
 

Top-down approaches to layered transition 

metal dichalcogenides and oxides green 

production and to their use in electrochemical 

energy conversion and storage  

 

Dissertation 

In order to obtain an academic doctorate 

“Doctor rerum naturalium” 

                                                 – Dr. rer. nat. – 

 

Archived at the Department 08 

Biology and Chemistry 

Of the Justus Liebig University 

 

Matteo Crisci 

06 December 2024



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
3 

 

Selbstständingkeitserkläreung 

Ich erkläre: Ich habe die vorgelegte Dissertation selbstständig und ohne unerlaubte fremde Hilfe 

und nur mit den Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, die 

wörtlich oder sinngemäß aus veröffentlichten Schriften entnommen sind, und alle Angaben, die 

auf mündlichen Auskünften beruhen, sind als solche kenntlich gemacht. Ich stimme einer evtl. 

Überprüfung meiner Dissertation durch eine Antiplagiat-Software zu. Bei den von mir 

durchgeführten und in der Dissertation erwähnten Untersuchungen habe ich die Grundsätze guter 

wissenschaftlicher Praxis, wie sie in der „Satzung der Justus-Liebig-Universität Gießen zur 

Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind,eingehalten. 

 

___________________                            __________________                    

 

Self-declaration of indipendence 

 

I declare that I have completed this dissertation single-handedly without the unauthorized help of 

a second party and only with the assistance acknowledged therein. I have appropriately 

acknowledged and cited all text passages that are derived verbatim from or are based on the 

content of published work of others, and all information relating to verbal communications. I 

consent to the use of anti-plagiarism software to check my thesis. I have abided by the principles 

of good scientific conduct laid down in the charter of the Justus Liebig University Giessen „Satzung 

der Justus-Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ in carrying out 

the investigations described in the dissertation. 

___________________                          ___________________                                

The present work and the following experiments were performed between May 2020 and 

December 2024 at the Physical Chemistry Institut of the Justus Liebig University in the working 

group of Prof. Bernd Smarsly. 

First supervisor: Prof. Dr. Bernd Smarsly 

Second supervisor: Prof. Dr. Teresa Gatti



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
5 

 

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 MoS2 and WS2 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. 
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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 über die Art und Weise, wie Energie erzeugt wird, da die 

Probleme, die aus früheren Entscheidungen resultieren, zunehmend sichtbar 

werden. Um diesen Herausforderungen zu begegnen, setzen viele Länder auf die 

Energieerzeugung aus erneuerbaren Quellen, die zwar eine vielversprechende 

Lösung 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 Energiespeichergeräte entscheidend, um überschüssige 

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 

ermöglicht und gleichzeitig eine beträchtliche Menge an Energie liefert. Dies 

macht sie geeignet für den schnellen Energiezugriff und als Notstromquellen. 

Unter den Materialien, die für solche Geräte verwendet werden, werden häufig 

2D-Materialien eingesetzt, die eine große Oberfläche und Stabilität bieten, jedoch 

oft unter dem Problem des Stapelns und einer geringen Kapazität leiden. Eine 

andere interessante Materialklasse sind leitfähige Polymere (CPs), die eine sehr 

hohe spezifische Kapazität aufweisen, jedoch oft von einem schnellen 

Leistungsabbau betroffen sind. Daher kann die Kombination dieser beiden 

Materialien zu einer allgemeinen Verbesserung ihrer Eigenschaften führen und 

möglicherweise ihre individuellen Probleme lösen. 

Der Schwerpunkt dieser Arbeit liegt auf der Herstellung und der Schaffung der 

Grundlagen für weitere Untersuchungen zur Verwendung von Mischungen, die 

2D-Materialien, insbesondere MoS2 und WS2, sowie leitfähige Polymere 

enthalten. Zu diesem Zweck zielt der erste Teil der Arbeit auf die Herstellung von 

2D-Materialien unter Verwendung verschiedener Lösungsmittel 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 

CMC Critical micellar 

concentration 

SC Supercapacitor 

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 

fine structure 

TEM Transmission electron 

microscopy 

EIS Electrochemical 

impedance spectroscopy 

TGA Thermogravimetric 

analysis 

GCD Galvanostatic charge 

discharge 

TMDC Transition metal di 

chalcogenides 

GO Graphene oxide TS Tip sonicator 

HER Hydrogen evolution 

reaction 

UV-Vis UV visible spectroscopy 

HSP Hansen solubility 

parameters 

USB Ultrasonic bath 

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 

 

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.1,2 As a result, countries are striving to find more sustainable and 

long-term alternatives, such as solar, wind, nuclear, and hydroelectric energy.3,4 

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.5–

7 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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them capable of powering large devices, especially when used in series.8–11 

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.12–14 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).15–17 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, MoO3 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, MoS2, 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, MoS2 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 MoS2 

mentioned in publication 4, this time in a pressure sensor material proof-of-

concept device. Here MoS2 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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2.1.1:  Properties, synthesis, and applications: an overview on MoO3 

 

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, MoO4
2-, 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 MoO3 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 MoO3. The precipitated 

oxide is one of the possible phases of MoO3, which has four main polymorphs 

obtainable at different conditions.18–21 These polymorphs have all the same 

MoO6
6- octahedral building blocks that can arrange in several ways according to 

the structure (α, β, γ and h phases).  

α-MoO3 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 MoO3, 

to be used in nanocomposites or in nano inks. Usually, α-MoO3 is formed via 

calcination at 500 °C of the other phases, most of the time from h-MoO3. h-MoO3 

is the kinetic favored phase, with an hexagonal Bravais lattice, and forms  rapidly 

at room temperature by simple acidification of a molybdate solutions.22–26 

Compared to α-MoO3, the h-MoO3 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 α-MoO3.  
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The monoclinic ε-MoO3 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 Lastly, β-MoO3 is another relevant polymorph of MoO3 which has a ReO3-like 

structure, formed by MoO6 octahedra, sharing oxygen corners forming a three 

dimensional structure, that cannot be exfoliated anymore.20,30–32 Other oxides, 

such as MoO2 and mixed oxide with molybdenum in oxidation states ranging from 

IV to VI are present, described often as MoO3-x, but due to structural variation, 

they are not always suitable for exfoliation.33–36 Therefore from now on, I will focus 

only on MoO3 and its preparation methodologies and applications.  

Considering the chemistry already discussed, MoO3, especially in the h phase, can 

be synthesized quite easily via precipitation26,37 obtaining a material with low 

crystallinity or even with an amorphous structure. From this precursor, through 

calcination, crystalline h-MoO3 is obtained or, if the temperature is high enough, 

α-MoO3 is produced.38–40  Sol gel synthesis41,42 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.32,43–47 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.48–50  

Once the material is obtained, it can be applied in several applications, with energy 

storage and sensing being the most prevalent for MoO3. In general, in battery 

science h-MoO3 is preferred22,51,52, due to its channels and easy diffusion of small 

cations into the structure. However, α-MoO3 found applications, especially if the 

layer distance is tuned, in energy storage related devices.46,53–55 In sensors, instead, 

α-MoO3 is a lot more commonly used than the other phases56–59 with only few 

examples for m-MoO3
60 and h-MoO3.61 
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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 MoS2 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.62 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.) 

 

Figure 1. The number of publications got from Web of Science website, using the words "MoS2" and the 

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 MX2, where M can be any transition metal from the 4th to 7th group and 

X is an element of the chalcogenide group (usually S, Se, but in some instances also 

Te). TMDCs formed by 8th and 9th 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 MX2 layers is around 7 Å, 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, MoS2 and WS2 are discussed in more detail in the following chapter, due to 

their extensive use in this thesis work. 
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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 symmetry63 Reprinted from 

Kolobov A, Tominaga J, Springer Series in Material Science, 2016, 29-77, 239 with permission from Springer 

Nature. Copyright 2016 Springer Nature. 

 

MoS2 and WS2 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 MoS2 and more than 2.1 eV for WS2. 

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 MoS2 and WS2, where a sharp photoluminescence feature at circa 1.85 eV 

and 2.0 eV respectively appears, that drastically decrease increasing the amount 

of layers.64 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 thioacetamide65, thiourea66–68, cysteine69,70 and other 

more niche sulfur based compounds.71 However, a significant difference in 

condition has been noticed while producing MoS2 and WS2. The first one usually 

needs lower temperatures compared to the latter, varying from 140 and 

220 °C67,72–74, while WS2 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 MoS2 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 times75–77, 

as well as low filling factors76,78, usually yield mostly 1T phase. While long reaction 

times 72,76,79–81and high filling factors 67,82 usually yield 2H phase rich materials, 

with a plethora of additional conditions that can provide a mixture of the two in 

different percentages.83–85 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.86–90 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.91–93 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 methodologies94–98, first introduced 

by Novoselov et al.99 in 2004 by exfoliating graphene and further developed in the 

years,100–102 and ball milling103–106 to liquid phase exfoliation107–110, 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, 0D 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 0 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.111 This phenomenon is 

referred to as “quantum confinement effect”, first observed in 0D materials112,113 

(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.114,115 

 

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 I 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. 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2: Theoretical Background 
 

 

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 morphologies45,71,117,118 and phases60,119–121 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.122 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)123 
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Figure 5. (a) Water phase diagram Temperature vs Pressure and (b) Water properties change depending on 

the temperature (b) 124–126 

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) 

 

Figure 6. Filling factor dependency of pressure at different temperatures116,122 Reprinted from Richar I. 

Walton, Chem Soc Review, 2002, 31, 230-238. Copyright 2002 Royal Chemical Society127. 
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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-down98,128–132 and bottom-up 

approaches.115,133,134 As 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.135–139  (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.140 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. 141–144 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.  

𝛿 =  √
𝐸

𝑉

2

  (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 theory145–147 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: 

𝐸𝑡𝑜𝑡 =  𝐸𝐷 +  𝐸𝑃 + 𝐸𝐻  (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: 

 

𝛿2 =  𝛿𝐷
2 + 𝛿𝑃

2 + 𝛿𝐻
2   (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: 

(𝑅𝑎)2 = 4(𝛿𝐷2 − 𝛿𝐷1)2 +  (𝛿𝑃2 − 𝛿𝑃1)2 +  (𝛿𝐻2 − 𝛿𝐻1)2 (Eq.4) 

 

𝑅𝐸𝐷 =  
𝑅𝑎

𝑅0
    (Eq.5) 

 

Where δx,y, is one of the parameters (X= D, P, H) for one of the components of the 

mixture (Y: 1,2), Ra represents the radius of an imaginary sphere calculated by 

using the HSP values for solute and solvents, while the interaction radius (R0) 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 Ra and R0. 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.141  

Furthermore, the choice of sonication methodology significantly impacts the 

quality and yield of the exfoliation process. Most commonly used methods 

comprehend Ultrasonic Bath (USB)148,149, Tip Sonicator (TS)150 and Shear Mixers 

(SM).151–153 Each technique provides energy to overcome the Van der Waals forces 

between different layers, each employing a different mechanism:  

• 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); 

• 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 material154,155 (Fig 7b); 
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• 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.156  

 

 

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-MoS2 via lithium ion 
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intercalation.107,157,158 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,159–162 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 surfactants163–166, 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(𝜏) = 𝐴 ∗ [1 + 𝐵𝑒𝑥𝑝(−2𝛤𝜏)]  (Eq. 6) 

 

𝛤 = 𝐷𝑞2  (Eq. 7) 

 

𝑞 = (
4𝜋𝑛

𝜆0
) ∗ sin (

𝜃

2
)  (Eq. 8) 
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𝑑(𝐻) =  
𝑘𝑇

3𝜋𝜂𝐷
  (Eq.9) 

 

Where A and B are, respectively, baseline and intercept of the correlation function, 

τ is the time difference in the correlation function, D is the translational diffusion 

coefficient, n is the refractive index of the media, λ0 is the wavelength of the laser, 

θ is the scattering angle, k is the Boltzmann’s constant, T is the temperature in 

Kelvin and η 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. 

 

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: 

𝑈𝐸 =
2 ∗ 𝜀 ∗ 𝑧 ∗ 𝑓(𝜅𝑎)

3𝜂
  

(Eq. 10) 

 

 

Where UE represents the electrophoretic mobility, ε and η are the dielectric 

constant and viscosity of the solvent, z is the zeta potential and 𝑓(𝜅𝑎) 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) 

𝐴 =  log10

1

𝑇
=  log10

𝐼0

𝐼
= 𝐶 ∗ 𝜀 ∗ 𝑙  (Eq. 11) 

 

Where I0 and I are the intensity of the light source before and after, respectively, 

passing through the sample, C is the concentration of the suspension, ε is the 

molar attenuation coefficient tabulated for most materials and l 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 ε 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. 

 

 

 

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.167  
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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) 

 

ℎ𝜈 = 𝐵𝐸 + 𝐾𝐸 +  𝛷𝑠𝑝𝑒𝑐  (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 𝛷𝑠𝑝𝑒𝑐 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) 

 

Figure 12. (a) Energy diagram example of the equation 12, where the different energy compositions are 

considered. Fig 12b reprinted from Andreia Morais, Joao Paulo C. Alves, Francisco Anderson S. Lima, Monica 

Lira-Cantu, Ana Flavia Nogueira, Journal of Photonics for Energy, 5, 2015. Copyright 2015. SPIE Digital 

Library.124,168 
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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. 

 

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 (I)169 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 Society127 

 

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 = 𝐸0 −  
𝑅𝑇

𝑧𝐹
 ln 𝑄𝑟  (Eq. 13) 

 

Where 𝐸𝑐𝑒𝑙𝑙
0  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 Qr is the 

reaction quotient of the cell reaction, often express, for simplicity sake, as the 

quotient 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.  

𝑖𝑝 = 2.69 ∗ 105 ∗ 𝑛
3

2⁄ ∗ 𝐴 ∗ 𝐶 ∗ √𝐷 ∗ 𝑣  (Eq. 14) 
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Where 𝑖𝑝  is the peak current, n is the electron number transferred during the 

process, A is the electrode area in cm2, C is the concentration of the active species 

in mol/L, D is the diffusion coefficient in cm2/s and v is the scan rate in V/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) 

 

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 couple170 

Reprinted with permission and under the scope of open access license of Linköping University from  Kosala 

Wijeratne Linköping University Electronic Press., 2018, p.93, 10.3384/diss.diva-152888. Copyright 2018 

Linköping 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= E1/2. 

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 a 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 curves173 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) 

 

 
Figure 16. (a) Scheme of an energy storage device174 and (b) scheme of an electrolyzer175 (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/s12598-021-01735-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,10,176,177 while the other process consist of faradic 

processes, meaning that a surface reaction takes place where an exchange of 

electrons is involved.178–181 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.182,183 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)  

𝐶 =  
ε0ε ∗ A

𝑑
  (Eq. 15) 
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Where ε and ε0 are 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.184,185 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) 

𝑛𝑖 = 𝑛𝑖
0exp (

−𝑧𝑖𝑒φ

𝑘𝑇
)  (Eq.16) 

 

Where ni
0 is the bulk concentration of the ion, zi is the charge of the ion, e is the 

charge of an ionic species, φ 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.186–188 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.189–191 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) 

 

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.10,173,181 (Eq. 17) 

𝐶𝑠 =  
𝛥𝑄

𝛥𝑉 ∗ 𝑚
=  𝐼 ∫ 1/𝑉(𝑡)𝑑𝑡

𝑡

0

  (Eq. 17) 

 

Where I 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, examples in 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) 

 

𝐶𝑆 =  
𝐼 ∗ 𝑡𝑑𝑖𝑠

𝛥𝑉
  (Eq. 18) 

  

Where I is the current density used during the measurement, 𝑡𝑑𝑖𝑠 is the discharge 

time of the curve and 𝛥𝑉 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 

(Eq. 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. 

𝐸𝑔 =  
1

𝑀
∫ 𝑖𝑉𝑑𝑡

𝑖𝑑

0

=  
𝐶𝑠 ∗ 𝑉2

2
 

 
(Eq 19) 

 

𝑃𝑔 =  
𝐸𝑔

𝑡𝑑
  (Eq. 20) 

 

   

Figure 18. Ragone plot with highlight of the typical power and energy densities values for class of energy 

storage devices192,193 
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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 CO2. 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 H2 

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.194–196 

Water electrolysis is composed of two reaction: hydrogen reduction (Eq. 21, Eq. 

22) and water oxidation to oxygen (Eq. 23, Eq. 24), however in this section, only 

the hydrogen evolution reaction (HER) part will be focus on.197–199 

 

HER (Acidic): 2𝐻+ + 2𝑒−−→ 𝐻2  (Eq. 21) 

 

HER (Basic / Neutral): 4𝐻2𝑂 + 4𝑒− −→ 2𝐻2 + 4𝑂𝐻− (Eq. 22) 

 

OER (Acidic / Neutral): 2𝐻2𝑂 −→ 4𝑒− + 4𝐻+ + 𝑂2 (Eq. 23) 

 

OER (Basic): 4𝑂𝐻−−→   𝑂2 + 2𝐻2𝑂 + 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 H2O on the surface (depending on the solvent pH), called 

Volmer step (Fig 19, Eq. 25), and 2) the desorption of the final H2 molecule via 

chemical (Tafel step, Fig 19, Eq. 26) or electrochemical (Heyrovsky, Fig. 19, Eq. 27) 

step.200–203 

 

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− −→ 𝐻2  Tafel step  (Eq. 26) 

 

2𝐻∗−→ 𝐻2  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 

to do. However, Volcano plots,204,205 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)  

 

Figure 20. Volcano plot for HER reactio0.n205 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 

TMDC76,206–209, metal borides143, and other metals210, but also mixtures of catalyst 

such as Ni-Fe211, Ni/NiO212,213, Ni/g-C3N4
214

 and others.203,215,216
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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 I 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 



Chapter 3: Publications 
 

 

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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Open Access) 
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3.2: Publication n°1 

 

Design Principles and Insights into the Liquid Phase Exfoliation of 

Alpha MoO3 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 performed136,217–219, while the use of MoO3 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.146 have studied the exfoliation of MoO3 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.220  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.221, Etman A.S. et al.222 and Sricharan 

M. et al.223 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 MoO3 flakes using 
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green and sustainable solvent and studying the effect of different exfoliation 

instruments. α-MoO3 was synthesized using a straightforward hydrothermal 

procedure already reported in literature224, 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.143,145,225 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 α-MoO3, 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. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
73 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
75 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
77 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
79 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
81 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
83 

 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
85 

 



Chapter 3: Publications 
 

 



Chapter 3: Publications 
 

 
87 

 



Chapter 3: Publications 
 

 

 



Chapter 3: Publications 
 

 
89 

 

3.3: Publication n°2 

 

Systematic Investigation on the Surfactant-Assisted Liquid-Phase 

Exfoliation of MoS2 and WS2 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 

tape96,98,100,101 and ball milling226–228 have found their way into the exfoliation 

technology once again. Zhang C. et al.229 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 salts230,231 

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 

al232. and Occhiuzzi J. et al.233,234 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.235–238 The research group of 

Casiraghi C. worked a lot using pyrene based surfactant235,239, proving their 
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efficacy in the exfoliation even at low concentration, opening another door to 

research on the sector.240 

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 MoS2 and WS2 excitons were observed 

and a slight shift, associated with the dimensional reduction of the material241–243, 

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 
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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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3.4: Publication n°3 

 

Nanostructure 2D WS2@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.11,206,244–246 TMDC, MoS2 and WS2 specifically, have been used as well in this 

context as energy storage devices.16,247 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.248 proposed a high 

temperature hydrothermal synthesis were WS2 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 graphene9,10,249–252, or with other electro active materials253–

256, such as conductive polymers8. 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.257 They used both GO and MoS2 together with a pseudo-

capacitor (MoO2 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 

WS2 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. WS2 was 

chosen, due to an already optimized procedure developed by Felix Boll, one of the 

co-authors.258 First, the ink characterization was performed, following the 

established procedure reported in publication n°1. Zeta Potential and DLS were 

performed on the WS2 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 I 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 WS2. 
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3.5: Publication n°4 

 

Easy direct functionalization of 2D MoS2 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, MoS2 can be 

functionalized in different ways. One option is to lock either the 1T phase from 

transitioning back to the thermodynamically stable 2H phase.259–261 This was 

reported, for example, by Kulkarni B. et al262 and Tang Q. et al.263 as well as other 

groups.264,265 In 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 functionalization265–268 are also methodologies 

investigated to add functional group on the MoS2 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.269 and 

Zhang H. et al.264 and many other researchers270–272 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-MoS2. 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-MoS2, 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, I 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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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 MoS2 has always proved to be an efficient 

catalyst and a good candidate for the substitution of Pt based catalysts. MoS2 has 

been reported by several research group as a promising electrocatalyst for the 

production of hydrogen175,273,274 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. 275–278 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-MoS2 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-MoS2 

material and the heterojunction with BiOBr, coupled with its characterization. 

Moreover, I 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 I gave to the publication. 
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Chapter 4: Conclusions & Outlooks 

 

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 MoS2, WS2 and MoO3 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 MoO3, 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. MoO3 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 MoS2 and WS2 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-MoS2 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 MoS2 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-MoS2, 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 MoS2 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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