the results were compared with the one
of the materials obtained beforehand, to find matches between theory and

experimental work.

In general, the aim of this work was to use a mixture of theoretical and
experimental approaches to gain deep insight on the exfoliation process and
structural changes of 2D a-Mo0Os, using more commonly available and standard
for 2D materials characterization, while also exploring different approaches to gain
deeper insight in the exfoliation process and therefore leading the way in the use

of such techniques for the characterization of 2D materials.



Chapter 3: Publications

My role in the whole process is the one described beforehand in the Main
Authorship section, but more specifically experimental work and most of the
characterization were performed by the candidate, comprehensive as well of the
XAS data, which were, however, further analyzed by one the co-author Dolcet

Paolo.
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ABSTRACT: The interest in layered 2D nanomaterials has
witnessed an impressive growth in the last years, bringing to the
discovery of many new species and methods for their preparation.
The liquid-phase exfoliation (LPE) of crystalline bulk powders is
certainly the most suitable method for scaled-up production,
allowing also the convenient access to solution processing
techniques for the direct utilization of the produced 2D material
colloidal inks. Given the large number of reports on LPE processes
for different 2D materials, today, it is necessary to specifically
define the results of similar investigations, so as to provide the
scientific community with clear guide]ines for identifying design
rules and applying standardized procedures. In this work, we
present a systematic study on the LPE process for @-MoQj, a stable
high band gap semiconductor, which in its 2D form has been

/Bulk s’ Tip Sonication N\

- Shear
‘ Mixing
; Green

Solvent LPE u-MoO/

employed for many purposes, ranging from catalysis to energy/optoelectronic devices and sensing. We investigate the effect of
different low-toxicity solvents and instruments for its LPE and provide new insights into the structural and electronic properties of
the resulting 2D nano-inks in a joint experimental—computational effort, which will represent a solid source of information for the
future implementation of liquid-dispersed layered @-MoO; nanosheets in different fields.

1. INTRODUCTION

In the past years, many research efforts have been directed
toward the identification of species that can be used in
substitution of the so-called critical raw materials for different
vital applications, with the aim of preventing a global supply
crisis driven by the progressive increasing demand of
technological items.' In this context, metal oxide semi-
conductors emerge as a valuable platform to obtain new
substitute materials, considering their chemical stability and
ease of tunability in functional properties, achievable through
different methods, ranging from doping to dimensional
variation from the bulk to the diversified nanoforms.'

Molybdenum trioxide (MoQO,) emerges as a suitable
candidate for this role:
material, and its oxide is an interesting semiconductor,
characterized by a high band gap, high work function, and
notable environmental stability.*~" This material attracts
interest for a very wide range of applications: there are
numerous reports on its use for electro-, thermo-, and
p110'(0c]'n‘011‘1ism,87ll 14,13
solar cells,"?” demonstrating its versatility in different
functions.

Mo is indeed a non-critical raw

cahlyﬂ.ls,l2 5 Lidon batteries and
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MoO, can display three main crystalline phases, namely, the
highly stable a- and h-phases and the metastable f-phase. In
these phases, MoO; octahedra are always present as basic
structural units, but they differ in their relative connectivity. In
the a-one, the MoOjg octahedra organize in order to form an
orthorhombic cell that results from the ove:rlap of different
MoO; layers, where they are connected by sharing oxygen
corners, while these layers are held together by van der Waals
forces. The fi-phase is a metastable monoclinic phase that
resembles the structure of ReQ;, while the h-phase has a
hexagonal structure where the octahedra are connected via
corner sharing oxygen atoms that form long linear chains.'®'”
The a-phase is the most investigated one due to its layered
structured, which makes o-MoQO; similar to other layered
materials, such as the transition metal dichalcogenides
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(TMDs) MoS, and WS, and the corresponding selenides and
tellurides,”” making it suitable for exfoliation processes leading
to the formation of the corresponding material in a two-
dimensional (2D) form. 2D MoO; is an emerging 2D material,
together with other 2D metal oxides, investigated for similar
purposes as the three-dimensional (3D) counterpart, but
offering more promising perspectives in terms of high surface
to volume ratio, which favors interfacial exchanges with charges
or molecules, adsorbates, and other nanomaterials.?'~

The liquid-phase exfoliation (LPE) is a particularly
convenient top-down process for the production of 2D
materials as colloidal inks, suitable for subsequent direct
utilization or processing, which can be carried out through
shear mixing (SM) or tip sonication (TS) in a liquid-dispersed
phase.”* ™ Several liquid media can be employed for this
purpose, the most effective generally being organic high boiling
point solvents, such as N-methylpyrrolidone (NMP),***' or
dimethylformamide™>* and dimethyl sulfoxide,**** which
have all led to 2D material inks with very high concentration,
but that hold considerable drawbacks related to the difficulties
in removing them during processing and to the toxicity and
high cost issues.’™*” For this reason, research aiming at
resorting to non-toxic solvents during LPE,*® such as
water™ " or alcohols,*** is progressively attracting increas-
ing interest from the scientific community. However, these
green solvents, when used as the sole dispersants, have some
limitations connected to the relatively low concentration in
final 2D materials that they allow to reach, being often
necessary to resort to the assistance of surfactants to improve
their stabi_lity,'% which can then compromise the electronic
properties of solution-processed thin films through their
insulating effect.

In this work, we present a systematic investigation on the
LPE of a-MoOj crystalline powder in a series of green solvents
characterized by relatively low boiling points without the help
of any dispersant, allowing us to define the best media to
produce good quality 2D @-MoO; nano-inks. We also compare
the effect of resorting to SM or TS as exfoliating instruments
and of protracting the process for different times while looking
in detail at the physicochemical and morphological properties
of the resulting colloids. Advanced structural analysis achieved
by resorting to X-ray absorption spectroscopy (XAS) provides
new insights into the structure of @-MoQ; 2D nanosheets,
which have been never reported before, to the best of our
knowledge. These data, combined with density functional
theory (DFT) investigations, allow us to shed new ]iﬁht onto
the properties of this emerging 2D semiconductor,™ which
might serve as guidelines for its future implementation in
energy-related or optoelectronic devices as well as for its use in
sensing and catalysis.

2. MATERIALS AND METHODS

All chemicals were purchased from Sigma-Aldrich and used
without any further purification. ®-MoQ; was synthesized
usinﬁg an already reported procedure developed by some of
us.*® Technical grade isopropanol (IPA) was used for LPE.
UV—visible (UV—vis) absorption spectra of the colloidal inks
were recorded on a Goebel Uvikon spectrometer using a
quartz cuvette of 1 ¢m optical length. Raman spectra were
recorded on a Bruker Senterra instrument using a 514 nm laser
excitation source. The samples were prepared by drop-casting
the suspensions over a silicon slide and then analyzed. Zeta
potential (ZP) was measured on a Malvern Zetasizer Nano-ZS
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device. The samples were measured in Rotilabo precision glass
cuvettes with a light path of 10 mm and a volume of 3.5 mL.
High-resolution transmission electron microscopy (HR-TEM)
images and selective area electron diffraction (SAED) patterns
were acquired on a FEI Tecnai G2 20 X Twin TEM operating
at 200 kV. Powder X-ray diffraction (P-XRD) analysis was
performed at ambient temperature with a PANalytical B.V.
X'Pert PRO diffractometer employing Cu Kal radiation, The
instrument operated at 40 kV and 40 mA using a 1° divergence
slit for the incident beam. Atomic force microscopy (AFM)
and Kelvin probe force microscopy (KPFM) were both carried
out on an MFP-3D atomic force microscope by Asylum
Research-Oxford Instruments, using NCHV probes, of highly
doped (0.01-0.025 Q cm) n-type (An-doped) silicon, with a
nominal cantilever resonance frequency of 320 kHz and a tip
apex radius of curvature 8 nm, operated in the Nap (ie,
double-pass) mode at a typical elevation height of 50 nm, X-
ray photoelectron spectroscopy (XPS) measurements were
performed in a custom-designed ultra-high vacuum chamber,
working at a base pressure of 107 mbar, equipped with a non-
monochromatized dual-anode DAR 400 X-ray source, a 5-
channeltrons, and an Omicron EA 125 electron analyzer. The
XPS data were collected at room temperature with an Al Ka
line (1486.7 eV) using 0.1 energy steps, 0.5 s dwell time, and
20 eV pass energy. The calibration was based on the binding
energy (B.E.) of the Au4{7/2 line at 83.9 eV with respect to
the Fermi level. The standard deviation for the B.E. values was
0.15 ¢V. The reported B.E. was corrected for the B.E. charging
effects, assigning the B.E. value of 284.6 eV to the C 1s line of
carbon. XAS spectra were collected at the SAMBA beamline of
the SOLEIL synchrotron facility (Gif-sur-Yvette, France). Data
were collected at the Mo K-edge using a Si(220) crystal
monochromator for energy selection (energy resolution ca. 6 X
107"%). Powdered samples were pressed into pellets, using
cellulose as a binder, and measured in the transmission mode,
using Oxford ionization chambers as detectors. The samples in
liquid suspension were recorded in the fluorescence mode,
exploiting a 35-elements Ge detector.

2.1. LPE of a-MoO; Powder. To produce the bulk a-
MoO; suspension in a liquid environment, 1 g of the powder
material was dispersed in 100 mL of the chosen solvent (water,
IPA/water 6:4 v/v, acetone, and 2-butanone). Then, the
resulting slurry was pre-sonicated for 30 min in a bath
sonicator (Elma, Elmaosonic P) in order to disperse
completely the material. This was then followed by LPE via
SM (on an IKA T 25 digital Ultra-Turrax instrument),
operating at 8000 rpm or via tip TS (on a Bandelin Sonopuls
HD2200 instrument) operated at 80% power using pulses of 3
s on/3 s off. Both operations were carried out for three
different times (2, 4, and 8 h). Once the LPE process was
completed, liquid cascade centrifugation was applied to
separate the different species in suspension based on relative
size and thickness, so as to isolate a final colloid containing the
most exfoliated fraction. The resulting suspension was thus
centrifuged first at 1500 rpm (210 rcf) for 1 h, and then the
supernatant was carefully removed and centrifuged again at
3000 rpm (837 rcf) for 1 h. This final supernatant was
recovered as the target colloidal ink and used for character-
izations. The concentration of these final inks was calculated
by either drying 10 mL of the suspension in a previously
weighed Petri dish and calculating the difference in weight or
filtering S mL of the suspension through a previously weighed

https://doi.org/10.1021/acs jpcc.1c09221
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PTEE filter and calculating the difference in weight after drying
the filter in a vacuum oven at 40 °C overnight.

2.2, Computational Analysis of Bulk and 2D a-MoO;.
The @-MoQO; 3D orthorhombic crystal structure was
considered as the input structure for ab initio calculations
carried out at the DFT periodic protocol within the PWscf
package of the Quantum Espresso 5.1 program.”” Geometry
optimization was performed with scalar relativistic pseudopo-
tentials,"® with the PBEsol functional,*’ together with a wave
function and a density cutoff of 50 and 400 Ry, respectively. A
18 X 6 X 18 k-sampling was considered for the analysis of the
first Brillouin zone, and band structures, density of states
(DOS), and work function shift were analyzed. From the
optimized 3D a-MoQ; structure, a 2D slab has been extracted,
and the geometry was optimized at the same level of theory
with now a 18 X 1 X 18 k-sampling (the y-axis has been
considered as the direction normal to the plane of the slab).

For the ab initio X-ray absorption near edge structure
(XANES) calculations, the parallel version of the FDMNES
package was used.*™*' The FDMNES code features the real-
space monoelectronic calculations. The final state was
calculated using the finite different method (FDM) of the
FDMNES code; this method is a full potential one and
introduces no approximation on the shape of the potential.
The XANES contributions of the Mo sites were calculated
using a cluster radius of 7 A. A convolution procedure was
applied to the calculated spectra to account for the core hole
lifetime and multi-electron excitations.

3. RESULTS AND DISCUSSION

In previous works, different conditions for the LPE of a-MoO,
were reported, employing different solvents such as NMP,™
various alcohols,'™** and water/surfactant mixtures.”*> Tt is
possible to predict the LPE suitability of a solvent by resorting
to several models, such as by considering the surface tension
compatibility and the Hildebrand parameters.®® However, the
mostly used and reliable way is to apply the Hansen solubility
parameter (HSP) theory, commonly employed in polymer
chemistry to predict the solubility, but demonstrated to work
well also for LPE 2D materials.’® ™" The HSP theory states
that the smaller is the interaction radius between the material
and the solvent, the better will be the stability (eq 1)

R, = \J4(%p = du) + (B — &) + By — 8y)) (1)
where dy, is the dispersive component for the material chosen,
8y, is the dispersive component for the solvent, (sz and ?591 are
the polar components for the material and the solvent,
respectively, and &, and &), are the hydrogen bonding
contribution of the two.

Therefore, in order to minimize the R, value and then
increase the compatibility between a solvent and a material, the
dispersive, polar, and hydrogen bonding parameters have to be
as close as possible to each other. Based on this theory, in this
work, a pre-screening of different solvents was performed to
ascertain the relative a-MoQ; compatibility and determine
which solvent should perform better. Among the examined
solvents, water, a mixture of IPA and water, acetone and
butanone were selected. The first one was chosen mainly for its
absence of toxicity and to test the possibility to exfoliate a-
MoQ; directly in water without the use of any surfactant, while
the other ones were chosen because of low R, ratio, with 2-

butanone being the most promising one (see Table 1 for a
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summary of the HSPs for the here investigated solvents and for
-MoO,, as well as the calculated R, values).

Table 1. HSPs for the Different Solvents Used in This Work
and for @-MoO; and Relative R, Calculated between Each
Solvent and the Oxide Employing eq 1

solvent/material 8y 84 &, R,
H,0 18.1 17.1 16.9 13.8
IPA/H,0 (6:4 v/v) 16.7 10.5 16.6 10.6
2-butanone 16 9 S1 4.0
acetone 155 10.4 7 52
a-MoQO; 17.8 8 6.5

In addition to varying the liquid medium, the type of
instrument (either SM or TS) and the exfoliation time (2, 4, 8
h) were also tuned to perform a systematic study and identify
the optimal conditions for the LPE of @-MoOQ;. Figure 1
summarizes the overall process and different conditions
applied: powder bulk a-MoO; produced via hydrothermal
synthesis™ dispersed in the selected liquid media undergoes
LPE in the different established conditions, and the final
mixture after exfoliation is subjected to multiple steps of liquid
cascade centrifugation at an increasing speed to selectively
precipitate the non-exfoliated products (pellets) before
obtaining a final colloidal ink of the most exfoliated «-MoO;
material, used for further characterizations (see the exper-
imental details of this process in the Materials and Methods
section).

Table 2 summarizes the different data obtained for the
various prepared LPE inks. By first looking only at the final
colloid concentrations, it is possible to highlight different
trends in relation to the instrument and solvent employed. For
the samples exfoliated in water, shorter LPE times resulted to
be more suitable in yielding higher concentration inks. For the
ketones (acetone and 2-butanone) instead, the final ink
concentrations increase with the LPE time for almost all
samples; however, this concentration is always lower compared
to that obtained for the water exfoliated sample (for certain
samples in 2-butanone, the concentration was too low to be
effectively measured by weighing the dried residue). These
values should be compared to other literature data: Hanlon et
al.>? repurted an optimal yield of 0.17 mg/mL for LPE a-
MoQ)j in pure IPA, while Dutta et al®? reported a yield of 0.33
mg/mL in ethanol/water. These numbers appear to be in
perfect agreement with the order of magnitudes for LPE yield
found by us, with some of ours even exceeding them slig}ltly
(e.g, SM in H,0).

The ZP data, also summarized in Table 2, allow us to
estimate the colloidal stability of each final LPE MoQj; ink. By
examining them, it is possible to state a good match with the
HSP theory used to actually select the liquid media. Indeed,
the ZP values for 2-butanone and acetone suspensions have the
highest values, between —30 and —45 mV, indicating long-
term stable colloids, while the ZP values for water are in the
range of —25 and —40 mV, indicating a medium-/short-term
stability and those in IPA/water have values lower than —20
mV, hinting at relatively low-stability colloids prone to
coagulation in a shorter timeframe.

In order to characterize further the obtained LPE @-MoQOj;
colloids, we catried out additional analyses, namely Raman and
UV—vis absorption spectroscopy and TEM/AFM. Raman
scattering is widely employed to ascertain the changes into

https://doi.org/10.1021/acs jpcc.1c09221
. Phys. Chem, C 2022, 126, 404—415
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Figure 1. Schematic representation of the LPE process for a-MoO; described in this work and parameters whose effect was investigated, namely,

type of the exfoliating instrument, liquid medium, and exfoliation time.

Table 2. Summary of the Different LPE a-MoO, Inks, Exfoliation Times, Employed Instruments and Relative Concentrations,

ZPs, and E,,,

solvent 1 (v/v) solvent 2 (v/v) LPE time (h) LPE method concentration (mg mL™") ZP“ (meV) ES‘FF' (eV)
H,C 2 TS 027 -39+ 12 3.62
H,O 4 TS 0.34 =34+ 21 3.04
H,0 8 TS 0.24 =36 + 1.6 3.68
IPA (6) H,O (4) 2 s 0.36 —19 +29 3.07
1PA (6) H,0 (4) 4 TS 0.24 —16 + 0.9 3.08
IPA (6) H,0 (4) 8 TS 013 -9+ 06 3.05
2-butanone 2 TS —42 £+ 8.5 2.90
2-butanone 4 TS 0.015 —47 + 0.8 3.00
2-butanone 8 TS 0.045 —42 + 2.8 317
acetone 2 TS 0.06 =30 + 2.1 3.06
acctone 4 TS 0.015 —-35+ 13 3.04
acetone 8 TS 0.045 —49 + 1.9 2.97
H,0 2 SM 0.57 —43 + 34 3.60
L0 4 SM 0.47 =27 £ 1.7 3.61
H,0 8 SM 0.40 =32+ 16 3.65
IPA (6) H,0 (4) 2 SM 0.19 —16 + 1.0 3.08
1PA (6) H,0 (4) 4 SM 021 —15 + 03 3.06
IPA (6) H,0 (4) 8 SM 0.19 =11 +07 3.07
2-butanone 2 SM -33+ 1.6 3.05
2-butanone 4 SM =37+ 1.7 3.09
2-butanone 8 SM —31 + 0.6 3.12
acetone 2 SM 0.02 =31 + 04 3.00
acetone 4 SM 0.02 =15+ 035 2.99
acetone 8 SM 0.07 =25+ 0.6 3.00

“The values reported here are an average of three different measurements.

spectra reported in Figure 2.

"Calculated from the Tauc plot derived from the UV—vis absorption

phonon modes when a dimensional reduction is carried in a
layered material progressing from the pure 3D to the 2D form.
In many 2D materials such as MoSz,m*62 WSZ,“ and
gral:\hene,M’f’5 Raman spectroscopy has been demonstrated to
be one of the most powerful tools to state the number of layers
present in a sample. However, for the characterization of
layered MoOQ;, this technique does not provide significant
information to distinguish the 2D form from the bulk. A
comparison between the bulk @-MoQ; powder Raman spectra
and those of some representative exfoliated samples is reported
in Figure S1 of the Supporting Information (SI}. In these
spectra, the sign:lls at 996 and 666 cm™' and at wavenumbers
<400 cm™' show a slight red shift following dimensional
reduction, which could be however within the Raman error,
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although it has been theoretically predicted® (the attribution
of the signals to the different Raman modes is clarified in Table
§1). Normalization on the most intense symmetric stretching
mode of the terminal oxygen atoms or the doubly connected
bridge—oxygen Mo—O-Mo at 818 cm™
highlight any change in relative intensity ratios with other
modes, thus confirming that Raman for this specific layered
material is not the suitable technique to ascertain the
dimensional reduction, as it was shown before.**®

UV—vis absorption spectra were acquired for all the LPE a-
MoO; colloidal inks, as summarized in Figure 2, to verify
whether a change in the energy of the optical band gap (Eg,,)
of @-MoQj; can be detected following exfoliation, applying the

does not also

https://doi.org/10.1021/acs jpcc.1c09221
J. Phys. Chem, C 2022, 126, 404—415
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Figure 2. (a—h) UV—vis absorption spectra of the different LPE ¢-MoQj inks produced in this work employing multiple liquid media and SM or
TS as the mechanical exfoliation method. The spectrum of bulk @-MoO; was recorded on the solid powder through reflectance spectroscopy, and it

is reported in every graph for the sake of comparison.

Tauc method™*” to calculate its value at the absorption onset

(all By, values are reported in Table 1).

In TMDCs, this technique normally allows to follow the
blue shift of the excitonic transition during exfoliation, in
agreement with the quantum confinement effect;“**? however,
a-MoQ; does not present any excitonic absorption whose
position can be probed by UV—vis. Despite that, UV—vis can
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still be used to determine the band gap and its energy shift.
The as-synthesized bulk @-MoO; has a measured indirect band
gap of 2.8 eV, while all the LPE suspensions show an increase
in this value from hundreds of meV up to almost 1 eV (Table
1). This indicates that possibly some samples might have
undergone a dimensional reduction (e.g., the samples in pure
H,0, Figure 2ab), while others might feature a quasi-2D

https://doi.org/10.1021/acs jpcc.1c09221
. Phys. Chem, C 2022, 126, 404—415
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Figure 3. (a) Pictures of the LPE o-MoQj colloids in pure H,O prepared via SM (left) and IPA/H,O prepared via TS (right). XPS analysis of (b)
as-synthesized a-MoQ; powder, (¢) LPE MoO, in H,0 prepared via SM, and (d) LPE MoOQj in IPA/H,O prepared via TS.
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Figure 4. HR-TEM images of representative LPE ¢-MoO, colloids. (a) Samples in H,O obtained via SM for 8 h and (b) samples in IPA/H,0

obtained via TS for 4 h.

structure (such as those in butanone, Figure 2e—f), as also
previously reported in the literature.”" To farther investigate
the variation in the electronic properties of a-MoQj; following
LPE, KPFM was performed to probe the work function (WE)
of the material. The KPFM data on the samples with the
largest optical band gap (colloids in H,O and IPA/H,0) show
an average value for the WE of 4.56 + 0.56 ¢V, which appears
decreased as compared to the values obtained from the bulk
material*® of 5.11 + 0.50 eV, indicating a shift of the Fermi
level toward the vacuum level, as expected following quantum
confinement toward the 2D form.”

Despite the wide band gap of some of the prepared LPE a-
MoQj; inks (namely, the ones in pure H,O and IPA/H,O
mixture), remarkable changes in the color to the naked eye
result depending on both the solvent and instrument employed
for the LPE. Figure 3a shows the two significant cases of the
inks produced in IPA/H,0 via TS and in H,O via SM,
respectively: while the latter is transparent, in line with the
expectations considering the band gap of the material, the
former presents a blue coloration. Since no significant traces of
an absorption in the red zone of the visible spectrum are
detected in the optical absorption spectra (Figure 2d), we
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expect that this coloration might be due to the presence of a
relatively low quantity of Mo(V) moieties/oxygen vacancies,
which can anyway contribute to change drastically the color of
ink.”"® In order to state the presence of Mo(V) in the
blue-shaded ink, XPS measurements were performed (spectra
of the molybdenum zone are reported in Figure 3b—d). From
the XPS analysis, it is possible to clearly highlight that in the
bulk -MoQ, material, some Mo(V) moieties were already
present (Figure 3b). However, after LPE with the two different
exfoliating devices (SM or TS), the quantity of Mo(V) sites
slightly increases in the SM experiment (Figure 3c), but their
concentration is perhaps not high enough to show their typical
coloration in the resulting colloid. On the contrary, in the TS
case (Figure 3d), a considerable increase in Mo(V)
contribution in the photoemission spectrum is detected, thus
explaining unambiguously the blue color of the suspension.
Such an increase in the number of defect sites is most likely
related to the harsher LPE conditions that result from the use
of the TS method, known to cause flakes breaking other than
exfoliation only,””® compared to the milder SM. It is
particularly interesting to notice that such a blue coloration
emerges as a predominant effect only at very high quantities of

https://doi.org/10.1021/acs jpcc.1c09221
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Figure 5. XANES spectra of (a) LPE @-MoQj; colloidal inks with (b) relative zoom in the post-Mo-edge features. (c) XANES spectra of LPE o-
MoO; powder obtained after drying the ink produced in H,O after 8 h SM with relative zoom on the post-Mo-edge features in (d). In all the
spectra, an internal comparison with the spectra of the precursors a-MoQ; and AHM is also reported (measured as powders) for the sake of

comparison.

Mo(V) moieties in

the materials, indicating that the

nanostructures in suspensions can withstand a high degree of
Mo(V) atoms (or oxygen vacancies). In addition, the
coloration results more intense in alcohol-based mixtures:
this can be explained by the slightly reducing characteristic of
the alcohol that likely promoted the formation of reduced
species’ ™"’ during the exfoliation process [this phenomenon
seems to increase when the samples are left in light, which
might trigger the further Mo(VT) reduction by means of TPA].

To compare the variation in the electronic properties
studied through UV-—vis absorption with the effective
nanomorphology of the resulting LPE a-MoQj; colloids, HR-
TEM analysis was performed to understand the size and
dimension of the particles in suspension. Representative ink

samples were selected

to perform this analysis (see Figures 4

and S2) based on their higher concentration with respect to
other inks and optical band gap opening (either large or small).
From the TEM images, it can be seen that the sheet lateral size

can reach dimensions

up to 1 ym and that the material has

been successfully exfoliated in some samples (see Figure 4a,b),
especially in the H,O LPE samples, which are also those
reporting the highest opening of the optical band gap (Table
2). From a closer look at the images at high magnifications
from Figure 4, it is possible to highlight the atomic
morphology of the nanosheet planes: particularly in Figure

4a, showing the aspect
order appears to be

of the LPE samples in H,O, the atomic
altered compared to what should be

expected from the starting crystalline @-MoO,, hinting at a

partial loss in crystalli

nity after LPE and at the concomitant

formation of an amorphous phase in certain zones of the 2D
nanosheets. Also, in the IPA/H,O ink, this amorphous phase
seems to be partially present (Figure 4b), together with
crystalline domains, pointing at an amorphization of the
material in the presence of water during LPE. On the other
hand, the TEM images of the LPE sample in butanone (Figure

S2) clearly show that the low E

bulk a-MoQ; is due

qap increase with respect to the
to a non-efficient production of few-

layered species. The presence of an amorphous component can

be further detected by

carrying out P-XRD analysis of the LPE

a-MoQ, dried material: Figure S3 shows a comparison
between the diffractograms of bulk @-MoO; and of the
exfoliated samples in H,O (SM 8 h) and in IPA/H,O (TS 4
h), from which, in the two latter samples, the emergence of the
typical @-MoOQ; reflexes from a large amorphous background is
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clearly detected which is not present at all in the former. On
the other hand, SAED analysis carried out locally on individual
nanosheets on the TEM grid shows the presence of crystalline
features (Figure S4), although these reflexes are coincident
with high 26 value reflexes in the P-XRD patterns of a-MoQj,
while the main material reflexes remain buried in the central
part of the SAED pattern and are thus not distinguishable.

Once the information about the dimension and morphology
of the LPE materials was obtained through TEM, the
investigation was focused on understanding the thickness of
the nanosheets, and to this aim, AFM analysis was performed
(the results are displayed in Figure S$ in the Supporting
Information). Through this analysis, it was possible to track
nanosheet thicknesses varying within a narrow range, from
bilayers (~1.8 nm) to five to six layers (~5—6 nm), further
demonstrating that in the case of the colloidal samples in H,0
and IPA/H,O, the LPE was successful.

To gain further insights into the atomic arrangement of the
obtained LPE a-MoOj colloids produced via LPE in different
liquid media, XAS measurements were performed at the
SAMBA beamline of the SOLEIL synchrotron (Gif-sur-Yvette,
France) directly on the colloidal inks and on the solid material
obtained after drying the ink in H,O produced via SM, being
this one the most promising in terms of the 2D aspect ratio,
and the results were compared to those obtained for the -
MoQ; precursor in solid form and also for the precursor of this
last one, namely, ammonium heptamolybdate (AHM). Next,
the XANES spectra are first discussed, allowing us to unravel
the atomic configuration around the Mo atoms, that is, their
coordination sphere in the 2D nanosheets as compared to the
bulk material. The recorded spectra are shown in Figure 5 for
both the colloidal inks and the dried powder in comparison
with the a-MoO; precursor and AHM, with both these
references known to feature an octahedral coordination
geometry around the Mo atoms. The liquid suspensions in
Figure Sa show features similar to those of bulk a-MoOQ;, in
particular, a pre-edge feature at around 20.07 keV representing
the forbidden 1 s — 4d transition in Mo atoms.”® This
transition becomes more pronounced when there is an overlap
between O p-orbitals and Mo d-orbitals, with a high degree of
distortion greatly improving such an overlap and subsequently
the intensity of the pre-edge feature. By comparing this peak
across the different samples, it is possible to evidence that
those obtained by LPE in H,O and IPA/H,0 show a less

https://doi.org/10.1021/acs jpcc.1c09221
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Figure 6. (a) EXAFS spectra and (b) not-corrected Fourier transformed EXAFS spectra of LPE @-MoQ, powder obtained after drying the ink in
H,O prepared through 8 h SM. The internal comparison with the spectra of the precursors @-MoQ; and AHM is also reported. (c) Details of the a-
MoO; crystal structure highlighting the atomic distances probed by the EXAFS analysis (left: view along the a-axis; right: view along the c-axis).
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Figure 7. (a) Total DOS for the bulk (black line) and slab (red line) of =-MoQ;. The horizontal lines refer to the eigenvalues. (b) Band structure

along the first Brillouin zone for both bulk and slab a-MoO,.

intense pre-edge feature, indicating the existence of a higher
symmetry compared to the reference compounds r-MoO, and
AHM, while that in butanone gives rise to a more intense
signal in the same zene, indicating a more distorted structure.
By analyzing the main edge feature, information on the type of
Mo site can be gathered: in general, octahedrally coordinated
Mo features three main peaks, indicated in Figure S as A
(20.025 keV), B (20.037 keV), and C (20.055 keV). These
originate from the MoOjg octahedra (a structure composed of
four long Mo—O bonds and two shorter Mo=0 bonds)
sharing edges, and their relative intensity differs depending on
the different Mo sites present in these polyoxoanion
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structures.”” These sites are called 1, 1/, and 2: the first two
represent a Mo atom sharing the edges with three other Mo
atoms, with a slightly difference in Mo—O bond length, while
site 2 represents a Mo atom surrounded by 6 MoO,
octahedra.” For this latter site in particular, the intensity of
peak B is much less intense as compared to sites 1 and 1"
Specifically, in the spectra presented here, it is possible to
notice how the LPE samples in H,O feature an increase in
intensity and small shift toward lower energy in peak B, in
direct relation to the absence of type 2 sites, and a decrease in
intensity in peak C, which is connected both to the Mo
coordination and to the second O shell around Mo. Those two

https://doi.org/10.1021/acs jpcc.1c09221
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variations altogether account for a decrease of type 2 sites and
a decrease in long-range interactions between different Mo and
O, which can be related to a decrease in dimensionality. In
addition, this sample also show a slight shift of the absorption
edge position toward lower energies, compatible with the
presence of the Mo(V) moieties detected via XPS. The
presence of these reduced species has an even more profound
effect on the sample in IPA/H,O prepared via TS since the
edge position is also shifted but, more relevantly, feature B is
strongly shifted and overlaps with peak A.

Comparison has to be made then with the XANES spectra of
a dried powder obtained from the best 2D colloid available
among the here analyzed (namely, the I,0 8 h SM, Figure
5d), where it is possible to observe, upon drying, a clear change
in the spectrum: the pre-edge and edge features resemble those
in the AHM spectra, rather than @-MoQj3, indicating distorted
octahedra around the Mo(VI) centers. Compared to the
crystalline @-MoQj, peak A slightly increases in intensity, while
peak C decreases: those combined observations suggest a
change in ratio between sites 1 and 1° (see the different
computed site contributions in Figure S6), overall pointing to a
partial restacking of the 2D nanosheets once they are not
anymore in the colloidal state.

The extended X-ray absorption fine structure (EXAFS) part
of the XAS spectrum was further analyzed for the dry sample
(for the inks, this was not possible given the very low signal-to-
noise ratio). This analysis provides information about bond
lengths around the scattering atom, and changes in those
lengths are detected for the here investigated materials when
going from bulk «-MoOj to the 2D MoQ; nanosheets (see
Figure 6 and Table §2 in the Supporting Information for a list
of the estimated bond lengths). While the first coordination
shell resulted similar to the bulk oxide in terms of Mo—O
lengths, in the second coordination sphere, both Mo—0O and
Mo—Mo bonds are considerably shorter in the 2D LPE a-
MoOQ; powder compared to the bulk material. A similar effect
can be attributed to a certain strain existing within the 2D
nanosheets, as evidenced previously for TMDs,*® and provides
new interesting insights into the structure of few-layer a-
MoQ;, which can have an effect on the optical and electronic
properties of this low-dimensional material, as it has been
highlighted also for 2D TMDs."’

To gain deeper insights into the experimental data,
computational analyses on the 3D bulk structure of a-MoQO,
and the 2D slab were performed, and the results reported in
Figure 7. After geometry optimization of both bulk and slab
structures, very similar bond lengths as measured by EXAFS
were obtained, with a maximum error of 0.23 A for the Mo—
01 distance in the bulk and of 0.62 A for the Mo—O3 distance
in the slab. Since this bond distance is in the direction of the
vacuum in the slab, it should not strongly affect the electronic
properties here reported. Interestingly, we observe only slight
variation in the DOS going from bulk to slab, with a main
decrease in intensity rather than energy position. Yet, a band
opening of around 50 meV was obtained at the Gamma point,
from a value of 2.79 eV for the bulk to 2.85 eV for the slab.
The band gap opening in is excellent agreement with the
measured UV data. The discrepancy between some exper-
imental values and the computation arises from two factors,
namely, that all the calculations were performed in vacuum, for
a single-layer structure, and without considering the effect of
the different solvents on the electronic properties. Never-
theless, a large shift in the work function value has been
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computed, with values of 5.36 and 4.96 eV going from bulk to
slab, which is again in excellent agreement with the measured
values, and suggests a shift toward the vacuum for the slab, as
well as the low importance of the solvent nature in determining
the electronic properties of the slab (the solvent is important
for LPE but does not affect the gap or WF shift). This is
directly related to the quantum confinement effect which rises
when the dimensionality of a system is decreased, thus shifting
the Fermi level toward the vacuum.’

4. CONCLUSIONS

In this work, we describe a detailed analysis of the LPE process
for the layered oxide @-MoQ; a wide band gap semi-
conducting material that is attracting increasing attention for
a variety of functional purposes, ranging from (opto)-
electronics to electrochromism, energy storage, and catalysis, ™
Considering such attention that is progressively receiving by
the scientific community active in the field of 2D materials
research, it is timely to provide a comprehensive study as the
present one, in which the parameters for the efficient LPE of a-
MoQ); targeting the production of its 2D colloids in low-
environmental impact liquid media are thoroughly explored,
allowing us to identify the best operating conditions. The use
of water-based solvents results to be the right condition to
ensure the formation of few-layer nanosheets, correlated with
an opening of the optical band gap and a shift in the Fermi
level in the direction of vacuum, being both electronic
peculiarities of the dimensional reduction.”” The yield in the
LPE 2D material is still relatively modest, but it could be
improved by resorting to pre-treatments on bulk @-MoOj; such
as the pre-intercalation of water molecules, followed by a series
of freeze—thaw cycles that cause water freezing expansion, as it
has been reported previously by Li et al.*

In parallel to this characterization, for the first time, we
report here the results of a XAS investigation that compares
the bulk and 2D form of a-MoQ;, allowing us to evidence
extremely precise structural parameters at the atomic level.
This points out at the potential of this technique to probe the
local environment in 2D nanosheets, suggesting how this could
be in the future more widely implemented also on other 2D
materials to shine better light on structure—property relation-
ships. Finally, through theoretical investigation, we strengthen
the validity of the experimental results, effectively clarifying
such relationships in the here analyzed a-MoO; with different
dimensionalities.

This work will serve as a valuable tool in the hand of other
investigators interested at applying 2D @-MoO; nanosheets in
functional applications, resorting to this material as a colloidal
ink, a pre-requisite for enabling in the future large-area
processing and industrial scale implementation.“
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- Representative Raman spectra for bulk and LPE a-MoOj; (Figure S1)

- Raman modes assignment for a-MoQs (Table S1)

- HR-TEM images of LPE a-MoOj; colloids produced via TS for 8 h in butanone (Figure
S2)

- P-XRD patterns for few-layers 2D a-MoO; produced by LPE in H,O for 8 h via SM
and in IPA/ H,O for 4 h via TS (Figure S3)

- SAED patterns for few-layers 2D a-MoO; produced by LPE in H,O for 8 h via SM and
in IPA/ H;O for 4 h via TS (Figure S4)

- Representative AFM images of few-layers 2D o.-MoO; produced by LPE in H,O for 8
h via SM and in IPA/ H,O for 4 h via TS (Figure S5)

- Bond distances and parameters obtained from the fitting of the FT-EXAFS spectra of
bulk and LPE a-MoO; and of reference compound AHM (Table S2)

- Comparison between experimental and calculated XANES spectra (Figure S6)
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0—MoO,

MoO, 2h SM IPA/H,0O
MoO, 4h SM IPA/H,O
MoO, 8h SM IPA/H,O

Intensity (n.u.)
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Raman shift (cm™)

Figure S1. Representative normalized Raman spectra for bulk and LPE a-MoOs.

Table S1. Raman modes assignment for o.-MoO;.!

Raman Shift (cm') Mode Assignment

996 A, By, v O=Mo
818 By v OMo
e
374 By, 8 O=Mo
338 Ags By 6 OMos
286 B,, 6 O=Mo
246 B;,

218 A, 6 OMo;,
198 B..
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Figure S2. HR-TEM images of LPE a-MoO; colloids obtained in butanone after 8 h
TS.

MoO, 4h TS IPA/H,0
——— MoO, 8h SM H,O

Counts (a.u.)

10 20 30 40 50 60 70 80

26 (°)
Figure S3. P-XRD patterns for dried LPE a-MoOj; colloids obtained in H,O after 8 h

SM and in IPA/H,0 after 4 h TS compared to the P-XRD pattern of the bulk a-MoO;

used as starting material.
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Figure S4. SAED patterns collected on the LPE a-MoO; nanosheets shown in Figure
4 in the main manuscript text: a) 8 h SM H,O and b) 4 h TS IPA/H,0

0.0 0.5 1.0 1.5 2.0pm

Figure S5. Representative AFM images for 2D a-MoQO; derived from LPE in a,b) H,O
for 8 h via SM and in ¢,d) IPA/ H,O for 4 h via TS.
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Table S2. Bond distances and parameters obtained from the fitting of the FT-EXAFS

spectra in Figure 6.

Sample Scatterer | Distance (A) | Number | Sigma Debye- | Enot E, R-
Waller factor (eV) factor
(10°) (A?) (%)
0l 1.71 £0.01 2 37+04
02 2.03+£0.01 2 94+14
03 2.33+0.01 2 95+£22 -8.07 £
MoO;_8h SM_H0 7, 3.18 4+ 0.02 4 88+ 12 1.58 09
Mol 3.284+0.02 2 8.8+1.2
Mo2 3.65+£0.02 2 7.8+£2.5
Ol 1.73 +£0.02 2 48+1.8
02 196 £0.02 2 52+14
03 2.27+0.03 2 63+52 -1.26 +
MoO; 04 3372003 4 59+2.1 4.03 43
Mol 3.41 £0.02 2 59+21
Mo2 4.01 £0.02 2 8.6+2.2
Ol 1.74 £ 0.01 2 1.8+0.5 294 4
AHM 02 1.95+0.01 2 38£1.6 301 5.0
03 2.19+0.02 2 12.8+4.4 '
1.4 T
B
1.2 4 A C .
~ 14
=3
©
~ 0.8
= ——Mo0;
)
C 06 —(NH,)sMo,0,, .
% ——Mo0,; 8h SM H,0
T 04- ]
| ! —— Site 1 ]
0.2 / Site 1" .
¥ Site 2 1
0- : : : : : : : : : n
20000 20050 20100
Energy (eV)

Figure S6. Comparison between experimental XANES spectra in Figure Sc,d and

calculated ones for site 1,1 and 2.
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3.3: Publication n°2

Systematic Investigation on the Surfactant-Assisted Liquid-Phase
Exfoliation of MoS; and WS; in Water for Sustainable 2D Material

Inks

Authors: Pozzati M.*, Boll F.*, Crisci M.*, Domenici S., Smarsly B., Gatti T., Wang
M.

From my first publication on the topic, exfoliation has evolved and explored
different other options, outside of simply changing the solvents. This is still a valid
methodology, but the issues with high boiling point solvents still stand and
research is moving in different directions to solve the issue. The first idea is to
directly remove the need of a solvent; therefore, methodologies such as scotch
tape?®°8100101 gand ball milling?26-22%¢ have found their way into the exfoliation
technology once again. Zhang C. et al.?*® also developed an additional way to
exfoliate 2d materials using a SiC intermediate and by applying a shear force to the
mixture of two components, leading to the high yield and quality of the as
obtained 2d materials. However, despite this, the liquid phase exfoliation is often
the most convenient due to its ease of use and up scalability, molten salts?39.23!
has been used to exfoliate some materials, but it is not suitable for example, in the
case of TMDCs. Rhodiasolv series of solvents has been studied by Paolucci V. et
al?®2. and Occhiuzzi J. et al.?3323% and these solvents could be a good alternative to
NMP or DMF, due to their eco friendliness, whilst being good for exfoliation, with
the only drawback of the economical large scale application. Therefore, the most
convenient solvents remain alcohols and water, this last one, however, has the
issue of not having matching parameters with TMDCs, therefore additives are
often used to obtain stable and concentrated inks.23>-238 The research group of

Casiraghi C. worked a lot using pyrene based surfactant?>%3°, proving their
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efficacy in the exfoliation even at low concentration, opening another door to

research on the sector.24°

Following the surfactant-based exfoliation, in publication n°2 we focused,
together with my collaborator, in the study of two different TMDCs exfoliated in
water with different surfactant, SDS, SDBS and SHS, at different concentration.
These three alkyl compounds have been used in different works as stabilizers;
however, a comprehensive literature work was missing with a comparison
between the three. Therefore, publication n°2 founds its niche in this context. The
bulk material was exfoliated using TS at different concentrations: their values were
chosen in accordance with the CMC of SDS and applied to all the material-
surfactant combinations tested. The exfoliated ink was tested according to the
procedures established in publication n°1: initially the suspensions were analyzed
via DLS, ZP and UV-Vis to assess size, stability and optical properties from which
band gap and size reduction effects were calculated. Moreover, the powder
obtained via freeze drying where then analyzed with Raman spectroscopy to study
the fingerprints of the materials: here the MoS; and WS; excitons were observed
and a slight shift, associated with the dimensional reduction of the material?41-243,
were observed therefore indexing at a layer reduction of the material. This was
confirmed once again using TEM microscopy where few layered materials could

be seen.

Therefore, this paper adds information on the liquid phase exfoliation of well
renowned TMDC, using as commonly used surfactants, by systematically studying
the effect of concentration and alkyl chain length, as well as providing a
convenient platform where a comparison and use of the three different

surfactants can be found.

This paper is a shared authorship between Felix Boll, Micaela Pozzato, and me.
Each one of the shared authors contributed significantly to the experimental and
writing of the publications, with slightly different tasks for each one. The

exfoliations were performed by a systematic and well-organized system where all



Chapter 3: Publications

the three authors participated, while each one of us also focused on analyzing the
inks using one technique each. Lastly, the writing part was led by Micaela Pozzati,

while the two other authors contributed extensive sections and correction of the

manuscript.
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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
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 to the
possibility of preparing the 2D layered
counterparts, which possess specific elec-
tronic and optical properties."*™" As shown
in Figure 1, MoS; 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 methods.”
Therein, liquid-phase exfoliation (LPE) is
commonly used to produce 2D layered
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.!"! For instance, in the sonication-
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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 on the bulk materials,
Dbreak the vdW interactions between the layers of the 2D struc-
tures, and form layered materials event‘uall},i.““51 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, surfac-
tants 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
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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.

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.** It 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
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
solution.”>?*) Additionally, since it is reported that the length
of the alkyl chain can have an impact on the stability of the dis-
persion, we have identified sodium hexadecyl sulfonate (SHS) as
a new potential surfactant for stabilizing 2D nano-inks, consid-
ering its long Cy4 alkyl chain.””! Plenty of previous studies sug-
gest that the concentration of the surfactant has a great impact on
the dispersion 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. These 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.”®! 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
82, 4.1, 2.0, 1.0, and 0.5mm 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
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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
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 10nm 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
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Figure 2. TEM images of a,b) MoS; SDBS 1.0mm and c,d) WS, SDS
0.5 mm.

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
smaller and thinner nanosheets. In addition, the value of A

www.pss-rapid.com

exciton 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?***~% It has to be mentioned
that there is no linear relationship between ligand concentration
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)):

(ahw)'/" = 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,.”*!
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 €V).* When com-
paring values between different surfactants, SHS in general
results in higher bandgap compared to other surfactants, which
means Mo$S, 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 8.2mu 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.
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Figure 3. UV-Vis absorption spectra and corresponding Tauc plots of exfoliated MaS; with a,d) SDS, b,e}) SDBS, and ¢,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]
8.2 664.6 159
41 671.1 1.50
sDs 20 668.9 151
1.0 671.1 1.56
0.5 673.4 1.46
82 672.1 154
41 670.1 1.60
SDBS 20 667.8 162
1.0 672.1 138
0.5 672.2 1.55
8.2 667.8 1.65
41 668.9 1.58
SHS 2.0 668.9 1.64
10 669.3 161
0.5 672.2 1.43

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: 2430 nm)
in all the spectra while varying the surfactant type and
concentration, revealing the success of exfoliation in all the
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.
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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
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 mm
are all more than the CMC of SHS (0.5 mm), 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 exfoliation of MoS, with SHS,
which all results in thick Mo§; layers, as shown in Table 1. This
might be because the different hydrophobicity of WS, and Mo$S,
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
383cm™' is assigned to the E,, mode, while the peak at around
408cm ™! is assigned to the A, mode**" E,, and A, 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 Mo$S, particles, since the thickness

Therefore, higher concentration of SDS results in the exfoliated  of the wmaterials is correlated with the frequency.**
a b c
@ ——WS, SDS 0.5mM () —— WS, SDBS 0.5mM © ——WS, SHS 0.5mM
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Figure 4. UV-Vis absorption spectra and correspanding Tauc plots of exfoliated WS, with a,d) SDS, b,e) SDBS, and ¢,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, Raman peaks in LPE MoS,
samples.

Surfactant Surfactant A-exciton Bandgap [eV]
concentration [mm] position [nm]
8.2 629.3 1.74
4.1 629.3 1.74
SDS 20 6303 161
1.0 6309 1.67
0.5 632.1 1.42
82 629.3 1.74
4.1 629.3 1.74
SDBS 20 628.2 1.75
1.0 628.2 1.74
0.5 630.3 1.70
82 628.2 143
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

For monolayered MoS,, at an excitation wavelength of 532 nm, a
difference between the Ay, and the E;, peak at 18 am”' s
expected. Few layered materials have shifts from 18 to
25cm . Above 25cm ' samples are expected to be multilay-
ered/bulk-like material. In 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 8.2mmM. Apart from SDS

Surfactant Surfactant concentration [mm] Avfem ]
82 24.4
4.1 25.1
sDs 20 24.6
10 25.7
0.5 25
82 25
4.1 24.9
SDBS 2.0 25.1
1.0 25.0
0.5 25.4
8.2 25
4.1 25
SHS 20 25
1.0 25
0.5 25.5

8.2mwm, SDS 2.0 mm, and SDBS 4.1 mm, all other samples show
a shift of 25 cm ! or bigger, which is a characteristic of a multi-
layered material. However, it is important to consider that a cer-
tain 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

() E A (k) ©

MoS SDS 8.2mM 1e MoS SDBS 8.2mM, A / \MoSz SHS 8.2mM
— L _—
3 2 =2 MoSz SHS 4.1mM
= |Mosz sDS 4.1mM S s 2 ‘

>

2" |MoS; SDS 20mM i -g Mosg SHS 2.0mM
= I\ MoS; SDBS 10mM) \
5 S [Mosz I3
Fpessostom/\ f ] FPERTEIAJL 0 B

MoS2 SDS 0.5mM 0S2 SDBS 0.5mM

AN \'\Tosz 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) /A, ratio
8.2 3.38
4.1 266
SDS 20 235
1.0 1.69
0.5 2.58
82 367
4.1 3.67
SDBS 2.0 2.90
1.0 381
0.5 3.34
82 217
4.1 3.00
SHS 2.0 3.40
1.0 3.90
0.5 4.05

2LA + Eyg and Ayg vibrational modes can be observed, at around
355 and 417 cm ™', respectively.***” As reported by other works
present in the literature, the increasing ratio of (2LA + Fy,)/A, g is
due to the decreasing the atomic layers of WS, nanosheets."”")
For bulk WS$,, the (2LA + Ey,)/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 mMm where a few-layered systemn 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

=z

-15

-50 —m—sDS
-55 | —=—SDBS
—&—SHS

Average zeta potential (mV)

0o 1 2 3 4 5 6 7 8 9
Concentration (mM)
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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 [%]
[mm] [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 0.3
SDBS 2.0 0.093 0.93
1.0 on 11
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

lower than —20 mV, indicating that all the suspensions are col-
loidally stable and the suspended nanosheets negatively charged.
However, when the ZP values are between —20 and —30 mV, the
samples show a short-term stability, and a gradual sedimentation
of materials was observed after several days. While samples with
—30mV ZP values show a long-term stability up to several
months. Specifically, for MoS,, the application of SDS and
SDBS mostly results in a shortterm stability, independently
from the surfactant concentration, since the ZP values are in
the range of —20 and —30mV, while SHS can increase the sta-
bility of the suspension dramatically, with the ZP values of SHS
as —30 mV. In contrast, WS, suspensions show long-term stabil-
ity with most of the investigated surfactants and concentrations,
except with 1.0 mm 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 colloidal stability
of the suspensions, no strict rule can be concluded by comparing

b
G
—&—SDS
230 —m— SDBS
—=—SHS

Average zeta potential (mV)
&
o

-80 A L L 1 L i L L L
0 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 [%6]
[mn] [mgmL™ freeze-drying
ImgmL ']
82 0.068 0.68
4.1 0.097 0.97
5DS 20 0.3 0.23 1.3
10 on 1.1
05 0.23 23
82 0.12 1.25 0.85
41 0.12 0.8
SDBS 20 0.14 0.93
1.0 on 11
05 0.12 12
82 0.33 0.56 33
41 on 1.1
SHS 20 0.12 1.2
1.0 0.10 1.0
05 0.098 0.98

www.pss-rapid.com

clear evidence showing that the type or the concentration of the
surfactants has a relationship with the product concentration and
yield. However, we are still able to find the best parameter with
SHS 8.2 mm, which can result in an outstanding product concen-
tration of 0.33mgmL ! and yield of 3.3% compared to other
surfactant parameters. These results are comparable to the
published works.”*** Mcanwhile, 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

the variable parameters. However, there is still a rough trend
showing that, with all the surfactants used for MoS, 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 ina
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 mgmL* and
the highest yield of 1.1%. In contrast, for WS, inks there is no

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
1.0mm 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-
binations result in monolayered product, except 8.2mm SHS,
which anyway provides the highest yield in suspended WS,.
And, 4.1 mm SHS is likely the preferred choice to provide the

@ ~ ® =
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= —a— SHS -~ —+—SHS
R ")

%0.1 ;o,g_
= [ =
c 5]
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§ 50.1»
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= ©
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Figure 7. Product concentration trends for a) LPE MoS; and b) LPE WS, samples.
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most stable suspension of layered WS, in water. Considering that
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 TCI Chemicals and used without further purifi-
cation. All the exfoliations were performed using a tip sonicator and the
samples were cooled down to 0 °C with an ice bath during the process. LPE
was carried out on a Bandelin Sonopuls tip sonicator, operating with 80%
power using pulses of 15 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 mwm. 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
30min 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 T 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-Z5 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 3.5 mL. 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 =ebe (2)

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;, W5; 10 SHS 2.0 3h

1.0

0.5
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3.4: Publication n°3

Nanostructure 2D WS;@PANI nanohybrids for electrochemical

energy storage

Authors: Crisci M., Boll F., Merola L., Johannes Pflug J., Liu Z., Gallego J., Lamberti
F., Gatti T.

The use of bi-dimensional materials in supercapacitor has been reported
extensively and their performances range vastly from tens of F/g to several
hundred, depending on the type of synthesis, morphology and type of 2D material
used.11,206244-246 T\MDC, MoS; and WS; specifically, have been used as well in this
context as energy storage devices.'®?* The capacitance and properties of such
materials depends greatly on the synthesis condition and their morphology, as
well as the electrolyte used, for example Mohan V.V. et al.?*® proposed a high
temperature hydrothermal synthesis were WS; nano-flowers were produced and
reaching capacitances well above 100 F/g at high basic conditions. It is also
possible to increase the capacitance of such 2D materials by producing blends and
hybrid materials, combining several inorganic 2d materials together, usually
TMDC/MXenes and graphene®19249-252 or with other electro active materials?>3~
256 such as conductive polymers®. It is possible to perform further steps and
combining together all of these different possibilities, producing a ternary blend
as done by Aftab J. et al.**” They used both GO and MoS; together with a pseudo-
capacitor (MoO:; in this case) and they managed to achieve capacitances over 1500
F/g in a 3 electrode set up and around 200 F/g in an asymmetric one. The use of
three components, however, brings unclear interaction between all the
components, despite the high performance. Therefore, easier methodologies to
tune the capacitance of supercapacitors is to work and modify their morphology.
As stated in the introductive part, supercapacitor store charges, and energy, on

their material surface, in contrast with batteries, and therefore and high surface
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area and more rough morphology allows for an increase in capacitance. Therefore,
tuning this parameter is another valid option to further improve the properties of

the final material.

With this context in mind, Publication n°3 aims to provide additional insights into
the binary blends using 2D materials and CPs, specifically focusing on the use of
WS, and PANI as building blocks, as well as the effect of pseudo templating
procedures. Specifically, a saturated NaCl water solution was used as media to
produce the blends and its effect on the overall properties was studied. WS, was
chosen, due to an already optimized procedure developed by Felix Boll, one of the
co-authors.?®® First, the ink characterization was performed, following the
established procedure reported in publication n°1. Zeta Potential and DLS were
performed on the WS; inks, still paying attention to the disclaimer mentioned in
the publication n°1 about the use of such techniques, and optical data were
gathered using UV-Vis and, there, the typical peaks, related to the excitonic
transition in the structure were observed. XRD and Raman measurements were
performed at every production step to follow the evolution of the final material:
firstly, only information related to the 2D material are observed, but when the
hybrid material was produced, signal belonging to the PANI were observed.
Additionally, the final hybrids’ morphology was characterized by SEM, showing a
mixture of different morphologies, going from 2D sheets, cylindrical rods and web
like filament connecting the various structures, and simultaneously bulk elemental
analysis was performed via EDX. Following this analysis, surface elemental analysis
via XPS was performed to discern the amount of the different elements, as well as
their oxidation states and chemical bonds. Finally, the electrochemical properties
of the materials were studied via GCD to obtain information about the charge
storage properties, while EIS was used to study the resistance related to this

surface process.

In conclusion, this work reports on the possibility to use pseudo templating

procedure to further tune the morphology and, consequently, the electrochemical
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storage capabilities of 2D-materials and CPs based binary blends, trailblazing the

way forward for the application of such methodology to other systems.

In this paper the synthesis of the material and basic characterization (Raman and
XRD) was performed by my student Jonas Pflug and by me, while | also performed
the electrochemical characterization and XRD, SEM and EDX analysis. Felix Boll

also contributed to the paper by sharing his knowledge on the synthesis of WS,.
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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 sedium 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.
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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 (Sumbuja 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 (Hu et al, 2018; Tian, 2021; Pinilla et al,
2022), suitable for the subsequent processing of solid-state
architectures.

Among the many different 2D materials 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 and  storage
Moghaddam et al, 2017). Polyaniline (PANI) in particular,
represents a sort of benchmark material for the construction

conversion applications  (Sajedi-

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 ionic 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 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

many low-dimensional materials

structural  and  electrochemical  performance, revealing

important  structure-to-property-to-function  relationships
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 0.013° hold 75s.

Transmission electron microscopy (TEM) was carried out on

measurement and time of
a JEOL-1100 transmission electron microscope with an
acceleration voltage of 100 kV. The sample was prepared by
dropping dilute suspensions of LPE WS; onto carbon film-coated
200 mesh copper grids. Scanning electron microscopy (SEM) was
performed on a Zeiss Metlin 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 um, 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 107 Pa during the measurement. Data analysis was
performed using the CasaXPS software.

Liquid-phase exfoliation of WS,

For LPE, WS, powder with a particle size of 2 ym 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 500 ml, LPE was carried out in a mixture of
isopropanol and demineralized water at a ratio of 7:3v/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 W$; 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 'I25 digital Ultra-
Turrax shear mixer at 8000 RPM 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
changed from black to a vyellow-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 isopropanacl 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,$,0g was prepared in 1 M HCI (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 W§,@
PANI hybrids, a slightly modified procedure was used: first the
surfactant (1.25 mg/ml for SDS, 1.5 mg/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 l 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
0-0.8V at the different current densities of 0.2, 0.5, 1, 2, 5,
10 A/g. Based on the GCD curve, specific capacitance (Cs) for the
single electrode material was calculated using the equation:

IxA¢

Co= e av W

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
0'V. Frequency range was varied between 200 kHz and 10 Hz at
an amplitude of 5 mV.

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,S,05 (mg, mmol)

1:20 (+5DS) 919, 9.9 66, 0.2
1:20 (+NaCh) 919,99 77,0.18
1:50 (+8DS) 919,99 86, 0.2
1:50 (+NaCh) 919,99 77,0.18
1:100 (+5DS) 519, 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), being
undoubtedly more suitable from an environmental perspective
for the future industrialization of similar inks (Hu et al., 2021).
We have then proceeded through a filtration, accompanied by

solvents N-methylpyrrolidone while

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 out a
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 !
oflayers present in a given WS, sample. In Supplementary Figure
§1, 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

,itis possible to estimate the average number

HCI 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
348 to 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

Frontiers in Chemistry

109

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 W, 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, @
PANT 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
diffractograms are reported in Figures 1B,C, respectively. The

analysis, of which prototypical 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 nanchybrid the presence
of the two previously discussed 2LA + E'2g and A'® modes of

layered W'S,, 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;@PAN| nanchybrids, of template-assisted synthesized pure PANI and of LPE WS; (the P-XRD
pattern of this last one has been obtained frem the filtered powder).

FIGURE 2

SEM images at different magnifications of prototypical nanostructured 2D WS;@PANI nancohybrids obtained with different LPE WSz/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.

Frontiers in Chemistry 05 frontiersin.org



Crisci et al

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 PANI 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 53 (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 W$,@
PANI hybrids we can distinguish already at the lowest 2D
WS,/PANI ratio (1:20, Figure 2A) the formation of fractal-like
nanostructures, most likely due to the NaCl-templated growth of
PANI on the surface of the 2D WS$; 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 54). On the contrary, in the hybrids
synthesized in the presence of SDS, the formation of similar
complex nano-architectures is only detectable within the 1:100
2D WS,@PANT sample (Figure 2B), while at the higher TMD
contents, the presence of aggregated TMD flakes separated from

ratios

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,

Frontiers in Chemistry

111

06

Publications

Chapter 3:

10.3389/fchem.2022.1000910

A
o
a
[£X
2
B2
z
=
| P
44 42 40 38 36 34 32 172 170 168 166 164 162 160
Binding Energy (V) Binding Energy (eV)
cr
2Py 2
CIOrganic 172 P32
2
c P:
@
a
Qe
3
£
£
s’
e
L . . N L L L 1
408 405 402 399 396 393 204 202 200 198 196 194
Binding Energy (eV) Binding Energy (eV)
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, § 2p
(top panels) and N 1s and Cl 2p (bottoem 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 PANI 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
IIT N, physisorption isotherms were found for all the investigated
species (a prototypical one is reported in Supplementary Figure
5$6), 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
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TABLE 2 Comparison between atomic % of different elements in 2D
WS2@PANI nanohybrids as obtained from XPS and EDX analysis.

At. % C N 0O Ca w § S/W ratio CUN
ratio
2D-WS2@PANT 1:20 + SDS
XPs 764 113 61 41 015 205 136 0.4
EDX  #25 105 11 35 03 04 133 0.33
2D-WS2@PANT 1:20 + NaCh
XPS 747 78 75 4 0.1 08 12 0.5
EDX 852 107 08 13 08 12 15 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-
and = NH- groups along the chains coming from the
aromatic and quinoid 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
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
perfectly 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 Cl 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 WS$2 component, although this number
is strongly influenced by the presence of the oxidant residues
(80,7") and of the sulphate polar head in SDS molecules. Indeed,
this ratio is considerably high on the surface, where mot like]y
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 W82 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@PANIT
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 §7 the highly
homogenous nature, with the W and S signals extending over a
large part of the mapped area as are those of N and C.

The series of synlhesized 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  well 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

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 PANT up to high current
densities. Remarkably, the CS value at 1 A/g of the 1:20 sample is
160 F/g, thus almost doubling that of pure PANI. 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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Electrochemical performance of 2D W52@PANI nanchybrids at neutral pH (in 0.5 M Na2504 electrolyte). Specific capacitance as a function of
current density for 2D WS2@PANI nanohybrids 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 nanchybrid prepared in the
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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 PANT 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@PANTI 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 () CPFE1 (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@PANI + 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 C§ measured for the former. In
addition, their sign the
pseudocapacitive behaviour of these materials over the range
of current densities examined (Chen et al., 2013).

asymmetric  shape is a of

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 PANTI, 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 CPE1 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 Rt for pure PANT is slightly smaller than the one of the
2D WS,@PANI best sample (113 ws. 89 Q), reflecting a reduced
conductivity for the TMD-modified PANT 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 029

suggests a slower charge discharge at the modified electrode after
prolonged GCD characterization. This result is also justified by the
steeper slope of the Nyqvist plot (i.e., smaller Warburg impedance)
for the pristine PANI 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

delimitation occurred after intense electrochemical
value of the Cdl for the composite 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
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,@PANT hybrids prepared with both NaCh and SDS) at 1 A/g
current density. The results, reported in Supplementary Figure
§10 over 100 cycles, show how an almost immediate drop in Cy of
almost 30% takes place after only 10 cycles, likely due to
progressive detachment of the active material from the GC
electrode 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

frontiersin.org



Crisci et al

PANIT 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. [n 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 lil(ely a large influence on the
observed capacitive behaviour.

The
characterization of these species provides significant hints on

the structure-property-function relationships, which will serve

combined physico-chemical and electrochemical

for the design of even more active nano-structured energy storage
materials. Qur 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 WSz

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
WS2/PANI molar ratios in the presence of NaCh.

Figure S5. SEM images of 2D WS2@PANI nanohybrids obtained with different LPE
WSH/PANT molar ratios in the nresence of SDS.
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Figure S6. a) N2 (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 S8. EDX maps of different elements in 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
nanohybrids: a) 1:50 + NaCh, b) 1:100 + NaCh, ¢) 1:20 + SDS, d) 1:50 + SDS, ¢) 1:100 + SDS.
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Figure S10. Cyclability of the 1:20 2D WS>@PANI nanohybrids prepared in the presence of

SDS and NaCh measured at a current density of 1 A/g over 100 cycles in a three electrode

system (with the active materials deposited on the GC electrode).
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3.5: Publication n°4

Easy direct functionalization of 2D MoS; applied in Covalent Hybrids

with PANI as dual Super-capacitive Blends

Authors: Crisci M., Boll F., Domenici S., Gallego J., Smarsly B., Lamberti F., Wang
M., Rubino A., Gatti T.

As reported in the previous introduction, 2D materials have been used extensively
as supercapacitors and their performance depends on the number of components
on the blend and the actual materials. Moreover, functionalization is also another
option to tune the properties of the materials. For example, MoS; can be
functionalized in different ways. One option is to lock either the 1T phase from
transitioning back to the thermodynamically stable 2H phase.?*>26! This was
reported, for example, by Kulkarni B. et al?®> and Tang Q. et al.?®3 as well as other
groups.?6426> |n this case, the first report experimented with phase locking via
carboxylic group, while the second studied through DFT methodologies the
surface coverage and the effect of several functional group on the phase transition.
Click chemistry and thiol based functionalization?®>-2%8 are also methodologies
investigated to add functional group on the MoS; surface. Nucleophilic
functionalization is also another methodology used to both lock the phases and to
introduced functional moieties on the 2D sheet moieties; Vishnoi P et al.?%° and
Zhang H. et al.?®* and many other researchers?’°?72 reported the use of iodine
based compounds to functionalized the electron rich surface of 1T phase. Vishnoi
P et al. made a further step by using aryl compounds and studying the
functionalization degree based on the group in para compared to the iodine

leaving group.

Considering the large possibility of the functionalization and the expertise
gathered in binary hybrid production, publication n°4 focuses on putting together

these two different fields: specifically, functionalization of 1T-MoS,. Specifically,
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aryl-based functionalization of the TMDC is performed and used to create anchor
point for the surface polymerization of PANI, combined with the brine-based
process, the goal of the work is to study the effect of such additional steps to the
overall performance of the material. The overall project can be divided into 3 main
sections: production of functionalized 1T-MoS;, synthesis of the binary compound
material and electrochemical analysis. The first part consists in the exfoliation and
functionalization study of the TMDC material, using chemical exfoliation, and using
lithium as expanding agent. The ink was characterized using the techniques and
protocols suggested and established in the publication n°1. Therefore, UV-Vis, DLS
and Zeta Potential were used as basic characterization. After the lyophilization,
the 2D material powder was characterized using XRD, Raman, XPS, SEM and TEM
analysis. All of these characterizations were essential to discern the quantity of
both phases and their morphology as well as verifying possible contamination,
coming from the procedure. Generally speaking, the as produced 1T phase showed
an initial percentage of around 70% while after functionalization and air exposure
it dropped as low as 35-40%, both pointing at the slow phase transition of the
material and the effect of phase locking of the functionalization. This step was
further characterized via TGA and IR spectroscopy, which allowed both to estimate
the surface functionalization and to verify the presence of the C-S bond, key proof
of the molecular grafting. Subsequently, the hybrid materials were synthesized
using both functionalized and non-functionalized material, obtaining in both cases
a very similar powder: the characterizations, here performed (XRD, SEM, Raman
spectroscopy), confirmed the main contribution of the polymer and similar
fingerprint throughout the samples were also observed. Therefore, the difference
between the different powders was studied via electrochemical measurements,
specifically CVs, GCD, EIS and durability tests. in order, 3 electrodes measurements
were first performed to assess the basic properties of the material and to properly
choose a suitable potential range using both CVs and GCDs, while 2 electrodes set
up, specifically a Swagelog cell, were performed afterward to simulate and study

the materials in a more applicative environment without bogging down in the
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production of a device, which has inherently several criticality coming from not
only the material, but also the geometry and production procedure. Lastly, used
electrodes were studied once again with SEM images to assess changes and
differences compared to pristine electrodes and try to evaluate the morphological

effect of the brine pre-treatment.

In this paper, all the materials and samples were prepared by me, as well as their
structural, morphological, and electrochemical analyses. Specifically, | performed
XRD, Raman spectroscopy, DLS, ZP, XPS, SEM, EDX and the electrochemical
measurements, while some of the aforementioned analysis, such as TGA and TEM,
were performed by external collaborators. The candidate also performed data

processing and manuscript writing.
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Abstract

The pressing demand for more sustainable energy provision and the ongoing transition towards
renewable resources underline the critical need for effective energy storage solutions, To address this
challenge, scientists persistently explore new compounds and hybrids to address this challenge and
in such dynamic research field, 2D materials, particularly transition metal di-chalcogenides (TMDCs),
show great potential for electrochemical storage uses. Simultancously, also conductive polymers
(CPs) are interesting and versatile super capacitors materials, especially PANi who has been
extensively studied for this purpose, however, both CPs and TMDCs have their own drawbacks.
Therefore, in this work, we present a powerful method to combine the two aforementioned
compounds and produce covalent hybrids starting from aniline functionalized few-layers 1T-MoSa,

attained by a facile functionalization using iodo-compounds and then by grafting polyaniline (PANI).
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The hybrids attain 70 F/g specific capacitance in a pseudo device set up, coupled with a robust

capacitance retention well over 80% for up to 5000 cycles. These findings demonstrate the potential

of similar composites to work as active components for novel, innovative energy storage technologies.
At the same time, the successful synthesis marks the efficacy of direct covalent grafting of conductive

polymer on the surface of 2D TMDCs for stable functional materials.

Keywords

2D MoS;, nanohybrid, covalent functionalization, polyaniline, capacitive material

1. Introduction

The global shift towards sustainable energy systems is driving an increasing demand for high-performance
energy storage solutions. Among the various technologies available, supercapacitors have gained significant
attention due to their high-power density, rapid charge-discharge cycles, and long cycle life..'? However, the
development of materials capable of providing both high energy density and cycle stability remains a key
challenge. This has led researchers to explore novel material combinations, particularly the blending of two-
dimensional (2D) materials with conductive polymers (CPs), to enhance the clectrochemical performance of

. Q
supercapamtmrs.[3 1

CPs are often pseudo-capacitive, possess good electrical conductivity and intrinsic capacitance and
are easy to produce. Polyaniline (PANi), a widely studied conducting polymer, has been considered a
promising candidate for supercapacitor electrodes due to its pseudocapacitive properties, ease of synthesis,
and low cost.'*'31 However, PANi suffers from significant degradation over multiple charge-discharge
cycles!'' primarily due to structural changes during the redox process, which leads to a rapid decline in
capacitance. This limits its practical application in energy storage devices, necessitating strategics to improve

its cycle life and stability.
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On the other hand, 2D-MoS;, a transition metal dichalcogenide (TMDCs), has been extensively

studied and emerged as an energy storage material, due to its van der Waals and layered
structure, allowing for easy ions’ intercalation and the high surface area achievable.['*"1¥l
However, MoS,, particularly in its semiconducting 2H phase, exhibits low electrical conductivity,
which limits its ability to deliver high power density, which can be partially improved by using the
relative 1T phase, which however is metastable. Additionally, the aggregation of MoS, nanosheets

during cycling can further reduce its performance over time, therefore spacers can additionally help to

reduce this effect.

To address these issues, combining the strengths of both materials in a hybrid system has emerged as a
promising approach. By blending MoS; nanosheets with PANI, it is possible to harness the high surface area
and ion intercalation capability of MoS; alongside the pseudocapacitive behavior of PANi. Such hybrids can
improve the overall electrochemical performance, particularly in terms of capacitance retention and cycle

19211 by mitigating the weaknesses of ecach component material. In this work, we present a novel

stability!
approach to the covalent functionalization of MoS; nanosheets with PANI, aiming to create a hybrid material
that exhibits enhanced supercapacitive performance. The direct covalent grafting of PANi onto the surface of
cxfoliated MoS; ensures a robust interaction between the two materials, improving charge transfer and
structural integrity during cycling. This hybrid structure not only enhances the conductivity of MoS, by

maintaining the material in its highly conductive 1T phase, but also stabilizes the PANi polymer, thereby

improving its cycle life.

Based on this background knowledge, we report a new synthetic protocol for preparing nanohybrids
by grafting PANI onto a functionalized 2D MoS: NSs (MoS:@PANI) demonstrating specific
capacitances of up to 70 F/g in a pseudo-device system and exhibit capacitance retention of over 80%
after 5000 cycles, underscoring the potential of MoS:-PANi hybrids as next-generation super
capacitive materials. This work highlights the efficacy of combining functionalization??! to obtain

specific moieties on the 2D materials and its grafting orientation of conductive polymers, resulting in
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a robust integration of the two materials,’>*! and addressing the long-standing challenges of energy

storage, paving the way for the development of more efficient and durable super capacitors.'?!

Ve
Mm‘-"" =MoS, N = PAND Aniline
1) Li"But ,ﬁ‘ N
(¢, intercalation | H;0/DMF (9:1) y on K;5;04 (initiator)
0 — > ) o O —
e 2) Exfoliation § 4-iodoaniline . sodium cholate
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1T-MoS, Functionalized MoS, 2D MoS,@ PANI)
.

Figure 1. Sketch of the whole synthetic process towards covalent 2D MoS»/PANI nanohybrids, including chemical

exfoliation, 4-iodoaniline functionalization and PANT covalent grafting.

2. Results and discussion

The layered material was obtained by adapting a literature chemical exfoliation procedure, where n-
butyllithium was used as an electron donor reactant to foster the phase transition from the 2H-phase,
typically existing in the bulk powder, to the 1 T-phase, as described in the Experimental Section. The
exfoliated MoS>, obtained from the resulting aqueous-base ink via freeze drying, has been
characterized by powder X-ray diffraction (P-XRD) and Raman analysis (see Figure S in the
Supporting Information — S.1.). From Raman spectra, it is possible to observe signatures of both the
IT and 2H phases of MoSz, while the P-XRD showed the typical reflex of 1T MoS: at 8° and the
presence of surface oxide, due probably to the oxidation caused by the exfoliation process (see S.I.
for further discussion). Considering the Raman results, X-ray photoelectron spectroscopy (XPS)
measurements were also performed to evaluate the quality of the synthesized material and its
composition. As displayed in Figure 2a, the Mo 3d region in the XPS spectra shows different signals,
which were fitted using three different components for Mo and one for S respectively, since the S 2s
is present in this region as well. Seven peaks were found at 225.8, 228.1, 229.1, 231.3, 232.2, 232.7
and 235.6 eV, that were attributed respectively to S 2s, Mo(1T) 3ds»2, Mo(2H) 3ds;2, Mo(1T) 3dsp,
Mo(2H) 3d3.2, MoOy 3ds2 and MoOx 3d3»2.2* 261 Tt is important to note that 1T-MoS: related peaks

are shifted towards lower binding energy compared to the 2H-MoS: due to the higher electron density
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and, therefore, it is possible to distinguish between the two MoS: phases, being the different peaks
circa 1 eV apart.””] Based on this result, the ratio between the two phases was calculated from the
performed fittings and it suggests an estimated distribution of 70% 1T-MoS: and 30% of 2H-MoSo.
The study of S 2p spectral range can give similar information as the Mo 3d (Figure 2b). This signal
has two major peaks at around 162 eV and 168 eV, and they were divided into several different
components. The first one has 4 main contributions at 160.9, 162, 162.1 and 163.2 eV, which can be
attributed to 2p3n and 2p1» metal-sulphur bonds, confirmed as well by the difference between the two
orbitals (1.18 eV on average for 2p orbitals). The difference in these peaks comes from the presence
of both MoS; phases and their significant difference in electron density, that influences not only the
shift of the Mo 3d orbital but also of the S 2p one. In addition to these fittings attributed to Mo-S
bonds, the peak observed at 170, 169.1 and 170.3 ¢V were further resolved in the two S 2p orbitals
and were attributed to superficial SO4%, a common impurity in S based compounds due to air exposure.
The high percentage of 1T-phase significantly changes the material properties, allowing for its
dissolution in water and easy functionalization in such media, despite the presence of some 2H phase

in the final product.
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Figure 2. (a)-(d) XPS spectra of 1T-MoS; prepared by chemical exfoliation and functionalized for 1 day with 4-
iodoaniline. Fitted Mo 3d region before (a) and after (¢) functionalization (including the underlying S 2s peak). Fitted S
2p region before (b) and after (d) functionalization

With these information acquired, the as-produced 1T-MoS; ink was then used for the direct arylation
step (Figure 1), following a previously reported procedure.[*! Therein, p-iodoaniline was used in
large excess as a functionalizing agent and the grafting onto 1T-MoS: electron rich sulfur atoms was
facilitated due to the weak C-I bond in the reagent. However, electron donating moieties in di-
substituted iodo-aryls, such as -NH: groups, proved to lead to a lower surface grafting compared to
electron withdrawing moieties.[*®! This effect can be explained using the Hammett parameters theory
for di-substituted aryls, where functional groups with a negative Hammett value (electron donating)
increase the electron density on the aryl, stabilizing the forming carbo-cation after the —I leaving
group and therefore rendering it less reactive.?? !l To compensate this effect, which opposes the

functionalization process, working conditions for this reaction were tuned, testing different reaction
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times (1, 3 and 7 days, respectively) and increasing the temperature to 40 °C from the previously
reported room temperature, to fasten the kinetics of the reaction. After the end of the reaction, the
material was collected and purified according to the procedure described in the Experimental Section,
Evidence of covalent functionalization was confirmed through XPS spectra of both pristine and MoS;
with the functionalization reaction of 1 day (see Figure 2a-d). In the Mo3d range, the
functionalization’s impact on the two materials® phases is evident (Figure 2¢). Post deconvolution, a
significant increase in 2H-phase compared to 1T is detected, with proportion reaching 65% and 35%,
respectively. The S 2p binding energy region provides further valuable information on the
functionalization. The main peaks were divided into several different components in a similar way as
reported beforehand. (Figure 2d). After the functionalization, additional peaks were detected at
167 and 168.2 eV. These two components are shifted in comparison to normal C-S bonds assignation,

1321 however these deconvolutions are still assignable to organic C-S bonds

usually reported at 164 eV,
and the shift can be again attributed to the different electron density around the element, pointing at
the covalent functionalization of MoS:2 with aniline moieties. Similarly, the N 1s XPS profile, shown
in Figure S2, further corroborates the aniline decoration of the MoS:z surface, since two sharp peaks

at 394.6 and 398.9 ¢V can be deconvoluted and attributed, respectively, to Mo 3p and to aniline

oligomers (or to polyaniline) according to the NIST XPS database!**!.
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Figure 3. (a)-(b) IR analysis and (c) TGA of the different functionalized samples at different reaction times.

Another evidence of the presence of organic C-S bonds in the materials is provided by the infrared

(IR) spectroscopy analysis represented in Figure 3a. In the fingerprint region, between 500 and
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1000 cm™, it is possible to detect a peak at 620 cm™ (Fig. 3b) that appears after the reaction, but it
does not clearly increase with the reaction time. This feature corresponds to the C-S stretching!** and
is a consequence of the covalent grafting of the aniline moieties directly on the MoS: surface, while
the lack in increase, connected to a major presence of the moiety, can be attributed to the surface
saturation and consequent formation of oligomeric branches instead of new C-S bonds. Several other
peaks were observed at 3430, 1632, 1394 and 1108 cm, attributed to N-H stretching, N-H bending,
C-C stretching, and C-N stretching modes, respectively. These findings additionally point towards
the presence of aniline moieties on the surface of the material.

Finally, thermogravimetric analysis (TGA) was carried out on the functionalized MoS2 to investigate
the presence of organic functional moieties on the surface of the material (Figure 2f). An initial
downward slope at around 120 °C characterizes the pristine 1 T-MoSz sample, attributed to the realize
of interstitial water, followed by a slight increase in the weight % of the material. This effect could
derive from an effect called tumescence, where the material upon heating, behaves similarly to a pitch,
forming bubbles that can give a false interpretation of the weight before the bubbles’ removal. This
is further confirmed by mass spectrometry data associated with the TGA measurements, where only
a sharp peak at 18 m/z peak was observed around the same temperature, which corresponds to the
molecular mass of water (see Figure S3). On the other hand, the functionalized material shows a
sharp decrease in mass between 180 and 300 °C. This effect, spanning for more than 100 °C, is the
index of a gradual and slow degradation of organic species. While pure aniline typically evaporates
at around 180 °C, in this case, the effect can be attributed to a more complex decomposition process
rather than the mere detachment of individual aniline moieties from the NSs!¥3-2¢1 In fact, this
degradation is likely to be attributed to oligomers of aniline. Specifically, whenever the surface of the
2D material has been already functionalized, further addition of monomers can be done on top of the
already existing grafted aniling moieties, starting to create oligomers, which are usually called nano-
branches, and these compounds decompose in a similar way to polyaniline, as observed in the

thermograms in Figure 2f .33 Once the surface functionalization reaches a certain extent, the excess
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of iodo-aniline will preferentially react with already grafted aniline moieties and form PANI-like
oligomers on the surface. However, this phenomenon can often lead to a broad and uncontrollable
size dispersion of the oligomers on the surface. For this reason, in Figure 2f the 3 days
functionalization (MoS2-/3) shows a higher mass loss compared to the 7 days one (MoS;-f7), since
the former most probably features a higher degree of oligomers on the surface. Overall, already 1-
day of reaction (MoS,-f7) was enough to reach a functionalization degree of 3.6% (in mass fraction,
see Table S1). When the reaction time was increased, the functionalization degree was estimated to
reach up to 9.5% per S atom, but this high value can also be attributed to the formation of branches,

as previously mentioned.

e 4

Figure 4. (a-b-c) HR-TEM image of the MoS;-fl (i.e. after 1 day functionalization), associated to the corresponding (d)-
(f) STEM-EDX image, nitrogen and sulfur elemental maps.

Transmission electron microscopy (TEM) imaging was employed to characterize the NSs
morphology and composition after aniline functionalization. From high-resolution TEM (HRTEM,

Figure 4a-b-c), it is possible to observe a few layered material and different regions where both the
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2H and the 1T-phase of the material were detected (Figure S4), confirming the results from the XPS
fittings (Figure 2a-d) on the presence of both phases in the material, which can even co-exist in a
single flake. In addition, scanning TEM (STEM) coupled to energy dispersive x-ray analysis (STEM-
EDX) characterization (Figure 4d-f) confirms the presence of both nitrogen and sulfur on the
functionalized NSs, with a highly homogeneous distribution of both elements, hinting at an ordered
surface decoration of the layered nanomaterial with aniline or its oligomers.

Starting from the aniline-decorated MoS; flakes obtained after 1 day of functionalization (MoS>-f1),
2D MoS,/PANI hybrids (MoSz-f1(@PANI) were prepared, following the procedure described in the
Experimental Section and sketched in Figure 1. In particular, hybrids with 1:20 molar ratio between
the inorganic (functionalized-MoS;) and organic (PANI) components were synthesized using both
pristine 1T phase and functionalized one. Briefly, the conducting polymer was prepared in sifu, by
adding aniline and the oxidizing agent, ammonium peroxidisulfate (APS), as reactants to the
dispersed MoSz-f1 NSs and the final hybrid was collected as a powder after purification, they were
called respectively MoS2(1T)@PANI 1:20 and MoS2-f1(@PANI 1:20. The as-synthesized materials
were characterized with Raman spectroscopy, P-XRD analysis, scanning clectron microscopy (SEM)
and EDX and details are discussed in the S.1. (Figure 85). In summary, after polymerization of PANI
around the 2D material, the only peaks in the Raman analysis and reflexes in the P-XRD visible are
the one related to the polymer, while SEM pictures show a rod like morphology, typical of the PANI
structure (Figure S6). On the other hand, EDX reveals the presence of both Mo and S in the material
together with C and CI, confirming the presence of all the expected atomic components in the hybrids.
Nitrogen is not seen due to overlap with the EDX signal of carbon, however chlorine is an indirect
indicator of the nitrogen presence, since chlorine is the anionic dopant in the PANI emeraldine
structure, counterbalancing the positive charges of the -NH-" moieties.

After characterizing the structural and morphological properties of the MoS,-f1 @PANI hybrid, which
was easily produced by the 3-steps exfoliation-functionalization-polymerization procedure

previously described, its electrochemical behavior was tested in order to investigate the potential for
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use in supercapacitor-like devices. For comparison, a reference hybrid, termed MoS2(1T)@PANI,
was prepared by in-situ polymerization of aniline in the presence of pristine 1T-MoSa. Initial analyses
were carried out in a 3-electrodes system to study the properties of the hybrid materials and comparing
them to the pristine components, using H2S04 0.5 M as the electrolyte (see more details in the
Experimental Section). Cyclic voltammetry (CV) analysis was first performed to select the potential
range suitable for subsequent galvanostatic charge-discharge (GCD) measurements. From Figure 4a,
it is possible to notice that in almost all samples the PANI redox peaks appear between 0.25 V and
0.5 V (vs RHE), therefore GCD measurements performed in this potential window will exploit the
pseudo-capacitive storage mechanism related to this redox couple. However, in the hybrid containing
the pristine 1T-MoSz, there is an evident shift and broadening of the PANI oxidative peak towards
higher potentials, from 0.4 V to 0.7 V (Figure 5a). This shift could be explained by an anti-synergistic
effect between the inorganic and organic components in the nanohybrid. Previous studies have
extensively reported the effect of dopants and additives on the redox behavior of PANI, with inorganic
acid being the most reported as the dopants that can change the properties of the conducting polymer.
However, there are some examples of inorganic materials®’ =¥ used in combination with PANI that
significantly change the polymer redox propertics. Similarly, 1T-MoS2 may act as an additive for
PANI, with its negative surface charge influencing the redox properties of the polymer chains. In
contrast, no similar effect is observed when the functionalized material is used (MoS;-fl@PANI},
which behaves instead like pure PANI, thanks to the direct connection between polymeric part and
the inorganic part. This result hints at a different type of interaction between the conducting polymer
and the inorganic nanomaterial, compared to the case of the non-grafted hybrid.

With the clear information on redox behavior of the examined systems and by comparing it with
previous literature reports, the potential window between 0 and 0.8 V vs RHE was set to explore the
capacitive properties of the nanohybrids.*® GCD curves were subsequently obtained within this
potential range, primarily exhibiting nearly ideal shapes, as depicted in Figures 5b and S7. These

curves typically formed a triangular pattern, with distinct charge and discharge phases. From the cycle
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performance, we can observe a negligible iR drop, which is usually related to the internal resistance
of the system. As counter evidence, potentiostatic electrochemical impedance spectroscopy (PEIS)
analysis was performed and from the relative Nyquist plots (Figures 5¢) a clear difference between
the two hybrids emerges. In both cases, the analysis reveals a semicircle at high frequencies, followed
by a straight line at lower frequencies, hinting at a similar processes happening at the applied
potential.[*142] The functionalized material (MoS2-fl@PANI) shows a smaller semicircle, compared
to the MoSa(1 T)@PANI, corresponding to a lower charge transfer resistance (Rc) and the exact values
can be estimated by fitting the corresponding circle with a suitable model. (Fig 5¢) Moreover, the
conductivity can also be extrapolated from these values and, assuming a similar thickness for both
electrodes, the conductivity values supports a better charge mobility in the functionalized material.
All the values obtained are shown in the S.I. in Table S2 and suggest a larger internal resistance for
the MoS2(1T)@PANI hybrid compared to the MoS2-f1(@PANI sample, arising from several factors.
One of these is the stabilization of the 1T-MoS: metallic phase in the MoS2-f1{@PANI hybrid, since
the 1T phase of MoS: is renowned for being highly conductive, especially in comparison to the 2H
phase of the same material.['>!7] Therefore, the phase locking via functionalization**# protect any
further transition to the 2H phase that can occur due to air exposure and continuous cycling. Moreover,
the direct covalent grafting of PANi onto the functionalized MoS: nanosheets in MoS:-fl1@PANi
significantly improves charge transfer across the hybrid interface. This is due to the stronger
electronic coupling between the PANi and MoS: layers, which facilitates more efficient electron
transport pathways. In contrast, the pristine MoS2(1T)@PANi sample relies on weaker interactions
between the polymer and the MoS: nanosheets, leading to higher Rt values. Lastly, the differences
in the polymerization of PANi on the functionalized vs. not functionalized MoS. nanosheets also play
arole. In the MoS:-f1(@PANI hybrid, the covalent bonding ensures uniform polymerization and better
integration of PANi with MoS,, further contributing to lower charge transfer resistance. The less
organized structure in the MoS:2(1T)@PANI system leads to greater impedance. Thus, the differences

in conductivity between the functionalized and unfunctionalized systems, along with the nature of the
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covalent bonding in MoS:-fl@PANi, contribute to the observed differences in charge transfer

resistance.
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Figure 5. Three-clectrodes clectrochemical characterization of the covalently grafted and non-grafted 2D MoS2/PANI
hybrids. (a) CVs of hybrids and individual components. (b) GCD curves for the grafted MoS>-fl@PANI hybrid at
different current densities (see Figure S7 in the S.I. for the corresponding curves of the non-grafted sample). (¢) PEIS

analysis and (d) specific capacitance calculated for the two hybrid materials.

The GCD results displayed in Figure 4b and Figure S7 were used to calculate the values plotted in
Figure 5d, using Equation | reported in the Experimental Section. The hybrids showed a similar
specific capacitance (Cs) at low current density (0.5 A/g) of 302.5 F/g for the functionalized material-
based hybrid, and of 291 F/g for the un-functionalized reference, with only a 3.5% difference between
the two species. However, at increasing applied current, the difference becomes more pronounced,

reaching a 16% difference in Cy at 20 A/g, with 200 F/g for MoS;-fl(@PANI and 168 F/g for
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MoS:(1T)@PANI, pointing at a significant improvement in performance promoted by the surface
functionalization.

Given the promising results in a 3-electrodes setup, further tests were conducted in a 2-electrodes
system to more realistically assess the performance of the nanohybrids in an actual supercapacitor-
like device. The system chosen for the two electrodes test was assembled in a Swagelok cell, to
simulate a device setting with symmetric features and current collectors made of 10 mm diameter
Toray paper discs (see Experimental section). In this conditions, both MoS;-fI@PANI and
MoS2(1T)@PANI species were tested. In addition, two further hybrids were modified by applying
NaCl saturated solution (brine) as an additive during the PANI polymerization process, as described
in Figure 1, in order to tune functional properties (the two new hybrids are named by simply adding
“brine” at the end of MoSz-f1@PANI and MoSz(1T)@PANI, for the sake of clarity). The additional
salt has no effect on the overall hybrids’ morphology (see Figure S8), but it has been reported to
possibly improve the electrochemical performances. NaCl crystals act as pseudo templates (Figure

(443 and facilitate additional connection between the polymer

6a,b), as reported in previous works,
chains, potentially further boosting the capacitive behavior of the hybrids. GCD measurements were
performed (Figure S9) and from them, C; values were calculated (Figure 6¢). The trend observed in
the 3-electrodes set-up electrochemical characterization is still visible in the pseudo-device setting,
however a small increase can be seen initially in some samples, that can be attributed to an complete
stabilization of the composite after the first measurements. Specifically, the hybrid based on the
covalently functionalized 2D MoS; shows a higher C; compared to the one based on pristine 1T-MoS:,
namely 25% greater at 0.5 A/g and 45% at 10 A/g current densities. Moreover, the addition of the
NaCl pseudo-template during the synthesis yielded materials with higher Cy (maximum values of
71.1 A/g and 58.8 A/g for MoS:-fl1{@PANI and MoS2(1 T)@PANI, respectively) compared to the one
without this pretreatment, proving once again the positive effect of the functionalization of the

material, finally obtaining a maximum capacitance for the functionalized and brine treated samples

of 71.1 F/g at 0.5 A/g.. This improvement in Cs also results in a larger power and energy density
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(Figure 6d) for the hybrids prepared in the presence of brine, with 8 kW/Kg power density and energy

density of 4.5 Wh/Kg for the MoS2-f1 @PANI best sample (Table S3).
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Figure 6. Effect of saturated NaCl (brine) addition during 2D MoS2/PANI hybrids synthesis on capacitive behavior in a
2-electrodes set-up. (a) NaCl crystal structure and (b) proposed pseudo-templating mechanism of NaCl during aniline

polymerization. (¢) C calculated from GCD curves of the hybrids and (d) Ragone plot for the same samples.

To gain insights into performance retention of the investigated pseudo-capacitors, durability tests
were performed on all the above reported samples for over 5000 cycles (Figure 7a). Here, the brine-
based samples showed a much steeper C; drop in the early cycles compared to the others, while C;
decreases gradually for the two hybrids prepared without brine, until MoS»-f1@PANI stabilizes at
around 84% retention (best Cs at 5000 cycles among all the functional electrodes tested). To further
nvestigate the peculiar deterioration of the brine-based samples, pre- and post-mortem morphological

analysis on the electrodes were performed with SEM imaging.
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Figure 7. (a) Capacitance retention of the different material in a 2-electrodes set-up. SEM images before (b) and after (c)

cycling for MoS,-f1(@PANI + brine.

From SEM image before cycling (Figure 7b), it is possible to observe the presence of thin nanometric
polymer-based interconnections within the microstructure of the electrode material. Similar
morphological details are not present in the sample prepared without brine, which makes them
specific features of the templated samples. However, after cycling these features disappear (Figure
6¢), index that they are connected to the charge storage mechanism. We attribute both the increase in
Cs and its sharp initial drop during cycling to this morphological variation observed in the
nanohybrids prepared with the NaCl pseudo-template. The additional presence of these wires expands
the surface where the electrolyte can interact, but, at the same time, the continuous cycling at
relatively high current density brings to a rapid degradation of these filaments, leading to a loss in C
already after 200 cycles. This deterioration in the charge storage performance can be explained in the
context of the PANI degradation mechanism, which often encompasses a phase transition
corresponding to a morphology change, due to the reversible redox reaction happening in the polymer
chains during cycling.['** Therefore, this process may also lead to the disappearance of the
nanowires connecting different areas of the composite material, thus reducing the available surface

for the energy storage process. This hypothesis is verified by post-mortem SEM images on all samples
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(Figure 6¢c and S10), from which a change in morphology is observed and the degradation of the
nanostructure after the cycling occurs. Samples based on pristine 1T-MoS> showed the largest
morphological difference before and after cycling, with wide areas of the material transitioned to an
amorphous microstructure, Simultaneously, the brine pre-treated samples exhibited a lower degree of
the amorphous phase, while the filamentous connections disappeared, supporting the aforementioned
observations (Figure 7b and 7c).

Based on the above analysis, the brine treatment appears to positively affect the overall charge storage
performance of the hybrid materials, significantly enhancing their Cs. However, this improvement
also contributes to a faster capacitance drop in the material. This issue could potentially be addressed
by implementing slower cycling conditions or by establishing thicker connections between the
polymer chains via longer reaction time, thus reducing the influence of the degradation process, while
once again the functionalization proved to yield better composite in comparison to the non

functionalized samples.

In general, this work produces binary blends starting from a flexible and easy functionalization step
of 2D materials. This process was often used before with graphene!*” *! using diazonium salts, as
well as with other 2D materials, such as MXenes!®" and other TMDCs*+31-52 This procedure, using
iodo-compounds, is not as common but utilize the same principles, therefore the possibilities for its
applications are as wide as diazonium based functionalizations.

The blending with conductive polymers improves the performance of the single components and their
stability. However, blends in literature are often prepared by using three or more components (Table
1) and therefore, they can not be compared easily. It is also clear how the 3™ components, usually a
carbonaceous material, greatly increase the electrochemical properties, however our work focuses on
the optimization of the interaction between the two basic components, opening the possibility to reach
even higher electrochemical performances adding another additive to the mixture to enhance

performances and cycle retentions.
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Table 1. Literature comparison of the here proposed material with some other binary/ternary blends

Cs Cycle Stability (2 Electrodes) Ref
MoS2/PANI//CC 452 F/g (02 Alg) 87% (1000 cycles) 31
MoS»/PANI/MnO 469 Flg (1 Alg) 94.1 % (4000 cycles) 154)
MoS»PANI/Graphene 699 F/g (0.2 A/g) 98.3 % (500 cycles) 551
MoS/PANI 274 Alg (1 Alg) 42% (1000 cycles) o
MoS»/PANICNT 532 Alg (1 A/g) 83% (1000 cycles)
MoS,/PANI 348 F/g (0.5 mA/em?) / [s6]
MoS2/PANI 390 (0.8 A/g) 86 % (1000 cycles, 3 Electrodes) (201
IT@2H-MoS,/PANI 618 F/g (0.5 Alg) 98% (8000 cycles) (57
MoS>-ex/PANI 277 F/g (0.5 Alg) 98% (10000 cycles) (58]
MoS:-NH2/PANI 326.4 F/g (Alg) 96% (10000 cycles) (591

MoS,-f1/PANI

302.5 F/g (0.5 A/g)

84% (5000 cycles)

This work

3. Conclusions

In summary, this study elucidates two distinct ways for bolstering 2D materials used in

electrochemical energy storage. The synthesis of hybrid nanostructures between layered MoS: and

PANTI is reported. This is accomplished by resorting to both pristine 1T-MoS; and an easily produced

functionalized variant of the MoS,. The functionalization process occurs under gentle conditions,

employing a readily available reagent. It introduces covalently bound aniline moieties, which can be

exploited to further tune the structure of the 2D nanosheets by grafting PANI directly on the surface.

This functionalization methodology exploits known electrophilic chemistry, which can be also

applied to other 2D materials, as long as the preconditions are met and allowing for material tailoring

depending on the final applications desired. Notably, the as-synthesized MoS:z-fl@PANI covalent
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hybrids show better charge storage performance compared to the non-functionalized system in the
same way, reaching a specific capacitance of 302.5 F/g at 0.5 A/g in a 3-¢lectrodes configuration and
demonstrating the power of the grafting approach to improve functionality. Additionally, our
investigation also shows that a templating NaCl treatment during synthesis can further improve
electrochemical storage capacity, up to 71.5 F/g at 2 A/g in a 2-electrodes set-up, compared to 46 F/g
for an analogous sample prepared without such pre-treatment.

Our results align quite well with those from other 2D material/conducting polymer hybrid systems,
providing valuable insights into enhancing 2D materials-based energy storage platforms. We propose
an easy-to-make and straightforward method for the covalent functionalization/hybridization of 2D
TMDCs. This method can be exploited to produce functional electrodes for reaching high Cs at high
current density, while maintaining good storage retention over prolonged cycling. Additionally, these
hybrids can be easily casted on top of carbon collectors, and, in a similar way, they could be processed
on other substrates, even flexible ones, in order to produce a range of energy-storage devices for

multiple electronic applications.

Experimental Section

Materials preparation

MoS:, Aniline, (NH4)2S:0s and N-butyl lithium (Li"But) were purchased from Sigma Aldritch and
used without any further purification. p-iodoaniline was purchased from TCI Chemicals and used
without any further purification. 1 M HCl was prepared by dilution of concentrated HCI (36-38 wt. %)
with deionized water and used without any further treatment.

1T MoS> production. 1T-MoS» was produced by a slightly modified lithiation procedure reported in

¢.16061] A three-neck round bottom flask was connected to an Ar Schlenk line and cleaned

literatur
tfollowing standard Schlenk line procedure (cycles of vacuum, heating, and Ar flux), after which 1 g

of bulk MoS: and a magnetic stirrer were added under Ar flux in the round bottom flask and left

drying under vacuum for 1 hour at 40 °C. After drying, the glassware was cooled down using an ice
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bath, and then 4 mL of dry hexane was added, using an Ar purged syringe, to the glassware under
mederate stirring. Subsequently, 6 mL of Li"But in hexane was added in a similar way to the round
bottom flask. The ice bath then, was removed and the solution was left stirring for 3 days at room
temperature, At the end of the reaction, the hexane solution was recuperated using hexane as solvent
and centrifuged at 6000 rpm for 20 minutes, removing the supernatant and adding fresh hexane each
time. This procedure was performed three times, and the final tubes were left drying under vacuum
at 40 °C overnight. Subsequently, 800 mg of the as lithiated MoS; were added to 400 mL of deionized
water and exfoliated using a tip-sonicator (TS, Bandelin Sonoplus), operating at 80% power output
with 1 s on/ 1 s off cycles for 2 hours while kept at 0 °C with an ice bath. The suspension was then
centrifuged at 6000 rpm for 20 minutes and the supernatant was kept for further work. Furthermore,
a set amount was freeze-dried to obtain 1T-MoS2 powder for further characterization and to calculate
the concentration of the suspension, which was 1 mg/mL on average.

1T-MoS: functionalization. The functionalization was carried out using a previously reported
procedure in literature: briefly, a large excess of p-iodoaniline were added to 25 mL of NMF (usually
10 equivalents of the calculated MoS; used for the reaction) and left stirring for 15 minutes at 300
rpm to produce a homogenous pink solution. Afterward, the iodo-aniline solution was added to 100
mL of MoS> suspension in a round bottom flask and left stirring for 7 days at 40 °C. After the reaction
concluded, the suspension was filtered on a PTFE filter (Omnipore, 200 pm), washed twice with 20
mL of distilled water, once with 10 mL of DMF and lastly with 10 mL of acetone and put in vacuum
oven at 40 °C to dry overnight and recuperated the day after.

MoS>@PANI hybrids. MoS; and PANI hybrids are synthesized according to a common procedure for
the PANI polymer. Briefly, two solutions are prepared: in the first one, 10 mg of MoS: based material
and 12 mg of sodium cholate are added to 6 mL of 1 M HCI and sonicated for 15 minutes in an
ultrasonic bath (USB) at 37 Hz at room temperature. 1T-MoS; suspension is prepared for
MoSx(1T)@PANI, and functionalized 1T-MoS: suspension is prepared for MoS>-f1@PANI.

Afterward, 114 pL of aniline (1.25 mmol) were added to this suspension and stirred for another 15

149



Chapter 3: Publications

minutes. Simultaneously, another solution was prepared by dissolving 0.3131 g of ammonium
peroxydisulfate (APS, 1.1 eq of aniline) in 6 mL of 1 M HCI.

Depending then on the experiment, NaCl was added to both solutions until saturation was reached.
The sample as produced has an additional “brine” added to their name and they are respectively:
MoS2(1TY@PANI 1:20 + brine and MoS:-f1@PANI 1:20 + brine. Once preparation was over, the
aniline/MoS; solution was placed in an ice bath to cool it down and the APS solution was then added
to it while stirring and left reacting for 1 hour, After the reaction, the material was filtered using a
paper filter and washed thoroughly with 1 M HCI and, eventually, with 10 mL of acetone and dried
in a vacuum oven at 40 °C overnight.

Structural, chemical and morphological characterization

Raman spectra were recorded on a Bruker Senterra instrument using a 532 nm laser as excitation
source with a power of 0.2 mW, integration time of 5 s and 60 co-addition per measurement. P-XRD
measurements were performed on a PANanalytical B.V. Empyrean in the 5°-75° 20 range using a step
size of 0.013° and an integration time of 100 s. TGA was run on a Netzsch STA409PC instrument,
using = 20 mg per measured sample. Measurements were performed under inert atmosphere and were
heated between 30 °C to 800 °C with a ramp of 10°C min™', SEM was performed on a Zeiss Merlin
instrument at an acceleration potential of 4 kV, 20 um beam aperture, and at several different
magnifications. The secondary electrons were measured using an in-lens detector and a work distance
of 2 mm. HRTEM imaging was conducted with a non-aberration-corrected Transmission Electron
Microscope (TALOS F200X, Thermo Scientific, Eindhoven, The Netherlands) operating at 200 kV.
The images were acquired using a 16-megapixel CMOS camera with an exposure time of 1 second.
EDX was performed with the same instrument at an acceleration potential varying from 8 kV to 10 kV,
a current of 8 nA and 60 um beam aperture using an X-Max 50 Silicon Drift detector with 50 mm?
active equipped with a polymer window. XPS measurements were conducted with a PHI 5000
VersaProbe IV Scanning ESCA Microprobe (Physical Electronics) with monochromatized Al Ko

1486.6 eV X-ray source in high power mode (beam diameter 200 pm, X-ray power: 50 W, X-ray
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lamp voltage: 15 kV). Samples were prepared by filling a Teflon sample cap and attaching them to
the XPS sample holder with an isolating tape. A time steps of 50 ms, a step size of 0.2 ¢V and an
analyzer pass energy of 27 eV were used for measuring the detail spectra, while a pass energy of
140 eV were used for the survey spectra. The sample surface was charge neutralized with slow
electrons and argon ions, and the pressure was in the range from 107 Pa to 10 Pa during the
measurement. Data analysis was performed using the CasaXPS software, using an asymmetric
Gaussian-Lorentzian function (A(0.35, 0.4, 0) GL(20)) to fit the MoS> 3d orbitals, while the MoOx
3d and the S 2p orbitals were fitted with a SGL(80) and GL(10) function respectively.

Electrochemical characterization. CV was performed in a 3-clectrodes set-up using glassy carbon as
working, Ag/AgCl as reference, and a Pt wire as counter electrode on an Autolab PGSTAT302
equipped with an impedance module. The potential window was chosen by analyzing around the OCP
with 100 mV steps until the CE dropped below 95% and confirming the results via CV, resulting in
the potential window between 0 V and 0.800 V vs Ag/AgCl. PEIS was measured on a fresh electrode
at constant potential (OCP), frequency range varying from 1 MHz to 1 Hz, amplitude of 10 mV and
10 points/dec. Lastly, PEIS were measured at different potentials (0 V and 0.1 V vs Ag/AgCl) after
the measure and used for further analysis. GCD measurements were performed between -0.2 V and
0.6 V vs Ag/AgCI (AV: 0.8 V) at different current densities (0.1 A/g to 20 A/g). Specific capacitance

was calculated from these measurements using the Equation 1:

I1+At

Cs = — Eq. 1

Where [ is the discharge current applied, At is the discharge time, m is mass in g of active material
and AV is the potential window used.

Two electrode measurements were performed using a symmetric setup on Swagelok cell using a
BioLogic SP150 potentiostat. Electrodes were prepared by coating a 10 mm (Swagelok) Toray paper
carbon disk with a paste made from the active material, acetylene black and PVDF (mass ratio &:1:1
respectively) and a glass fiber separator, where tree drops of electrolyte solution (H2SO4 0.5 M) were

casted. GCD measurement were also performed from 0 V to 0.8 V (4F: 0.8 V) using current densities
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(0.1 A/g, 0.2 A/g, 0.5 Alg, 1 Alg,2 Alg, 5 A/g, 10 A/g). Lastly, stability test was performed on
fresh electrodes at 2 A/g for 5000 cycles and capacitance retention and faradic efficiency were
calculated from the mentioned measurements using the EC Lab program. Cs was calculated by using
the aforementioned methodology. Faradic efficiency was calculated by dividing the amount of charge
for the discharge and charge part of the GCD curve and reporting them over the course of the cycles.
Lastly, Ragone plot was calculated using the Equations 2 and 3 for the energy density (J/g) and the

power density (W/g) respectively:

CsV?

E;, = .

Eq.2

P=72 Eq3

ta
Where Cs is the specific capacitance in F/g calculated beforchand, ¥ is the voltage window used for

the measurements, Ejis the energy density and tq is the discharge time of the GCD curve.
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Figure $1.({a) P-XRD and (b) Raman measurements of exfoliated 1T-MoS2

Figure S1 Discussion

Typical fingerprints of the MoS, 1T-phase can be observed in the XRD diffractogram. The
reflection at 8° can be ascribed to the 002 reflection of the material." Additionally,
reflections between 20° and 30° are observed and can be attributed to molybdate species.
These could be formed by surface oxidation of the material during the exfoliation process.
Typical peaks related to MoS; are present, i.e. the E;; mode at 380 cm™ and the A;; mode at
404 cm™. Moreover, two further peaks at 157 cm™ and 222 cm™ were observed and can be

indexed to J; and J, modes related to the 1T-MaoS; phase.®*
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Figure S2. XPS spectra of N 1s region of 1 day functionalized MoS

100 + = 1T-MoS; benchmark |
= 18 miz M35

Mass (%)
(‘n"e) Aususyu|

0 200 400 600 800 1000
Temperature (°C)

Figure 53. TGA-MS analysis of benchmark 1T-Mo52 and fragment corresponding to 18 m/z
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20/nm

Figure S4. TEM image of functionalized MoS; and high resolution zoom of the corresponding sample
to show the different disposition of the atoms on the sheet (2H and 1T phase coexistence)
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Figure 55. (a) Raman spectra of MoS,-f1@PANI. (b) P-XRD of the as produced materials. (c) Reference
SEM picture of MoS»-f1@PAN! and (d) relative EDX maps.
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Figure S5 Discussion

The two peaks at 1616 cm™ and 1591 cm™ are respectively associated to the C-C stretching of
the benzoic form and the C=C bond of the quinoid form. Right next to the quinoid form
fingerprint, there is another signal at 1489 cm™ that can be attributed to C=N stretching.
Further modes at 1215 and 1163 cm™ can be attributed to C-N and C-H bonds related to a
mixed benzoic/quinoid structure of the material. Moreover, there is an additional artefact at
1314 cm™ that can be associated with the localized charge on C-N bonds, however, this signal
can shift depending on the chain length of the polymer. The last four observed peaks, at 812
ecm?, 773 cm™, 526 cm™, and 415 cm™ can be all attributed to C-H bonds and to C-C bond of
the benzene/quinoid ring of the material.>® In this region, also two main vibrational modes of
MoS; should be present at around 380 cm™ and 404 cm™, however, considering the 1 to 20
ratio between the inorganic and organic part in the hybrid material, they are probably
covered by the signhals of the conducting polymer and therefore no visible difference are
observed in this context between the different hybrid materials. Similarly, P-XRD analysis
were performed on both hybrid samples (Figure S5b) and, as in the Raman analysis, mainly
reflections associated to PANI"® were seen. Only the reflection at around 15° (20) can be
attributed to both the (002) plane of MoS, and of the PANI. In the case of the reference with
1T-phase, this contribution comes predominantly from the conducting polymer; however, in
the hybrid with functionalized MoS;, a sharp reflection emerges at around 14.8° which can
be associated with the aforementioned (002) plane of MoS,. Eventually, the incorporation of
the inorganic TMDC in the polymer was confirmed via scanning electron microscopy (SEM)
and related energy dispersive X-ray (EDX) analysis, studying both the marphology and the
elemental composition (Figure S5c-d, S6). A rod-like morphology is evident in the hybrid

material, which is usually attributed to the PANI structure. However, no bi-dimensional
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structures is observed, hinting at a complete coverage of the 2D material by the conductive

polymer, reasonable considering the ratio between the two components.

Figure $5. SEM picture of hybrid material
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Pre cycling

Post cycling

Figure §9. SEM images of the used electrodes in Swagelok measurements, before and after cycling

Table S1. Functionalization degree of 1T-MoS, nanosheets reacted with pora-substituted iodoaniline for different time.

Reaction time (days) Mass loss (%) Functionalization degree per S atom
(%)

1 4 3.6

3 10 9.6

7 7 6.5

Table S2. Resistance values obtained by fitting the impedance data with a standard cell circui and conductivity
measurements obtained from the EIS data, assuming an electrode thickness of 100 pm.

Sample name Ro (Q cm?) Re (© cm?) o (Qcm)?
MoS,(1T)@PANI 0.92 7.44 1.34*10°
MoS2-f1@PANI 1.11 3.62 2.76%10°

Table $3. Energy and power density values extrapolated from the Ragone plots for the four MoS,/PANI hybrids tested in a
two-electrodes set-up

Sample name Energy density (Wh/kg) Power density (kW/kg)
MoS,(1T)@PANI 1.5 7.9
MoS,-f1@PANI 3.4 3.1
MoS,(1T)@PANI + brine 4.0 8.0
MoS,-f1@PANI + brine 4.5 8.1
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3.6: Publication n°5

Stabilizing Layered BiOBr Photoelectrocatalyst by Van der Waals

Heterojunction Strategy

Authors: Wang M., Osella S., Torre B., Crisci M., Schmitz F., Altieri R., Di Fabrizio

E., Amenitsch H., Sartori B., Liu Z., Gatti T., Lamberti F.

As reported in the previous chapters, HER has always been an interesting
solution to substitute the production of hydrogen from fossil fuels to greener
solutions and in this application MoS; has always proved to be an efficient
catalyst and a good candidate for the substitution of Pt based catalysts. MoS; has
been reported by several research group as a promising electrocatalyst for the
production of hydrogen'’>273274 with large differences between the 1T and 2H
phases, with the first one often being considered the best one of the two for the
evolution reaction. 27>2’2 However, there are also option to use the TMDC and
other materials to enhance and fine tune the properties of the 2D material.
Examples are the use of moS2 as a support and promoter, supported on some
other materials and in heterostructures to obtain a synergistic effect on the final

properties of the composite.

Following this line of thought, publication n°5 aimed to obtain an
heterostructure using both widely used electrocatalyst 1T-MoS; and photoactive
BiOBr to achieve obtain photoelectrochemical hydrogen conversion, coupling the
light absorbance of one material and the catalytic activity of the other to further
bolster the properties of the material. The synthesis procedure was optimized
from a precedent publication, publication n° 4, and the characterization was
made via Raman and electron microscopies (TEM and SEM), while
electrochemical characterization was performed via LSV and CVs in
electrochemical (EC) and photoelectrochemical condition (PEC) using a mercury

lamp a light source in this case. Moreover, to delve deeper into the mechanism
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of reaction and the change of the two material, quasi in-situ WAXD experiments
at the Electra Synchrotron in Trieste were performed after each electrochemical
measurements and these analyses couple with theoretical calculations,

performed by our collaborators, allowed us to deepen our understanding of the

interactions between the two components.

My contribution in this paper was focused on the preparation of the 1T-MoS;
material and the heterojunction with BiOBr, coupled with its characterization.
Moreover, | took part in the experiments performed at the synchrotron,
supporting the data gathering and analysis of the in-situ electrochemical WAXD
measurement. In addition to that, data discussion, analysis and paper writing

were also part of the contribution | gave to the publication.
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Stabilizing Layered BiOBr Photoelectrocatalyst by Van Der

Waals Heterojunction Strategy

Mengjiao Wang,*@ Silvio Osella,” Bruno Torre,” Matteo Crisci,” Fabian Schmitz,"
Roberto Altieri,” Enzo Di Fabrizio,™ Heinz Amenitsch,'” Barbara Sartori,'” Zheming Liu,®

Teresa Gatti,@ and Francesco Lamberti* 9"

The photoelectrocatalytic (PEC) hydrogen evolution reaction
(HER) holds immense promise as a clean and sustainable
method for hydrogen production. However, finding a suitable
catalyst which is efficient, stable and scalable still remains an
open challenge. BiOBr is a 2D layered material studied as
photoelectrocatalyst because of its suitable band gap for light
absorption and potential for up-scalable production. However,
its application in HER is not commonly reported, because of
instability in a cathodic PEC environment, driven by a strong
tendency to reduction to metallic bismuth. To solve this
problem, 2D MoS, is used to induce the formation of a van der
Waals (vdW) layered heterojunction (HJ) to stabilize the lattice
of BiOBr during HER. By performing PEC HER with the HJs
containing different ratios of MoS,, it is found that the HJ with
1% MoS, can increase the stability of BiOBr, while the one with

Introduction

The photoelectrocatalytic hydrogen evolution reaction (PEC
HER) is a fascinating and sustainable process, which harnesses
sunlight and electric power to drive the production of hydrogen
from water. However, several challenges such as efficiency,
stability, cost and scalability still exist for optimizing photo-
electrocatalysts for PEC HER."~ BiOBr stands out as a promising
photoelectrocatalyst with unique structural and electronic
characteristics that make it well-suited for solar-driven
applications.*® Possessing a layered crystal structure with Bi,O,

50% MoS, can even accelerate the reduction of BiOBr to
metallic bismuth. DFT calculations reveal that the interface
between BiOBr and MoS; in the HJ with 1% MoS, tends to push
active electrons on the sulfur atoms, thus favoring HER. On the
other hand, in the 50% HJ, active electrons are prone to react
with BiOBr to induce reduction. /n situ wide-angle X-ray
diffraction (WAXD) on the MoS,/BiOBr Hls with 1% and 50% of
MoS, allows to track the phase change and the phase transfer
speed of BiOBr during PEC HER. Interestingly, when the HJ is
illuminated with UV light, a lower amount of BiOBr is reduced
to Bi under negative potential, due to the presence of photo-
generated holes reacting with the extra electrons derived from
the negative bias and preventing the BiOBr photon absorber to
be further reduced.

layers separated by Br atoms, BiOBr has a peculiar electronic
structure, which allows for efficient charge separation and
migration, leading to enhanced PEC activity.” For instance, Ling
et al. fabricated BiOBr nanosheet arrays on indium tin oxide as a
photoanode and a transient current of 70 pA/cm? was detected
at a bias of 0.9 V. Wang et al. showed photocurrent density of
0.29 mA/cm? at 1.23 V vs. RHE for BiOBr.” Hu et al. used BiOBr
nanosheets for PEC alcohol oxidation with the combination of
Pt1'% A BiOBr/Ti photoanode was used to degrade RhB under
bias voltage of 0.7 V.""! Meanwhile, its cost-effectiveness and
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potential for facile scaled-up production make BiOBr worthy to
optimize as a photoelectrocatalyst."?

In most cases, however, the pure BiOBr is used as a
photoanode suitable for oxidation reactions, due to its band
structure."*™* Operando chemical stability is a critical factor in
the practical application of BiOBr as a photoelectrocatalyst for
HER. Since BiOBr has demonstrated reasonable stability only
under specific conditions, research efforts are usually directed
toward improving its resistance to photocorrosion, a process
where the material degrades over prolonged exposure to
light"® Meanwhile, the negative bias can cause the reduction
of BiOBr as well, since the standard potential of Bi**/Bi° is
46 mV vs. Ag/AgCL™ In principle, the Bi- and BiO-terminations
found in single-layer BiOBr demonstrate highly active sites for
the HER, whereas the inert basal planes of monolayer BiOBr can
be activated for the HER by introducing halogen vacancies."®'®
Similarly, other BiOX compounds like BiOCI and BiOl may offer
similar characteristics, but BiOBr remains the most extensively
studied for the HER due to its optimal band-gap (2.42 eV)
Moreover, incorporating BiOBr with other materials could
enhance its structural stability during PEC analysis. For instance,
Shi et al. managed to reduce CrVI) to Cr(lll) with MoS,/BiOBr.”"
Han et al. fabricated core-shell structured Bi/BiOBr photoelec-
trode for PEC HER getting a photocurrent of 6 mA/cm® at
—0.5V vs. RHE? A 2D MoS,/BiOBr heterojunction (HJ) is a
successful example to suppress self-reduction of the oxy-
bromide during the PEC HER. In our previous work, it was found
that within a few- layers MoS,/BiOBr HJ, the BiOBr structure
remains intact during the PEC HER only when the ratio of MoS,
is 19.% On the other hand, with 50% of Mo5, inside the HJ,
the BIiOBr component is reduced to Bi in a short time
However, the HJ with 1% of MoS, can only partially hinder the
reduction process instead of completely avoiding it, and still a
portion of BiOBr is reduced to Bi during PEC. Therefore, the
methodology based on the selective modification of layered
BiOBr for realizing HJs with cathodic properties is still at its
infant stage and deeper mechanistic studies are required for its
successful application in HER, at maximized stability.

Based on the above state-of-the-art situation, we present
here a more detailed study on the PEC HER process with 2D
MaoS,/BiOBr HJ catalysts. To dig more into the mechanism
behind such system, we performed density functional theory
(DFT) simulations to atomistically describe the HER process on
the MoS,/BiOBr HJ. Our calculations demonstrate that in the HJ
with 50% MoS,, active electrons are more likely to interact with
BiOBr instead of reducing absorbed protons on sulfur atoms,
leading to the production of metallic Bi. Conversely, in the 1%-
MoS,/BiOBr configuration, the interface between BiOBr and
MoS, tends to transfer active electrons to the sulfur atoms,
thereby promoting HER. Furthermore, we monitored the
reduction process of BiOBr to metallic Bi in the HJs by
synchrotron wide-angle X-ray diffraction (WAXD) during the
PEC reaction. By comparing the HJs with 1% and 50% of MoS,,
the phase transfer in 50%- MoS,/BiOBr results faster and more
complete than that in 1%-MoS,/BiOBr. More interestingly,
under illumination conditions, there is less amount of BiOBr
reduced compared to the same situation in dark. This happens

ChemCatChem 2024, €202400282 (2 of 9)
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most likely because photogenerated holes can neutralize the
extra electrons and protect BiOBr from reduction to Bi.

Results and Discussion

The HJ samples are synthesized by a combination of microwave
synthesis and liquid phase exfoliation (LPE) methods, as
reported before and described briefly here in the experimental
section.”™™ By tuning the weight ratio of bulk BiOBr and MoS,
precursors to 100:1 and 1:1, MoS,/BiOBr van der Waals {vdW)
HJs with few and large amount of MoS, are prepared. The
sample with 1% of MoS, precursor is labelled as 1%-MoS,/
BiOBr, while the sample with 50% of MoS, is labelled as 50%-
MoS,/BiOBr. The powder X-ray diffraction (P-XRD) patterns of
50%-MoS,/BiOBr are indexed as the combination of a tetrago-
nal BiOBr phase (ICSD number: 61225) and hexagonal MoS,
phase (ICSD number: 95569) without the presence of any
impurities (Figure $1). Only the BiOBr phase is instead detected
in the 19%-MoS,/BiOBr, because of the small content in MaS5,.
Their morphologies were checked with transmission electron
microscopy (TEM). As shown in Figure S2, pure exfoliated BiOBr
and MoS, both provide nanosheets with irregular shape. 2D
BiOBr shows a rough size range between 50 and 150 nm, while
2D MoS, is more than 300 nm in width. In Figure 1a and 1b,
both 1%-MoS,/BiOBr and 50%-MoS,/BiOBr show the combina-
tion of large MoS, and small BiOBr nanosheets. The high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) and the corresponding STEM-EDX mapping of
1%-MoS,/BiOBr displayed the existence of Mo and Bi elements,
further confirming the existence of MoS, in 1%-MoS,/BiOBr. The
distribution of these two elements proved an overlapping of
the two structures.

Figure 1. TEM images of (a) 19%-Mo5,/BiOBr and (b) 50%-Mo5,/BiOBr. (c)
HAADF-STEM image and (d) EDX elemental mapping of 1%-Mo5,/BiOBr.
Scale bars are 100 nm in all images.
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Raman analysis was further performed to identify vdW
interactions between BiOBr and MoS,. Figure 2a depicts the
Raman spectra for 2D layered BiOBr, 2D layered MoS,, and 19%-
MoS,/BiOBr HJ excited by a 532 nm laser. The Raman spectrum
of BiOBr presents a typical Raman peak of A,; mode located at
125cm ' and a peak of E,, mode located at 161 cm '.* The
Aj, and E,y phonon modes come from the internal Bi-Br
stretching vibration. These Raman peaks for pure BiOBr are
consistent with those of the oxyhalide in the 1%-MoS,/BiOBr
HJ. On the other hand, in 50%-MoS,/BiOBr, the characteristic
peaks of BiOBr are weak and this is likely due to the large
amount of MoS, covering the surface of the sample and fading
signals from the pnictogen-containing species. The A,, peak
and E,, peak of 1%-MoS,/BiOBr demonstrate obvious red shift
from 125cm™’ and 161ecm™ to 111¢m™ and 156 cm™
compared with that of the pure BiOBr. The red shift reveals that
the MoS,/BiOBr vdW HJ is potentially associated with the
interlayer coupling interaction of BiOBr and MoS, layers” "
This might result from the Bi-S interaction, which has a lower
frequency than Bi-Br” The characteristic Raman peaks of

BiOBr
1%-MoS,/BiOBr
50%-MoS,/BiOBr
MoS,

B
)

. A

Intensity (a.u.)

mejmcsmifmccmasmans

100 200 300 400 500
Raman shift (cm™")

Figure 2. (a) Raman spectra of 2D BiOBr, 2D MoS, and 2D MoS,/BiOBr Hls. At
the selected area (b), Raman mapping of the peaks at (c) 125 cm™, (d)
409 cm ,and (&) 111 em .
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MoS, are related to an in-plane phonon mode E,, (382 cm ) of
Mo-5 and an out-of-plane phonon mode A, (406 cm ") of §-S
bonds.”” The difference between these two peaks are
243 cm ', which means the MoS, is exfoliated to few-layered
materials, in a quasi 2D fashion.”" As to the HJs, the position of
E, is not changed apparently, while the position of A,,, related
to S-S bond, shows a blue shift to 409 and 408 cm™' for 1%-
MoS,/BIOBr and 50%-MoS,/BiOBr, respectively. This finding
represents the initial evidence of surface sulfurs from MoS,
forming an electrostatic van der Waals (vdW) interaction with
BiOBr. Furthermore, the selected area in Figure 2b was analyzed
through Raman mapping on a highly resolved nano-Raman set-
up.”' It is clear form this further analysis that the BiOBr layered
component is fully dispersed in this area. Figure 2¢ shows the
integrated peak of BiOBr centered at 125cm™' with a peak
width of 20 cm ', and Figure 2d displays the integrated peak
from MoS, centered at 409 cm™' with a peak width of 1¢cm™',
confirming the existence and distribution of BiOBr and MoS2
inside the area. Figure 2e shows the integration of the peak at
111cm ' (peak width of 5cm '), which is from the HJ.
Compared to Figure 2, it is apparent that the peak at 111 cm '
only appears at the overlapping area of BiOBr and MoS,
nanosheets, meaning that the interaction between the two
components is among the whole overlapping area of BiOBr and
MoS, nanosheets. Moreover, the deconvolution of the Mo 3d
peaks in the X-ray photoelectron spectroscopy (XPS) spectra of
the HJs revealed two peaks at 232.2eV and 229.1eV,
corresponding to Mo*"3d,, and 3d,, in the 2H phase (Fig-
ure 53).2* This demonstrates that only the 2H MoS, is present in
the HJs and no traces of the metallic 1T-phase can be detected.

PEC HER has been conducted on photocathodes made of
drop-casted MoS,/BiOBr HJs and pure BiOBr on transparent
conductive fluorine-doped tin oxide (FTO) substrates. As shown
in Figure 3a and 3b, 50%-MoS,/BiOBr and 1%-MoS,/BiOBr yield
—16.5 mA/cm® and —10 mA/cm? at —0.6 V vs. RHE in the first
cycle, respectively. This significant enhancement in PEC activity,
compared to pristine BiOBr (—3 mA/cm’) in Figure 3c, suggests
that the HJs exhibit more effective catalytic activity than pure
BiOBr. However, the HER performance of 509%-MoS./BiOBr
dropped dramatically from the second cycle, likely due to the
reduction of BiOBr since the broad irreversible redox peak of
Bi’' —Bi° appears before HER. Meanwhile, BiOBr has shown the
redox peak of Bi'' —Bi’ as well starting from the 2™ cycle,
which is displayed in Figure 3c. Regarding 1%-MaS,/BiOBr in
Figure 3b, the redox peak appears from the 3 cycle, and the
current density for HER remains higher than —7 mA/cm® at
—0.6V vs. RHE after 5cycles. In contrast, 50%-MoS./BiOBr
shows almost no current after 3 cycles and BiOBr has sustain
the low current density of ~-3 mA/cm®. These results reveal that
the HER activity and durability are highly related to the
composition inside the HJ, which will be discussed in detail
later.

DFT simulations were performed on the 50%-MoS,/BiOBr to
elucidate the HER mechanism, assuming the Mo-edge of MoS,
as the reaction center. Since it has been reported in literature
that the activity for HER linearly corelates with the amount of
exposed edges in crystalline MoS,, we consider here the same
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Figure 3. Cyclic voltammetries (CVs) of (a) 50%-MoS,/BiOBr, (b) 19-MoS,/BiOBr and (c) pristine BiOBr.

edges as active catalytic sites also at the interface®* As first
step of the reaction, we cansider the reduction of the interface
while adding an electron ([MoS,] ), to mimic the experimental
setup with applied potential at —0.5V. The first hydrogen
prefers to bind at the edge sulfur atom, rather than the
molybdenum atom, resulting in strongly bonding interaction,
with a calculated adsorption energy of —0.89 eV. Interestingly,
no stable structures have been found for the Mo—H interaction.
However, after considering solvent effects, entropy and vibra-
tional corrections, the free energy for adding a hydrogen atom
to the S edge is more stabilized, with value of —1.47 eV
([MoS,]Hs). The first protenation occurs with the Volmer step,
which is the potential-dependent step (PDS) of the reaction,
with a maximum reaction free energy of 1.48eV at —0.5V vs
standard hydrogen electrode (SHE). The PDS is the step leading
to an intermediate which requires the highest energy to be
obtained, being the limiting step of the whole reaction and
possibly being the cause for a reaction pathway to be
unfavorable; in the present case, this is correlated to a limiting
potential U =—1.48 eV (U =AGyps/e), meaning that to fully
overcome this barrier, a potential of —1.5V should be applied.
The activation energy required to obtain the Volmer step is
1.73 eV at —0.5V, making this first protonation also the rate
determining step of the HER reaction. Adding a second proton
to the Mo atom did not result in a stable structure, suggesting
that the second H prefers to interact with a second S atom
close to the first one. This second proton addition can occur
either via Tafel or Heyrovsky mechanism. In the Tafel mecha-
nism, a second proton is added to a S atom which neighbors
the first one; in the Heyrovsky mechanism the second proton is
added directly on top of the first proton (Figure 4a).>*>% While
both pathways are thermodynamically favorable, the Tafel one
is the most active one, with a strong energy stabilization at
—1.91 eV ([MoS,JHHs), while the Heyrovsky pathway only
slightly stabilizes the system up to 1.24 eV ([Mo5,]Hs,). Interest-
ingly, the Tafel step is virtually barrierless, while to obtain the
Heyrovsky step a small activation barrier of 0.02 eV has to be
overcome. Eventually, the hydrogen molecule is formed, with a
Gibbs free energy stabilization of —2.14 eV ([MoS,]2H,, Fig-
ure 4a). As a result, the
[MoS;]—[MoS,] —[MoS,]Hs—[MoS,JHsHs— [MoS,12H;  pathway

ChemCatChem 2024, e202400282 (4 of 9}
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can proceed with the first endergonic Volmer step, followed by
a strongly exergonic Tafel step.

To assess the nature of the reduction pathways for the
second proton transfer, we resort here to the analysis of the
density of states and d-band center (Figure 4b and 4c). The
strong thermodynamic stabilization of the Tafel intermediate is
a result of upshift in the d-band center for the pristine surface
compared to the Heyrovsky step. In fact, the d-band energy
center has been found at —0.79 eV for the Heyrovsky step and
is shifted up to —0.63 eV for the Tafel one. The main idea of this
analysis is that the closer to the Fermi energy the metal d-band
center is, the stronger the adsorbate-metal interaction is, due to
a lower occupation of antibonding states. This is also confirmed
by the density of states analysis, in which we observe that the
antibonding states for the hydrogen atoms involved in the
reaction are shifted up in energy, from 0.32 to 0.42 eV for the
Heyrovsky and Tafel step, respectively. We believe that the high
activation energy barrier observed from the 50%-MoS,/BiOBr
explains the observed experimental behavior; at such elevated
concentration of BiOBr, it might be easier for the Bi to become
metallic than for the reaction to proceed, in all the potential
range observed. Hence, after a few cycles the HER production
comes to a stop. On the other hand, when the percentage of
MoS; is decreased to 1% at the interface, the smaller presence
of Bi allows for the HER to continue for more cycles. Changing
the potential to more negative values lead to overall stabiliza-
tion of the Volmer intermediate and the related transition state.
However, while the energy of the [MoS,JHs intermediate
strongly decreases, going from 1.73eV at U=-025V to
0.48 eV at U= —1.5V, the decrease in the energy barrier for this
step is rather small, from 1.86 at U=—025V to 1.23 eV at U=
—1.5V (Figure 4d). The lower energy predicted at —1.6V
confirms that this key intermediate can be strongly stabilized,
ensuring the PEC of the interface even for the 50%-MoS,/BiOBr
for more cycles. Now, it becomes crucial to consider the stability
of the entire interface. As the applied potential becomes more
negative, the interface may become more susceptible to
deterioration, possibly resulting in additional reduction of Bi to
its metallic form.

To comprehensively understand the impact of the composi-
tion of the HJs on the PEC HER activity, in-situ WAXD was

© 2024 Wiley-VCH GmbH
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Figure 4. (a) Gibbs free energy reaction pathway for the HER formation at the MoS,/BiOBr interface, at an applied potential of 0.5 V. Transition states are also
reported, as well as the activation energy. Density of states (DOS) on the 3d orbitals for Mo and Bi metal centres, 2p orbitals of S and s orbitals for H for (k)
Heyrovsky and (c) Tafel step. (d) Relative Gibbs free energy of the Volmer step and the associated transition state at various applied potentials.

conducted during the PEC HER. Figure 5a—c record a clear phase
change of BiOBr from in-situ XRD diffractograms of 19%-MoS,/
BiOBr, 50%-MoS,/BiOBr and pristine BiOBr after each cycle of
HER and the patterns with selected ranges of 18.5-25 nm ' of q
vectors. Before the catalytic reaction, all the samples display
two broad diffraction peaks centered at 22.9 and 233 nm ',
which are attributed to the BiOBr phase. Further performing the
CVs under PEC environment made gradual formation of Bi from
BiOBr, as the intensity of the characteristic peak of metallic Bi at
19.7 nm ' increased continuously, while the intensity of the
peaks belonging to BiOBr decreased. When comparing these
three samples, it is evident that the phase change inside 50%-
MoS,/BiOBr is much faster than that in 1%-MoS,/BiOBr and
BiOBr. The reduction of BiOBr in 50%-MoS,/BiOBr and pristine
BiOBr is complete after 1 cycle and 3 cycles of PEC reaction,
respectively, while 1%-MoS,/BiOBr can reserve the original
BiOBr phase after 5 cycles of reactions. Moreover, the peak
intensity ratio of the peaks at 22.9 and 19.7 nm™" is calculated
in Figure 6 to compare the phase change of the samples. For
50%-MoS,/BiOBr, the peak ratio is close to 0 after the first cycle,
while the value of 1%-MoS,/BiOBr remains more than 0.5 after
5 cycles. Given that the peak ratio of pristine BiOBr diminishes

ChemCatChem 2024, 202400282 (5 of 9)

to 0 after 3 cycles, it becomes evident that the HJ with just 1%
of MoS, plays a crucial role in mitigating the reduction of the
BiOBr component.

To correlate these findings with the CVs presented in
Figure 3, it can be inferred that MoS,/BiOBr serves as an
efficient photoelectrocatalyst, whereas MaoS,/Bi exhibits minimal
activity in PEC HER. Therefore, it is important to maintain BiOBr
from reducing to Bi. According to the previous DFT calculations,
in such a type-l HJ, the small amount of MoS, (in 1%-MoS,/
BiOBr) not only attracts photogenerated electrons and provides
active sites for HER, but also contains a suitable valence band
position which can prevent the transfer of photogenerated
holes from BiOBr.* In this case, the remaining photogenerated
holes on BiOBr can neutralize part of the electrons from UV
light or negative bias and protect BiOBr from being reduced.
However, these photogenerated holes are not enough to
neutralize all the extra electrons inside BIOBr, thus there is a
part of BIiOBr reduced to Bi after each CV. Conversely, an
increasing ratio of MoS, inside the HJ changes the band
structure and photogenerated holes start to migrate to MoS,.
Without the photogenerated holes staying on BiOBr, BiOBr is
rapidly reduced to Bi by electrons from electric field or photo

@ 2024 Wiley-VCH GmbH
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Figure 5. In situ WAXD of (a) 50 %-MoS,/BiOBr, (b) 1%-MoS,/BiOBr and (c) pristine BiOBr during PEC HER, and (d) 50 %-MoS,/BiOBr, (e) 1%-MoS,/BiOBr and (f)

pristine BiOBr during EC HER.

104 « =~ PEC 50%-MoS,/BiOBr
~57=PEC 1%-MoS,/BiOBr
PEC BiOBr

0.14 {

—@—EC 50%-MoS,/BiOBr
49— EC 1%-MoS,/BiOBr
EC BiOBr

0.01+— T r T T
1 2 3 4 D

Number of cycles

Peak intensity ratio of BiOBr/Bi

Figure 6. Peak intensity ratios of the peaks at 22.9 (belonging to BiOBr) and
19.7 nm™' (belong to Bi).

energy.” When considering influence of the outside electric
field, the DFT calculations demonstrate that before the HER
happens, the negative potential can destroy the stability of the
interface inside the 50%-MoS,/BiOBr and form a large amount
of Bi on the interface firstly (Figure 4). This combination of MoS,
and Bi is not favorable for HER, unfortunately.

In order to prove the function of the photogenerated holes
in stabilizing the structure of BiOBr, we measured the phase
change of the samples under purely electrocatalytic (EC)

ChemCatChem 2024, 202400282 (6 of 9)
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conditions (in dark). As compared in Figure 5b and 5e, within
the 1%-MoS,/BiOBr HJ, it is surprising to observe that the
formation of Bi is always less under PEC condition than under
EC condition, as the BiOBr/Bi peak ratio under illumination is
much higher than in dark after each cycle (Figure 6). A similar
trend is found for pristine BiOBr as well (Figure 5¢, 5f and 6). On
the other side, for 50%-MoS,/BiOBr, there is no apparent
difference since BiOBr is reduced rapidly both under PEC and
EC conditions (Figure 5a and 5d), and the peak intensity ratio of
BiOBr/Bi is below 1 after the 1% cycle (Figure 6). The phase
change of 1%-MoS,/BiOBr and BiOBr reveals that the UV light
does not accelerate the reduction of BiOBr under PEC condition,
because the photogenerated holes protect BiOBr from reduc-
tion in the PEC environment, while the photogenerated
electrons are transferred on the surface of MoS, for HER or
charge recombination.
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Conclusions

In this work, we show the PEC HER performance of layered
MoS,/BiOBr vdW HJs containing different ratios of the two
components and analyze their catalytic mechanism, through a
joint experimental-theoretical approach. From the measure-
ment of PEC HER activity, emerges a counterintuitive better
durability behaviour of the 1%-MoS,/BiOBr HJ with respect to
the 50%-MoS,/BiOBr. DFT calculations point out, in fact, that
the vdW interface in 50%-MoS,/BiOBr is easier to collapse, and
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electrons prefer to react with BiOBr instead of the absorbed
protons on the edged S sites. In addition, in situ WAXD shows a
phase change of BiOBr to Bi during the HER. By comparing
phase change between 1%-MoS,/BiOBr and 50 %-MoS./BiOBr, it
is clear that BiOBr is reduced to Bi more rapidly in 50%-MaoS,/
BiOBr than in 1%-MoS,/BiOBr. On one side, in 1 %-MoS,/BiOBr
the band structure is more suitable for distributing active
electrons for HER; on the other side, under bias, BiOBr in the
509%-MoS,/BiOBr reduces fastly to Bi and hinders the HER. Mare
importantly, by comparing the phase change under EC and PEC
conditions, it is proved that under UV light, the reduction of
BiOBr slows down because the photogenerated holes can
partially protect the BiOBr phase. The insights here presented
on the PEC HER mechanism in this specific layered HJs may be
applicable to other analogous systems and thereby enable the
future design and development of novel nano-sized heteroge-
neous catalysts with high efficiency and stability.

Experimental Details

Materials

Bismuth(lll) nitrate pentahydrate (Bi(NO;);-5H,0), potassium
bromide (KBr), ethylene glycol (EG), molybdenum(lV) sulfide (MoS,),
N-methyl-2-pyrrolidone (NMP), ethanol and FTO glass substrates
were purchased from Sigma-Aldrich. Milli-Q water was sourced
using the Milli-Q ultrapure system for all experiments.

Preparation of Photoelectrocatalysts

To synthesize BiOBr microspheres, a solvothermal method, adapted
from Shi etal. was employed using Bi(NO;);-5H,0 and KBr as
precursors.*” Initially, 83.3 mg of KBr were dissolved in 10 mL of EG,
followed by the addition of 339.5mg of Bi(NO;);-5H,0 to the
solution. The mixture was stirred for 30 minutes at room temper-
ature, then transferred to a 40 mL Teflon autoclave for solvothermal
treatment at 120°C for 12 hours. After cooling naturally, the white
sample was collected, washed with ethanol and H,O to remove any
unreacted chemicals and impurities.

To create HJs, multilayer MoS, was first obtained through liquid
phase exfoliation (LPE) using a tip-sonicator for 9 hours with
500 mL of H,0 and 5 g of MoS, powder. The resulting mixture was
centrifuged at 2000 rpm for 20 minutes, and the suspension was
collected. Afterward, the suspension was centrifuged at 8000 rpm
for 5 minutes to precipitate the multilayer MoS,, which served as a
precursor for the subsequent steps. Next, the BiOBr microspheres
and multilayer Mo$S, were added to 50 mL of NMP for further LPE,
with 9 hours of tip-sonication to achieve heterojunction formation.
For the 1%-MoS,/BiOBr configuration, 2 mg of MoS, and 200 mg of
BiOBr were added, while for the 50 %-MaS,/BiOBr setup, 100 mg of
MoS, and 100 mg of BIOBr were added. After centrifuging the
mixture at 2000 rpm for 20 minutes, stable colloidal suspensions
were obtained. Finally, ethanol and water were added to precipitate
the products.

Characterization

Brightfield TEM (BF-TEM) imaging was conducted using a JEOL JEM-
1011 instrument with an acceleration voltage of 100 kV. To prepare
the samples, dilute suspensions of the nanomaterials in ethanol
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were dropped onto carbon film-coated 200 mesh copper grids. For
HRTEM HAADF-STEM imaging and STEM-EDX analyses, an image-
Cs-corrected JEOL JEM-2200FS TEM equipped with a Bruker X-Flash
5060 SDD was operated at 200 kV. Holey-amorphous carbon films
on Cu grids served as support for these analyses. We characterized
samples using a WiTec confocal Raman system (a300-Raman WiTec
GmbH, Ulm, Germany), equipped with a 100X Zeiss objective,
NA =0.9 and a dispersive grating of 600gr/mm that images a
100pm core fiber, used to couple microscope to the f =320mm
spectrometer, as the input slit aperture on a 1x2048 pixels CCD
(Newtown CCD, Andor, —80°C thermoelectric cooled). A solid-state
laser, 532nm, power of 14 mW, was used as the excitation line. The
samples were dropped on n-type Si wafer. For the Raman spectra,
each measure was obtained accumulating 80 spectra, each with an
integration time of 25 s. Raman spectroscopy maps of 4x4 um and
48x48 points were acquired at 2 seconds integration time per
point. XPS spectra were acquired using a spectrometer manufac-
tured by Physical Electronics GmbH (PHI 5000 VersaProbe II).

(Photo)electrochemical Measurements

EC and PEC HER tests were conducted using a three-electrode
photoelectrochemical reaction cell immersed in a 0.5M Na,50,
electrolyte solution. The reference electrode utilized was Ag/AgCl
(saturated KCI electrolyte), while the counter electrode consisted of
a platinum wire. For the PEC HER experiments, the samples were
air-dried and subsequently dispersed in ethanol at a concentration
of 5mg mL™". Ink solutions of 0.12mL were drop-cast onto
conductive FTO glass substrates. A mercury lamp with a light
intensity of 16 mWcem ™ served as the light source. Potentiostatic
tests were carried out using an Autolab instrument, while CVs were
performed at a scan rate of 50 mV s ' within the range of 0.2 to
—0.6 V vs. RHE.

In Situ WAXD Characterizations

In situ wide WAXD measurements were performed at the Austrian
SAXS beamline of the Elettra Sincrotrone in Trieste.*" The beamline
has been adjusted to a g-resolution (g = 4n/A*sin(20/2)) between 18
and 47 nm ' using an X-ray energy of 8 keV. For each sample, the
WAXD data was collected after each CV.

Computational Details

Details on the construction of the interface have been reported in
our previous study. Briefly, all calculations were performed using
spin-polarized density functional theory (DFT) as implemented in
the Vienna ab initio simulation package (VASP).*' The Perdew-
Burke-Emzerhof (PBE) functional with a plane-wave cutoff energy of
500 eV was used. The structural optimizations were centered at
Gamma. A vacuum space of 3 nm in the y direction (along interface
edges) and of 1.5 nm along the z direction (perpendicular to the
basal plane) were used to avoid interactions between periodic
images. The convergence criteria for the force on each atom was
set to 0.02 eV/A, while the electronic structure energy convergence
criteria was 10 eV. The Grimme D3 method with Becke-Johnson
parameters®! were employed to account for Van der Waals
interactions.®’ The vibrational modes were calculated at 298.15 K
to obtain the =zero-point energy, entropy, and temperature
corrections to enthalpy.

To accurately describe proton transfer from water solvent to the
reactant, we considered the solvent as follows: a four-water
molecule cage was added to the system close to the reaction
center, to enable the proton transfer process. Mareover, the whole

@ 2024 Wiley-VCH GmbH
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system was also surrounded by implicit water solvent, giving an
additional layer of solvation which can affect the catalysis. The
implicit solvent was considered within the VASPsol method.

The coupled proton-electron transfer (CPET) reactions were mod-
elled using the computational hydrogen electrode (CHE) of
Norskov.* In this approach, the voltage of reference (zero) is
defined as for the reversible hydrogen electrode (RHE), where gas-
phase hydrogen is converted into protons and electrons (reversibly)
at zero volts (H Jre'gv2 H,). Because this reaction is in
equilibrium, one can make the approximation that the chemical
potential of the proton-electron pair, p(H?)-+p(e7), equals half of
the chemical potential of gas-phase H,, 1/2 u(H,). As a result, the
chemical potential of the proton-electron pair can be adjusted
based on the applied potential (U) with the equation (1):

L(HT) +ple) — 1/2p(H,) — el m

where e is the elementary positive charge. It is assumed that both
proton and electron transfer occur in concert during an electro-
chemical step. For all of the electrochemical steps along the
reaction path, the free energy change between intermediates was
computed to indicate the feasibility of the electrochemical process,
i.e., no energy barriers were calculated. Based on the computational
hydrogen electrode (CHE) model, the Gibbs free energy change
(AG) was calculated using Equation (2):

AG = AEpe + AE e — TAS+ KkTIn10 x pH — eU 2)

where AEp; is the total energy from DFT simulations, AE is the
zero-point energy calculated from vibrational frequencies, T is the
temperature (298.15 K), S is the entropy cbtained from vibrational
frequencies, k is the Boltzmann constant, pH=7 and U is the
electrode potential (—0.5V). Zero point energy and entropic
contribution were directly obtained from frequency calculations
using VASPKIT* Activation energies were computed using the
Bransted-Evans—Polanyi (BEP) relationship,”**" which relates the
kinetic barrier to the corresponding reaction energy for a class of
materials.

The d band center (£,) for the metal atom involved in the catalysis
around the adsorption sites is given by

2 plE)(E—E) dE
ST e dE o

where p(E) is the density of state (DOS) projected on the d-states of
the metal atoms and £ is the Fermi energy of the system.
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Figure S1. XRD patterns of MoS2/BiOBr HJs.

Figure S2. TEM images of (a) 2D BiOBr and (b) 2D Mo52.
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Figure S3. Mo 3d XPS spectrum of 1%-MoS,/BiOBr and 50%-MoS,/BiOBr .
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In summary, the dissertation can be split into two major sections and macro topics.
The first one is especially focused on the exfoliation and production of 2D
materials, with focus on bi-dimensional MoS;, WS; and MoOs production,
establishing methodologies and processes that will be further used in the second
part of this work. In fact, in the second section, the topic was focused on the
application of the synthesized materials in energy storage and conversion
applications. Here, we report the use of 2D materials as support and active
materials in composites with conductive polymer using different synthesis
parameters and modification to further enhance the properties of the final

material.

Among the work reported here, the paper focused on exfoliation of MoQs3, as in
publication 1, and on the exfoliation of TMDC, as in publication 2, studied
extensively and more abstractly the effect of several conditions on the final
material obtained. MoOs was showed to be preferably exfoliated in a mixture of
water and organic solvents, obtaining both a more stable suspension and a higher
concentration. DFT calculation and XAS measurements provided, as well, insight
on the structural change of the material after the processes and proved to be
useful methodology to perform advanced characterization on 2D material. TMDC,
instead, were studied in a more general and straightforward manner, but keeping
a systematic approach, in publication 2. Ultimately, both MoS, and WS; showed
different behaviors, where different surfactants at different concentrations
proved to exfoliate and provide a stable suspension for the different materials. In
another publication, the production methodology for 1T-MoS; was also optimized
and characterized in a similar way to the other 2D materials. An already known
procedure in literature was used, but it was optimized for our set up and need,
obtaining high degree of phase conversion and yields up to 50% the initial amount

of MoS; used for the exfoliation. Further works, in this section, would need to
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focus on the use of different solvents and surfactant and also the optimization of
the parameters for such processes, for example to reach higher nanomaterial
concentration in 2H and oxides material, while the production of 1T-MoS;, should
be addressed and be improved, especially using safer and more eco-friendly

option, instead of n-butyl lithium.

In the other publications, the use of TMDC as storage material was reported and
publication 3 and 4 are proof of it. In the first one a new synthesis procedure using
brine (saturated NaCl solution) was tested and showed promising result on the
TDMC/PANI hybrids and it was further expanded in the following publication. The
procedures are similar, but the insertion of surface functionalization proved to
improve the cyclic properties, while maintaining a high specific capacitance for the
binary blend. These works, however, want to be a base for further scientific
research, since we proved that a functionalized binary blend hybrid performs well
and has a very high stability, whilst in literature mainly physical mixtures between
different components, often times more than two, are reported and surely present
high specific capacitance, but their retention is not often on par, while the
interactions and the effect of such degradation are often neglected or not studied
at all. Therefore, the use of functionalization first, and of this kind of functionalized
material, allows for a clear understanding of the processes underlying the
performance degradation and, simultaneously, poses as the base for further
components additions. Moreover, the ratio used in the material heavily favored
the carbonaceous part, therefore, further studies focusing on the ratio between
inorganic and organic part is a promising topic to explore the super-capacitive

behavior and the type of energy storage mechanisms in such hybrids.

Furthermore, application in photo-electrocatalytic hydrogen evolution was
studied in publication 5, where an hybrid heterojunction with both MoS; and
another 2D material, BiOBr, was prepared in different ratios between the two,
showing how a small quantity of TMDC can sharply increase the catalytic
performances and the reason behind this improvement was studied using DFT

methodologies, showing how the simple reciprocal orientation of the two
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materials, greatly affect their interactions and overall properties of the

heterojunction.
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