
POLITECNICO DI TORINO 
  

Collegio di Ingegneria Chimica e dei Materiali 

 

Master's Degree in Materials Engineering 

 

Master's Degree Thesis 

 

Electrochemical characterization of Molybdenum 
disulfide membranes for the energy transition 

 

 

Supervisors:                                                                                            Candidate:                             
Mara Serrapede                                                                                        Mattia Prandi 
Andrea Lamberti  

  

2024/2025 



 
 

INDEX 
 

ABSTRACT ............................................................................................................................... 1 

INTRODUCTION ...................................................................................................................... 2 

1 Inorganic membranes in the energy transition ........................................................................ 4 

1.1 Water treatment ........................................................................................................................ 5 

1.3 Energy storage ........................................................................................................................... 8 

2D MATERIALS: MoS2 .......................................................................................................... 10 

2.1 MoS2 characteristics and production methods ................................................................... 12 

Solvothermal processes ................................................................................................................. 12 

Layer by layer exfoliaƟon ............................................................................................................... 13 

Liquid phase exfoliaƟon ................................................................................................................. 13 

Physical Vapour DeposiƟon (PVD) ................................................................................................. 13 

Chemical Vapor DeposiƟon (CVD) ................................................................................................. 14 

Atomic Layer DeposiƟon (ALD) ...................................................................................................... 14 

Microwave assisted synthesis ........................................................................................................ 14 

Microwave plasma ......................................................................................................................... 14 

2.2 MoS2 as electrode for storage ............................................................................................. 14 

2.3 MoS2 as electrocatalyst ...................................................................................................... 15 

2.4 MoS2 in membranes ........................................................................................................... 15 

3.1 Instrumentation and materials ............................................................................................ 17 

3.1.1 InstrumentaƟon .................................................................................................................... 17 

3.1.2 Materials ............................................................................................................................... 24 

3.2 Synthesis and Preparation of Materials .............................................................................. 28 

3.2.1 Synthesis ............................................................................................................................... 28 

3.2.2 Membrane’s ProducƟon ....................................................................................................... 29 

3.3 Physical-Chemical Characterization Techniques ............................................................... 30 

3.3.1 X-ray DiffracƟon (XRD) .......................................................................................................... 30 

3.3.2 Field Effect Scanning Electron Microscopy (FESEM) ............................................................. 31 

3.4 Electrochemical Characterization Techniques ................................................................... 33 

3.4.1 Electrochemical Impedance Spectroscopy (EIS) ................................................................... 33 

3.4.2 Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) .......................................... 34 

3.4.3 PermselecƟvity ..................................................................................................................... 39 

3.4.4 Ionic ResisƟvity ..................................................................................................................... 41 



 
 

4.1 Synthesis of MoS₂ .............................................................................................................. 44 

4.2 Membrane Fabrication ....................................................................................................... 47 

4.3 Physical Characterization ................................................................................................... 51 

4.3.1 FESEM (Field Emission Scanning Electron Microscopy) ........................................................ 51 

4.3.2 XRD (X-ray DiffracƟon) .......................................................................................................... 54 

4.4 Ionic Resistance .................................................................................................................. 56 

4.6 Energy Storage ................................................................................................................... 60 

BIBLIOGRAPHY .................................................................................................................... 67 

 

 



1 
 

ABSTRACT 
Molybdenum disulfide (MoS₂) is a transition metal dichalcogenide with unique physical, 
chemical and electronic properties, making it a significant material in nanotechnology, 
electronics and catalysis. Its structure enables MoS₂ to be exfoliated into monolayers with high 
surface area, flexibility and distinct electronic characteristics. Due to its high chemical stability, 
mechanical strength and semiconducting properties, MoS₂ is widely explored for many 
applications. This work will focus on the potential of MoS₂ as a 2D active material for 
membranes applied in water purification and as electrodes for supercapacitors. The aims are to 
obtain free-standing membranes, to investigate the possibility of accelerating the hydrothermal 
reaction with the usage of microwaves and to use binders such as carboxymethylcellulose 
(CMC), hydroxypropylcellulose (HPC), polyvinylidene fluoride (PVDF) and graphene oxide 
(GO) to produce composite membranes. The most promising free-standing membrane was 
prepared with 2D MoS₂ synthesized via hydrothermal reaction mixed with GO (with a 
MoS₂/GO ratio of 2:1) to promote mechanical stability, then filtered by vacuum filtration and 
characterized as a free-standing membrane for the permselectivity of different ions and as 
electrode in Li-ion half-cells. 
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INTRODUCTION 
Molybdenum disulfide (MoS₂) has emerged as a promising material for advanced membrane 
and electrode applications due to its two-dimensional structure and exceptional electronic, 
optical, and chemical properties. MoS₂ membranes exhibit selective permeability, making them 
suitable for water purification and gas separation, with the potential to enhance energy 
efficiency and resource recovery offering a multitude of solutions to problems such as water 
pollution and drinking water production with applications involving agriculture, industry and 
civil helping to fight climate change issues [1]. In electrochemical applications, MoS₂ serves as 
an efficient electrode material for batteries, supercapacitors and for hydrogen production. 
The MoS2 membranes have numerous advantages with respect to the other studied materials 
such as graphene oxide, including high water flux which results in lower pressure applied and 
so low energy consumption, they allow continuous separation, the simplicity of their scalability, 
the absence of additives, and the flexibility to be combined with other separation methods. 
Fouling tendency, limited membrane life, low flow selectivity and linear scale-up are the most 
typical restrictions, regardless of the membrane chemistry [2,3]. A membrane is required to 
have high selectivity and permeability and in recent years the growing demand for new 
technologies has led to the use of 2D materials as membranes (with the thickness of one or a 
few atomic layers). These materials offer significant improvements in water permeability, and 
anti-fouling thanks to increased hydrophilicity (passive) and catalytic effects (active) [4]. In 
addition, they are very versatile and can be modified/functionalized to optimize properties such 
as hydrophobicity, morphology, thickness [5]. Water desalination is the most promising method 
of creating an infinite water supply. It offers a good prospective solution to the abundance of 
seawater, which is inaccessible for drinking. It involves removing salts and other dissolved 
contaminants from various sources, including surface and groundwater, industrial and 
municipal wastewater. 
Membrane desalination uses a semi-permeable membrane (molybdenum disulfide, graphene 
etc.) to filter the water, allowing it to pass through and retain salts and other minerals, the 
common filtration techniques are pressure driven separation processes as nanofiltration (NF), 
reverse osmosis (RO), ultrafiltration (UF) where the difference lies in the filtration capabilities 
(UF 0.01-0.1 µm, NF 0.001-0.01 µm, RO 0.0001 µm) , and electrodialysis a process that uses 
electric fields to force ions through cation-exchange membranes (CEM) and anion-exchange 
membranes (AEM) [6,7]. 

Regarding the energy transition, sustainable energy systems are increasingly demanded, and 
they are reliant on advanced energy storage technologies, which are essential for balancing 
supply and demand, integrating renewable energy sources, and enhancing grid stability [8]. The 
central part to these technologies is the choice of electrodes and energy storage materials, which 
plays a critical role in determining the efficiency, capacity, and longevity of storage devices 
such as batteries and supercapacitors. Modern energy storage materials must meet the dual 
demands of high energy density and rapid charge-discharge capabilities while remaining 
environmentally friendly and economically viable [9]. Innovations in materials science, 
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particularly with the development of nanostructured and two-dimensional materials, are driving 
significant improvements in their performance. For instance, materials for lithium-ion 
technology and emerging alternatives, including sodium-ion and metal-organic frameworks, are 
being explored for their potential to enhance energy density and to reduce costs [10]. 
Furthermore, electrodes made from materials like graphene, molybdenum disulfide (MoS₂), and 
transition metal oxides are gaining attention for their unique properties, such as high 
conductivity and large surface area, which contribute to a better charge transfer and overall 
increased efficiency [11]. As the demand for energy storage solutions continues to grow, 
research and development in this field are pivotal for facilitating a smooth transition to 
renewable energy sources, ensuring that energy storage systems can effectively support the shift 
toward a low-carbon future.  

Similarly, the development of new materials for electrocatalysis is a phenomenon that is 
growing hand in hand with the population due to the high energy demand and the need to 
introduce more fossil-free based alternative energy production methods. The applications are 
many: conversion of molecules (CO, CO2, H2O, N2) into high value-added products (H2, 
ammonia, hydrocarbons...). New materials and nanostructures are proposed as alternatives 
(even if less efficient) to Platinum because of its huge cost [12]. 

This work reviews the current state of research on MoS₂ membranes and electrodes, 
highlighting their fabrication methods, scalability, performance metrics, and future directions 
for enhancing their functionality in energy and environmental applications. The integration of 
MoS₂ with other materials, such as graphene oxide, is also discussed. 
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1 Inorganic membranes in the energy transiƟon 
Inorganic membranes are porous or non-porous materials made from non-organic substances 
such as metals, ceramics, carbon, or glass. They are extensively used in various applications 
requiring durability, high-temperature operation, and chemical resistance, including gas 
separation, water treatment, and catalysis. These membranes offer distinct advantages over 
organic polymer-based membranes [13]. Inorganic membranes can withstand harsh chemical 
environments (acidic, alkaline, or oxidizing) and high temperatures, making them suitable for 
industrial processes in more extreme conditions where polymeric membranes can’t be applied 
thank to their high thermal and chemical stability. Mechanical strength another big advantage 
of inorganic membranes, their robustness, derived from the high modulus and resistance of the 
inorganic material, allows them to function under high-pressure conditions, ensuring reliable 
performance over long periods. They are also able to obtain high selectivity and permeability 
since their pore sizes can be tuned at the molecular or atomic scale for precise separation 
processes. The inorganic membranes can be categorized in three main types: 

• Porous Membranes: these membranes feature micro-, meso-, or macropores and they 
are used in ultrafiltration, microfiltration, and nanofiltration. An example are ceramic 
membranes applied for water treatment [14]. 

• Non-Porous Membranes: they have dense structures that separate molecules based on 
diffusion. An example are Palladium membranes for hydrogen purification [15-17]. 

• Hybrid Membranes: Combining inorganic materials with polymers, obtaining 
composite with enhanced performance and functionality [18,19]. 

Inorganic membranes are part of the advanced separation technologies and continue to evolve 
with the integration of nanotechnology and material science. Nanostructured materials are 
under the studies of researchers to produce inorganic membranes with 2D layered materials 
with even better performances than the one we currently use in the industry [20].  

These are the most studied materials used in nanostructured inorganic membranes: 

• Nanoporous Ceramics: Materials like silica, alumina, or titania are structured with 
nanoscale pores, useful for ultrafiltration and gas separation in harsh conditions. Usually 
prepared with sol-gel synthesis but with lack of reproducibility, the alternative is a more 
expensive technique as CVD [21]. 

• Carbon-Based Nanostructures: Graphene oxide (GO) and carbon nanotubes (CNTs) are 
employed to create ultrathin, highly selective membranes capable of fast water transport 
with high selectivity of ions [22]. 

• Metal-Organic Frameworks (MOFs): MOFs, which are the most known synthesized 
porous crystalline materials, are incorporated into membranes for applications like CO₂ 
capture and gas separation but also liquid separation processes [23,24]. 
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• Transition Metal Dichalcogenides (TMDs): layered 2D materials such as molybdenum 
disulfide (MoS2) and tungsten disulfide (WS2), they showcase the same capabilities of 
the carbon based 2D nanostructured membranes, but with higher chemical stability and 
higher potential in water treatment promising to achieve ultrafast molecule separation 
and high-performance energy storage [25]. 

The main applications for these nanostructured membranes are: 

• Water Treatment: Nanostructured membranes are used for desalination, heavy metal 
removal, and organic pollutant filtration due to their high selectivity and resistance to 
fouling. The main industries are water management industry, secondary and tertiary 
wastewater treatment, membranes bioreactors [26].  

• Ionic Exchange Membranes: used to separate and recover ions by selectively allowing 
the transport of the cation (cation exchange membranes) or anion (anion exchange 
membranes) and recover resourceful ions with low energy investment [27]. 

• Gas Separation: Efficient separation of gases like hydrogen, methane, or CO₂ is possible 
through nanoporous membranes. Usually used zeolite or silica-based membranes [28]. 

• Energy Storage and Conversion: Membranes incorporating nanostructured materials are 
used in batteries, fuel cells, capacitors and reverse electrodialysis to optimize ion 
transport [29]. 

 

1.1 Water treatment  
The membrane technology is a separation process that allows only some species to pass 
through, allowing to separate a fluid like water from impurities as particles, bacteria, viruses, 
molecules, and even atoms as heavy metals and salts. 
One of the most studied 2D materials to produce membranes for water treatment is graphene 
and its derivatives, such as graphene oxide (GO) and reduced graphene oxide (rGO) [30]. 
Graphene is a single-atom thick membrane (0.34 nm) that has been shown to have higher flow 
rates than conventional membranes because of the thin film (potentially monolayer for porous 
graphene) that reduce the transport path length of the water molecules [31,32]. 
There are other 2D materials such as MoS2, MXene, boron nitride [33], metal-organic structures 
[34] and covalent organic frameworks [35,36] that are emerging for desalination applications 
[37,38].  

There are three ways to produce membranes with 2D materials: monolayer porous, stacking, 
and composite membranes (figure 1.1). Monolayer membranes are produced by creating pores 
(figure 1.2b) so that the filtration takes place with the passage of water through the pores. This 
porosity complies with the measurement limits to allow the water molecules to pass through, 
but at the same time to retain the ion. The required porosity ranges from 15 to 75 Å2 depending 
on the functionalization of the pore and the material chemistry, but some materials like MoS2 
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seems to perform way better (figure 1.2a) [39]. Chemical functionalization of a graphene 
nanopores (e.g., addition of hydroxyl groups) showed to improve the permeability, but is has 
been observed a lower desalination efficiency [40]. 
The membranes produced through the stacking of 2D materials can filter the water through the 
capillary channels that are formed between the flakes. Their production is much simpler, and it 
is more scalable and faster than to produce nanoporous membranes because it is possible to 
employ vacuum filtration systems [41]. 
Composite membranes are prepared with 2D materials like GO, MoS2, or MXenes and 
embedded into polymeric matrixes (PVDF, HPC, CMC, polyamide, polysulfone) to create thin-
film nanocomposites. 
 

 
Figure 1.1: The three types of filtration membranes that can be produced: I) porous, II) assembled by 

stacking, III) composite. 
 

 
Figure 1.2: (a) permeability and ion retention of different 2D materials, (b) nano pores in 2D materials 

[5]. 
 

1.2 Hydrogen EvoluƟon ReacƟon (HER) 

Hydrogen Evolution Reaction (HER) is among the most interesting catalysis reactions capable 
of producing H2, an alternative fuel to fossil fuels, using only H2O as a starting molecule [42].  

2H+ + 2e- →H2  
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The reaction involves a transfer of two electrons and can take place according to three 
mechanisms where * is a site on the electrode surface, H* is a hydrogen adsorbed on a site, H+ 
is a hydrogen ion, e- is the electron transferred [43,44]: 

Volmer: H+ + e– + *→H* 

Heyrovsky: H* + H+ + e–→H2 + *  

Tafel: 2H*→H2+2*  

The reaction rate is influenced in relation to Sabatier's principle: if hydrogen binds too much to 
the surface it will not be able to desorb, on the contrary a weak adsorption will lower the reaction 
rate, in figure 1.3 the reaction rate is expressed as exchange current density j0 (A/cm2) which 
represent the intrinsic activity of the catalyst for the HER while the x-axis represent the Gibbs 
free energy change associated with hydrogen adsorption on the catalyst surface ΔGH* (eV). 
When the free energy is near zero, indicates an optimal binding energy for hydrogen, as it 
balances adsorption and desorption rates, making the catalyst highly effective for HER. In 
density functional theory (DFT) calculations the edge sites MoS2 reaches a ΔGH* of 0.08V 
(figure 1.3) at 50% hydrogen coverage which is close to the optimal 0V and potentially 
competitive with the most common but expensive metal catalysts [45]. 

 

 

Figure 1.3: Sabatier principle with some known catalysts represented [46]. 
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1.3 Energy storage 
The most popular methods of storing electric charge are Lithium-ion and Sodium-ion batteries 
(LIBs and SIBs), solid state batteries that use a solid electrolyte instead of a liquid one, and 
capacitors for a fast store and release of energy.  

• Lithium-Ion Batteries Li-Ion are one of the most popular forms of energy storage, used 
in portable electronics, electric vehicles (EVs), and grid storage. Their advantages are 
high energy density, good cycle life, and efficiency, but the challenges are limited by 
thermal runaway risks, degradation over cycles, and dependency on critical raw 
materials like lithium and cobalt. 
 

• Sodium-ion batteries use sodium ions instead of lithium, offering a more abundant and 
environmentally friendly alternative. The advantages are lower material cost and 
potential for high scalability, but the challenges are lower energy density compared to 
Li-ion and ongoing research to improve cycle life and efficiency. Moreover, the real 
environmental impact on large scale production line has to be carefully evaluated 
because at the moment different data show a bigger impact than LIB’s production, but 
the comparison is between the large-scale production of LIBs and the pilot-scale 
production of NIBs which has still a lot of potential on increasing the energy efficiency 
of the process [47,48]. 
 

• Solid-State Batteries use a solid electrolyte instead of a liquid one, improving safety and 
energy density, their advantages are a reduced risk of leakage and fire, higher energy 
density while their challenges are high production costs, difficulties in the scaling up 
and reduced power. 
 

• Electric Capacitors are essential components in electronic circuits, known for their 
ability to store and release electrical energy. They are widely used in various 
applications, from simple electronic circuits to advanced energy storage systems, due to 
their fast charge and discharge rates. Capacitors work on the principle of storing energy 
in an electric field created between two conductive plates separated by a dielectric 
material. 

But there are new generations of storage systems such as supercapacitors: they are energy 
storage devices that bridge the gap between conventional capacitors and batteries providing 
high power density with a good compromise in terms of energy storage. There are different 
types of supercapacitors, working with different principles: (figure 1.4). 

• Electrostatic double-layer capacitors (EDLCs) are a type of supercapacitor that stores 
energy through the formation of an electric double layer at the interface between the 
electrode and electrolyte. Unlike batteries, EDLCs store energy electrostatically, 
without chemical reactions, which gives them unique performance characteristics.  
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When a voltage is applied, ions in the electrolyte are attracted to the surface of the 
oppositely charged electrodes. This creates two layers of charge (positive and negative), 
separated by a molecular-sized distance, forming the “double layer”. 
 

• Pseudocapacitors (PCs) can store in a pseudo-capacitive way (figure 1.4), overcoming 
the limits of the batteries and capacitors previously mentioned. Pseudo-capacitive is a 
term that define mechanisms that behave like an EDLC, but they also involve multiple 
and highly reversible redox reactions while allowing charge transfer processes between 
the electrolyte and the electrode contributing to additional capacitance beyond the 
EDLC [49]. 
 

• Hybrid capacitors (HCs) are type of supercapacitors that combine features of electric 
double-layer capacitors (EDLCs) and pseudocapacitors to balance high energy density, 
power density, and longevity. The result is a device with the complementary properties 
of EDLCs (fast charging, long life) and pseudocapacitors (higher energy density through 
faradaic reactions). 

 

Another way the literature categorizes these devices is how the electric charge can be 
accumulated, the mechanism can be Faradic or non-Faradic, and it describes what happens to 
the electrode, how the charge is transferred from the electrolyte to the electrode and vice versa. 

 

 
Figure 1.4: Charge storage mechanisms [49]. 
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In a Faradic process, the charges move along the electrode and do not remain on its surface, 
this mechanism means that, when a constant current is applied, the voltage will tend to a 
constant value (in the case of battery materials) or to an almost-linear decay (pseudocapacitors). 
An ion must reach the electrode, oxidize or reduce to another species, and consequently move 
in (adsorption, intercalation or alloying) or away (redox-flow batteries) from the electrode 
surface. 

In a non-Faradic process, however, the charges remain on the surface of the electrode giving a 
surface charge accumulation such as the double-layer. Since the surface is a limiting factor in 
non-faradic processes (EDLCs), nanostructured materials capable of developing considerable 
surface areas are exploited. 
 

2D MATERIALS: MoS2  
MoS2 is a Transition Metal Diacalcogenide (TMD)that belongs to the layered materials in 
which the transition metal layers are between two layers of chalcogen atoms, whose formula is 
MX2 where M is the transition metal (of group IV, V or VI) and X the chalcogenide [50]. The 
structure of MoS2, as with other TMDs, consists in bonded layers of S-Mo-S, with a layer of 
Mo atoms sandwiched between two layers of S atoms, (figure 2.1). These layers are held 
together only by weak Van der Waals forces, but strong covalent forces hold the individual 
atomic interlayers [12]. A single-layer MoS2 has a Young's modulus of 200-300 GPa that can 
be compared to steel [51]. The band gap can move from 1.9 eV in bulk to 1.2 eV single layer due to quantum conϐinement ሾ52,53ሿ and changes from a direct to an indirect gap in single-
layer structures, while the distance between MoS2 layers is around 0.615 nm with a spacing of 
0.290 nm (figure 2.1) these distances can vary depending on hydration, functionalization and 
intercalation on ions. 

 

 

Figure 2.1: 3D representation of the 2H-MoS2 with interlayer distance, spacing and thickness of the 
layer [68]. 
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The MoS2 exists in trigonal (T), hexagonal (H), and rhombohedral (R) structures, of the many 
there are three main structures 1T, 2H and 3R, where the phase 1T forms an octahedral structure, 
while 2H and 3R in a trigonal prismatic structure, as shown in figure 2.2. 

• 1T-MoS2 has one S-Mo-S layer per cell unit, with octahedral coordination. It exhibits a 
metallic behaviour and has peculiar properties in comparison to others forms like Pauli 
paramagnetism and a negative temperature coefficient for electronic conductivity [12]. 
This phase is metastable, and it is found as monolayers. 

• 2H-MoS2 belongs to the hexagonal system and is usually the most stable phase. The 
electronic structure 2H-MoS2 is semiconductive. This phase is more thermodynamically 
stable, making it the natural form of MoS₂, especially at room temperature and in bulk 
[54].  

• 3R-MoS2 has rhombohedral symmetry and is composed of three layers, it is also 
semiconductor.  

 

 

Figure 2.2: MoS2 structures (1T,2H,3R) with a scheme of their coordination Mo-S, top view and 
stacking sequence [55]. 
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2.1 MoS2 characterisƟcs and producƟon methods 

2D MoS2 is considered a superior electrode material because of its electronic properties, its 
high specific capacity up to 670mAh/g [56] (more electric charge per gram of material), low 
overpotential compared with other materials and close values to the most used catalyst like 
platinum [57] (higher redox efficiency), stability over time. 
The applications go from the most studied Lithium-ion batteries (LIBs) to other electrolytes as 
Sodium-ion batteries (SIBs) and supercapacitors, but the redox reactions can cause volume 
changes for 2H-MoS2 that will lower its cycling stability. 
The electrode performances are especially interesting for the 1T-MoS2 phase because it is 
metallic even if it’s not as electrically conductive as conventional metallic electrodes and the 
measured values of its electrical conductivity can vary because of influencing factors such as 
layer thickness and defects (Table 2.1). 
 
Table 2.1: electrical conductivity of MoS2 1T, 2H (a [58] and b [59] are different sources) and other 
metals used for electrodes. 

 Conductivity σ 
 a b 

1T-MoS2 2 S/cm 100 S/cm 
2H-MoS2 10⁻⁴ S/cm 0.15 S/cm 

Cu 580000 S/cm  
Al 61% Cu  
Ni 24% Cu  

Stainless steel 14500 S/cm  
 
MoS2 nanosheets exist either the 2H or 1T phase, and they can be changed from one to the other 
by thermic annealing (1T to 2H) or atomic interlayer creep caused by atomic intercalation (2H 
to 1T) [60]. 2H is the phase mainly used for membrane separation, catalyst and energy storage, 
but MoS2 can exist in different 2D structures such as nanosheets and nanoribbons. There are 
different techniques to synthetise flakes, each one has some pros and cons, the two approaches 
are bottom-up and top-down. 

Top-down approaches are all exfoliation techniques such as mechanical, liquid and sputtering 
while bottom-up is used to obtain the 2D nanosheets using a precursor and expensive techniques 
such as PVD, CVD, ALD, but also simpler ones like hydrothermal and solvothermal synthesis. 

Solvothermal processes 
The solvothermal process is an effective method for synthesizing molybdenum disulfide 
(MoS₂) nanosized, enabling the control over the morphology, size, and crystallinity of the 
resulting MoS₂. This method typically involves using a molybdenum precursor and a sulfur 
source in a solvent at elevated temperatures and pressures in a sealed autoclave. Solvothermal 
synthesis is particularly useful for creating MoS₂ with specific nanostructures, including 
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nanosheets and nanoflowers, which have applications in catalysis, electronics, and energy 
storage. This method can be found in the production of MoS2/C and MoS2/graphene 
nanocomposites as well [12]. The solvothermal process employs a solvent capable of solubilize 
the reagents of the synthesis, when water is used the process is called hydrothermal. Other 
solvents employed are usually ethanol and DMSO. 

Layer by layer exfoliaƟon 
A process used to form 2D materials from bulk, also called the "scotch method", consists of 
peeling off the layers of material by simply overcoming the weak Van der Waals attractions. It 
is the simplest method to produce MoS2 2D but limited by the defectiveness and scalability of 
the process [61]. Repeating this process can produce flakes with varying shapes, sizes, and 
thicknesses (number of layers).  

Liquid phase exfoliaƟon 
Liquid-phase exfoliation of MoS₂ begins with bulk MoS₂ and produces flakes with varying 
shapes, sizes, and thicknesses (number of layers). While this method can generate larger 
quantities compared to tape-assisted exfoliation, the quality of the flakes is generally lower. 
There are two main approaches to achieve exfoliation in solution: 
 

• Mechanical Exfoliation Methods: 
These techniques rely on physical processes such as sonication, shearing, stirring, 
grinding, or bubbling to separate the MoS₂ layers. Although primarily physical, some 
chemical interactions may also play a role. For instance, surfactants like sodium 
deoxycholate (SDC) or chitosan can be added to prevent cohalescence of the exfoliated 
flakes. Although this method significantly improves the yield compared to mechanical 
tape exfoliation, the efficiency is still insufficient for industrial-scale applications. A 
simple method of exfoliation can be with the use of salts (sodium tartrate, potassium 
sodium tartrate and potassium ferrocyanide) in isopropyl alcohol [62]. 

 
• Chemical and Electrochemical Intercalation: 

This approach involves atomic intercalation, where a chemical species such as lithium 
is introduced between MoS₂ layers to expand the interlayer spacing. This facilitates 
subsequent exfoliation through mechanical means, such as sonication [63]. In some 
cases, electrolysis is used to generate bubbles, which penetrate material interfaces and 
aid exfoliation [55]. 

Physical Vapour DeposiƟon (PVD) 
PVD of MoS₂ refers to the synthesis or coating of molybdenum disulfide (MoS₂) thin films 
using physical vapour deposition techniques.  
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Chemical Vapor DeposiƟon (CVD) 
It offers the possibility of depositing different substrates (Si, SiO2, Al2O3, ...), even with metal-
organic precursors (MOCVD). Single-layer MoS2 films or with a few layers can be prepared. 
Versatile also from the point of view of the morphology to be obtained (lamellae, fullerene-like 
structures) [12] 

Atomic Layer DeposiƟon (ALD) 
ALD is a powerful technique for depositing molybdenum disulfide (MoS₂) thin films with 
precise thickness control and excellent uniformity. ALD enables deposition of MoS₂ 
monolayers or few-layer films with atomic precision, which is especially useful for applications 
in electronics, catalysis, and sensors where controlled layer thickness and surface uniformity 
are critical. ALD is a scalable process, allows good control in thickness and good coverage of 
complex 3D structures but it is very expensive for mass production, and other challenges are 
high crystallinity and low defects. 

Microwave assisted synthesis 
Microwave-assisted synthesis is an efficient method for producing MoS₂ nanostructures due to 
its rapid heating and energy transfer capabilities. Compared to traditional hydrothermal 
synthesis, which often takes from 12 to 24 hours, microwave synthesis can significantly shorten 
the reaction time—typically reducing it to 30 minutes. This method provides improved control 
over morphology, yielding thinner and more uniformly structured MoS₂ nanosheets with 
smoother edges [64-76]. 

Microwave plasma 
Reaction of precursor gas in a microwave-generated plasma in a quartz tube; the reactants are 
Mo(CO)6 and H2S in Argon. With frequencies of 0.915 GHz and 2.45 GHz [77]. 

 

2.2 MoS2 as electrode for storage 
MoS2 has gained significant attention as an electrode material for energy storage systems such 
as batteries and supercapacitors. Its unique properties make it a promising candidate for 
improving the performance of energy storage devices. Its structure allows high ion intercalation 
capacity, large active area enhancing storage efficiency, electrical conductivity particularly for 
the 1T phase, chemical stability and reversible intercalation of monovalent ions, making it 
suitable for LIBs and SIBs. It is also suitable for supercapacitors thanks to its high volumetric 
capacitance up to 700 F/cm3 for aqueous electrolytes compared to the 300 F/cm3 of graphene 
[78] and capacity up to 300-350 mAh/g at 0.1 mV/s for SIBs and LIBs [79]. 
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2.3 MoS2 as electrocatalyst 
The MoS2 is a very promising electrocatalyst for hydrogen evolution reaction (HER), [80], 
small flakes are the desired nanostructure to achieve better activity since the edges are 
demonstrated to be more active than the basal plane. They allow the adsorption of H+ to be 
more effective thanks to uncoordinated atoms of sulphur [68]. The edges between two 
crystalline domains are extremely active as well [81]. This material is for sure promising even 
if worse than platinum as a catalyst: the higher cost of platinum is guiding the research towards 
more affordable catalyst as alternatives. The 1T-MoS2 seems to be even more competitive than 
the 2H-MoS2 for HER since also his basal plane plays an important role in its activity by 
conducting and so improving the charge transport to the edge sites and the kinetics of the 
reaction [82]. The figure 2.3 showcases how the 1T-MoS2 has HER performance closer to 
platinum than the 2H-MoS2, a lower Tafel slope suggests that the hydrogen absorption is closer 
to equilibrium and the polarization curves shows a HER activity quite close to the platinum for 
1T-MoS2 reaching good current densities at low overpotentials.  

 
 

 
Figure 2.3: polarization curves and Tafel plots of 1T-MoS2 compared with 2H-MoS2 and platinum 

[83]. 
 

2.4 MoS2 in membranes  
Membranes of two-dimensional nanosheets of MoS2 stacked in layers have recently shown 
great promises for water filtration. Currently, reported water flows vary significantly, while the 
structure and properties responsible for MoS2 nanochannels are largely unknown.  

The interlayer of MoS2 membranes in aqueous solution is maintained by Van der Waals forces 
and hydration forces, thus ensuring the aqueous stability of MoS2 membranes without the need 
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for cross-linking and the high-water flow (30-250 Lm-2h-1bar-1) of MoS2 can be attributed to 
the low hydraulic resistance of the smooth and rigid MoS2 nanochannels [41].  
The layered 2D structure together with its chemical stability and its hydrophilicity is what 
makes MoS2 a desirable material for membranes, making it easier to separate water from 
contaminants. Another interesting application is for cation exchange membranes (CEM), 
because its natural negative charge allows a preferential transport of cations, useful in fuel cells 
or in devices to recover metal ions. 
Both MoS2 and graphene have excellent performance for water desalination, and several 
literature studies have shown that MoS2 is better than graphene and its derivatives because of 
chemical stability, higher water permeability, and linear dependence between water 
permeability and pressure applied suggesting the MoS2 membranes do not get deformed [84]. 
Molecular dynamics studies [85] have also compared the performance of porous graphene and 
MoS2 nanosheet, and the results show that MoS2 performs better than graphene in terms of 
water permeability. In fact, MoS2 membrane shows consistent higher water flux, in the left 
graph in figure 2.4 it can be observed how the water velocity (black line) it considerably higher 
in proximity of the pore center. 

 

 

Figure 2.4: Axial water velocity (left) and mass density of water molecules (right) through the 
pores of the membranes of monolayer and bilayer MoS2 and graphene (GE) [85]. 
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INSTRUMENTATION, SYNTHESIS, AND 
CHARACTERIZATION TECHNIQUES 

3.1 InstrumentaƟon and materials 

3.1.1 InstrumentaƟon 
Glove Box 
The Glove Box is a chemical fume hood in a sealed environment where it is possible to handle 
reactive materials or materials susceptible to oxygen and water (figure 3.1). Inside, there is an 
inert gas (Argon or Nitrogen) and it is possible to monitor in real time through a display the 
pressure and the content of water and oxygen in ppm (part per millions). The black gloves in 
“butyl” allow the operator to handle the material inside while the introduction and the 
withdrawal of things is possible through one of the two pre-chambers of different size. Inside 
them, the introduced material is “washed” with degassing cycles applying vacuum and then 
refilling the pre-chamber with the inert gas for at least three cycles. 

 

 

Figure 3.1: Glove Box used in the laboratory. 

 

ThermostaƟc oven 
Used to remove humidity from material and tools, usually set at 60 °C with forced air 
recirculation (figure 3.2). 
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Figure 3.2: Thermostatic oven used in the laboratory. 

 

Synthesis muffle oven 
It is a high temperature furnace typically made of refractory ceramics (alumina) for material 
synthesis, annealing, calcination, or ash testing (figure 3.3). 

 

 

Figure 3.3: Muffle oven in the laboratory. 

 

Ultrasonic bath 
The ultrasonic bath is a cleaning device that transmits high-frequency sound waves through 
liquid to clean laboratory equipment, but also it helps to solubilize or disperse materials into 
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solvent (figure 3.4). Usually works at 44kHz and the agitation of water causes cavitation, a 
molecular implosion strong enough to remove contaminants from surfaces. 

 

 

Figure 3.4: Ultrasonic cleaner used in the laboratory (RS PRO 100W). 

 

Lyophilizer 
Lyophilizing is a low temperature dehydration process, involves freezing the sample and 
lowering the pressure causing the removal of ice through sublimation. The equipment used is 
LIO−5P DIGITAL 5 Pascal, Italy (figure 3.5).  

 

 

Figure 3.5: lyophilizer used in the laboratory. 
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Centrifuge 
The centrifuge is a laboratory device that uses centrifugal forces to separate fluids from solids 
or various components of a fluid causing denser materials or fluids to accumulate towards the 
bottom of the  falcon tubes (figure 3.6). 

 

 

Figure 3.6: centrifuge used in the laboratory. 

Vacuum oven  
The vacuum oven (model Buchi® Glass Oven B-585) is used to remove water and other 
solvents from the sample by applying vacuum and raising the temperature (figure 3.7). 

The oven consists of some glass tubes one inside the other, the inner one is where the sample is 
placed, and it can be linked to the vacuum pump through a tap. 

 

 

Figure 3.7: BUCHI oven used in the laboratory. 
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Vacuum FiltraƟon System 
A vacuum filtration system is a laboratory apparatus used for separating solid particles from 
liquids using a vacuum. It operates by creating a differential pressure between the filtration 
system and the surrounding atmosphere, which forces the liquid through a filter, leaving the 
solid particles behind. This system is commonly used in chemistry, biology, and environmental 
science for applications that require rapid and efficient separation of solids from liquids. This 
set up (figure 3.8) is common in laboratories for producing membranes or separating solid 
content from liquid. It consists in a vacuum pump that creates the vacuum by removing air from 
the system, creating a lower pressure inside the filtration apparatus with respect to the 
surrounding environment. A filter flask, a special container that collects the liquid that passes 
through the filter, usually made of glass, is designed to withstand the vacuum pressure. The 
filter funnel is the funnel into which the solid-liquid mixture is poured, it sits on top of the filter 
flask and where the filter paper or the membrane that separates the solids from the liquid sits. 
The filter paper or membrane and the choice of filter paper or membrane depends on the size 
of the particles being filtered. The tubing connects the vacuum pump to the filter flask, 
facilitating the flow of air and creating the necessary vacuum pressure. The glass filter is a filter 
with higher porosity where it is possible to lay another filter of the needed porosity [86]. 

 

 

Figure 3.8: Vacuum Filtration System. 
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PotenƟostat/Galvanostat 
A potentiostat/galvanostat is an electronic device used to control the voltage between a working 
electrode and a reference electrode in an electrochemical cell, while measuring the resulting 
current through the working electrode and the counter electrode. It is essential in 
electrochemical research, and it is widely used in applications such as corrosion studies, battery 
testing, material characterization and sensor development. 

The instrument used is an Metrohm Autolab M302 potentiostat/galvanostat (figure 3.9) and 
uses the Nova 2.1 software. The studied membrane was measured for electrochemical 
characterization and membrane filtration performance (permselectivity,). Permselectivity was 
measured at open circuit potential (OCP), ion conductivity was measured with Electrochemical 
Impedance Spectroscopy (EIS), then the half-cell setup made into coinc ells was tested with 
cyclic voltammetry at different scan rates (CV) after checking the stability with an EIS. 

 

 

Figure 3.9: AUTOLAB potentiostat used in the laboratory. 

 

Microwave oven (FlexiWAVE MA 186) 
A laboratory microwave oven is a specialized microwave designed for scientific applications, 
distinct from typical household microwaves. Laboratory microwaves are engineered to handle 
specific requirements for consistent and controlled heating for digestion, extraction, and other 
processes that need precise energy application (figure 3.10).  
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Figure 3.10: Microwave oven 

 

Doctor Blade 
The doctor blade is a device used in various industrial and laboratory applications to control the 
amount of ink, coating or material applied to a surface (figure 3.11). A blade made of metal is 
connected to micrometers to set up a precise gap between the blade and the surface. Then it is 
automatically or manually moved to spread the ink over the surface with the desired thickness. 

 

 

Figure 3.11: model of the doctor blade in the laboratory. 

 

Steel Autoclaves 
A steel autoclave is a high-pressure, high-temperature vessel used to carry out various chemical, 
biological, and industrial processes that require controlled conditions. It is made from stainless 
steel, and it stores a 25 mL Teflon reactor. 
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3.1.2 Materials 
Phosphomolybdic acid (PMA) 
H3[P(Mo3O10)4], (1826 g/mol) as a source of Molybdenum for the hydrothermal synthesis 
(figure 3.12). 

 

 

Figure 3.12: Phosphomolybdic acid (PMA) structure. 

 

L-Cysteine 
The L-Cysteine (121.1 g/mol) is an amino acid containing sulphur, it is versatile and used in 
many branches as medical, food industry and cosmetic (figure 3.13) 

 

 

Figure 3.13: L-Cysteine structure. 
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Phosphate Buffer  
(0.2M): NaH2PO4 (119.98 g/mol) - Na2HPO4 (141.96 g/mol) 

Used to keep the pH of the reagents solution stable at 6.8 pH. 

 

Hydroxypropyl Cellulose (HPC) 

The HPC is a derivate of cellulose, a natural polymer derived from plant cell walls, and it is 
widely used in pharmaceuticals, food, and industrial applications due to its versatile properties 
(figure 3.14). HPC is a white to off-white, odourless powder that is soluble in both water and 
some organic solvents, making it unique among cellulose derivatives. HPC is non-toxic and 
biocompatible, its main applications are in pharmaceuticals, food industry and cosmetics. In 
this work was used as binder. 

 

 

Figure 3.14: Hydroxypropyl Cellulose (HPC) structure. 

 

Carboxymethyl Cellulose (CMC)  
CMC is a widely used binder in various applications, particularly in the fabrication of electrodes 
for lithium-ion batteries and other electrochemical systems (figure 3.15). Its properties make it 
an effective choice for binding active materials, conductive additives, and current collectors in 
a slurry. It is water soluble making its application environmentally friendly by removing the 
need of toxic solvents to solubilize binders such as PVDF. It provides good mechanical stability, 
flexibility and it is inexpensive compared to other synthetic binders. 
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Figure 3.15: Carboxymethyl Cellulose (CMC) structure 

 

1-Butyl-3-methylimidazolium tetrafluoroborate (BMIM BF4) 
Is a widely studied ionic liquid used as an electrolyte in batteries and supercapacitors due to its 
wide electrochemical stability window and ionic conductivity (figure 3.16). 

 

 

Figure 3.16: Molecule of BMIM BF4 

 

Graphene Oxide (GO) gel (2%wt) 
The most studied material for 2D membranes is GO because it has a good tendency to create a 
compact structure and so a free-standing membrane (figure 3.17). It has been used in this study 
as a substitute for the binder, the advantage is that the GO also is a 2D material as MoS2, but 
the disadvantage is that it is less environment friendly than binders like cellulose and that it is 
a poor electronic conductor. 
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Figure 3.17: typical structure of a single layer graphene oxide with its typical functional groups. 

 

Polyvinylidene fluoride (PVDF)  
Polyvinylidene fluoride (PVDF) is a high-performance polymer known for its unique 
combination of chemical stability, mechanical strength, and piezoelectric properties (figure 
3.18). It is widely used across various industries, particularly in energy storage, coatings, 
membranes and electronics. PVDF is widely used as a binder in the electrodes of lithium-ion 
batteries. It helps to hold active materials and conductive additives together, providing stability 
and flexibility to the electrode structure. Its electrochemical stability and strong adhesion 
properties contribute to battery performance and lifespan. Since PVDF is not soluble in water 
it is usually dissolved in NMP (N-methyl-2-pyrrolidone) a toxic solvent for the human and the 
environment, but in this work, it was dissolved in DMSO. 

 

 

Figure 3.18: molecular structure of the PVDF polymer. 

 

Dimethyl sulfoxide (DMSO)  
Dimethyl sulfoxide (DMSO) is an organic solvent with the chemical formula (CH3)2SO (figure 
3.19). It is known for its versatility in both laboratory and industrial applications due to its 
unique properties, including high polarity, the ability to dissolve a wide range of substances, 
and its biological compatibility. DMSO is relatively safe to handle at low concentrations, and 
it is biocompatible, which has led to its use in pharmaceutical formulations and cell 
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cryopreservation. However, DMSO readily penetrates the skin, so caution is necessary as it can 
also carry other substances through the skin.  

 

 

Figure 3.19: chemical structure of the DMSO. 

 

Filters for vacuum filtraƟon 
Filters of different materials and porosity were used to support the filtration of the membranes: 

• Alumina 0.2µm and 0.02µm porosity and 47mm diameter (Whatman AnodiscTM 47). 
• PES 0.2µm and 0.45µm porosity, cut into the required dimensions. 
• Polycarbonate 0.1µm porosity and 47mm diameter. 
• PTFE 0.1µm porosity and 47mm diameter. 
• PC/PE 0.05µm porosity and 47mm diameter. 

 
3.2 Synthesis and PreparaƟon of Materials 

3.2.1 Synthesis 
Muffle hydrothermal synthesis 
The MoS2 was synthesized by hydrothermal synthesis inside two Teflon reactors of 25mL 
contained in the stainless-steel autoclaves. To prepare the 18mL solution of the reagents, 
107mg of L-Cysteine and 106mg of PMA were mixed in distilled water, the pH of the 
solution was adjusted to 6.8 adding a phosphate buffer: (per 100mL) 0.1277 mol of Acid – 
0.0722 mol of Base. The solution was sonicated to ensure the complete dissolution of the 
reagents and the buffer. Then, after pouring the solution of the reagents inside the Teflon 
reactors, the autoclaves were closed and placed in the muffle for 12h at 180°C, with an initial 
temperature ramp from 0°C to 180°C in 1h15min. 

Once the hydrothermal synthesis is finished, the material is taken and placed in a falcon tube 
and then three washes with a centrifuge for 1h30min at 4000rpm were performed. At the end 
of each centrifuge the liquid is removed with a pipette and replaced with distilled water (see 
figure x). 
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At the end of the washes, the liquid is removed with a pipette, leaving the MoS2 damp. The 
dump was frosted and then the lyophilizing process was held at −55 °C under vacuum (∼3 × 
10−3 mbar) for one week.  

 

Microwave-assisted hydrothermal synthesis 
To synthetize the MoS2 with the microwave-assisted hydrothermal synthesis, the same solution 
of reagents and buffer was prepared, then placed inside the Teflon reactor of 50mL. Different 
tests were made changing the parameters (Temperature and time) and after the synthesis, the 
dispersion was washed with a centrifuge for 1h30min at 4000rpm for three times same as in the 
muffle method. table 4.1 in the results chapter shows the attempts to produce MoS2 from 
microwave assisted hydrothermal synthesis. 

 

3.2.2 Membrane’s ProducƟon 
Vacuum filtraƟon system 
The membrane production was done by the vacuum filtration, the set-up is simple and usually 
more convenient for membranes than other techniques like dip coating, spray coating and spin 
coating because the filtration allow the flakes of 2D material to stack on top of each other 
creating a structure of nanochannels while removing most the water or other solvent, making 
the drying of the membrane quicker. The MoS2 flakes interact only with Van der Waals forces, 
weaker forces than the hydrogen bonds in GO even though the distance between the flakes is 
lower.  The 1T-MoS2 is hydrophilic, and this may be a problem below the nanometer scale 
because hydrophilic solvation effects become significant, negatively affecting the 
sedimentation of flakes (the separation of flakes ranges from 0.3 to 0.9 nm) (figure 3.20). 
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Figure 3.20: Repulsion of two silica particles as a function of distance from each other. 
 

Doctor Blade 
The production of a membrane or electrode with doctor blade was problematic due to the 
difficulty on separating the material from the substrate (glass or aluminium) and due to the slow 
evaporation of the DMSO, therefore this technique was not fully exploited. 

 

3.3 Physical-Chemical CharacterizaƟon Techniques 

3.3.1 X-ray DiffracƟon (XRD) 
X-ray Diffraction (XRD) is a powerful analytical technique used to study the crystalline 
structure of materials. It provides detailed information about the atomic arrangement, 
crystallinity, phase identification, and crystal orientation of a sample. XRD is widely used in 
fields such as materials science, chemistry, mineralogy, and physics to characterize the structure 
of a variety of solid materials. 

X-ray diffraction relies on the fact that when a material is exposed to X-rays, the X-rays interact 
with the crystalline lattice of the material. If the material is crystalline, the lattice acts like a 
diffraction grating, and the X-rays are scattered in specific directions according to the Bragg's 
Law: 𝑛𝜆 = 2𝑑 sin 𝜃           (1) 

Where: 

• n = an integer (the order of diffraction), 

• λ = the wavelength of the X-rays, 

• d = the spacing between planes in the crystalline lattice, 

• θ = the angle of incidence of the X-ray beam (Bragg angle). 

 

When the angle of incidence is such that the condition of Bragg's Law is met, constructive 
interference occurs, and a diffraction peak is produced, which can be measured and analysed 
(figure 3.21). 
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Figure 3.21: Bragg’s Law condition of constructive interference between the paths ABC and 
A’B’C’ [87]. 

 

The XRD patterns were collected using an X-Ray diffractometer (Empyrean, Anton Paar) with 
CuKα radiation (λ = 1.54059 Å) at 40 kV, and 40 mA, and a 0.026 step size. The goal was to 
study the characteristic peaks to measure the interlayer distance between the flakes of GO and 
MoS2. 

 

3.3.2 Field Effect Scanning Electron Microscopy (FESEM) 
FESEM stands for Field Emission Scanning Electron Microscopy, a type of scanning electron 
microscope (SEM) that uses a field emission gun (FEG) as the electron source (figure 3.22). 
FESEM is a powerful imaging technique that provides detailed, high-resolution images of 
surfaces, materials, and structures at the nanometer and even atomic scale. 

FESEM uses a field emission gun instead of the conventional thermionic electron gun found in 
traditional SEM. The FEG generates electrons by applying a high electric field to a sharp metal 
tip, which causes electrons to be emitted from the tip even at low temperatures. This provides 
higher brightness and lower energy spread than thermionic guns, resulting in improved 
resolution and contrast in the images. 

The instrument can achieve higher resolution imaging (typically 1–2 nm) compared to 
conventional SEM, allowing it to capture finer details of the sample's surface. This makes it 
ideal for studying nanomaterials, thin films, and other structures at a very high magnification. 
The field emission gun produces a narrower electron beam with higher current density, which 
enhances the signal-to-noise ratio and provides clearer and more detailed images, even at high 
magnifications. 

FESEM uses secondary electrons (SE) and backscattered electrons (BSE) to create images: 
Secondary electrons (SE) provide surface detail and topographical contrast. Backscattered 
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electrons (BSE) provide elemental contrast because the intensity of BSE depends on the atomic 
number (Z) of the elements in the sample. 

One of the key advantages of FESEM is its ability to generate high-resolution 3D images of the 
surface structure of a material. This is due to the high angular resolution of the electron beam 
and the detector system.  

 

 

Figure 3.22: scheme of a FESEM with its components [100]. 

 

The FESEM was used in conjunction with an Energy Dispersive X-ray Spectroscopy (EDS) 
analyser to provide elemental analysis of the sample’s composition. EDS works by detecting 
X-rays that are emitted from the surface of a sample when it is bombarded with an electron 
beam in the SEM. When the electron beam interacts with the sample, it causes the elements in 
the sample to emit secondary X-rays characteristic of their atomic structure. These X-rays are 
then detected and analysed by the EDS system to determine the elemental composition of the 
sample. 

The ZEISS Supra 40 Field Emission Scanning Electron Microscopy (figure 3.23) was used to 
study the topology of the membrane (MoS2/GO) in cross section and from above, the MoS2 
powder and to map the elements and the Secondary Electron images were captured with an in-
lens detector. The in-lens detector is a specialized type of electron detector positioned within 
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the column of the microscope, often near the objective lens or integrated with them. The primary 
purpose of an in-lens detector is to collect electrons with high efficiency ideal to give high-
resolution image of nanoscale materials. 

 

 

Figure 3.23: The FESEM set up in the laboratory. 

 

3.4 Electrochemical CharacterizaƟon Techniques 

3.4.1 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical Impedance Spectroscopy (EIS) is a powerful analytical technique used to study 
the electrical properties of materials and interfaces in electrochemical systems. It provides 
information about the dynamics of processes such as charge transfer, mass transport, and 
capacitance by applying a small alternating signal to the system and measuring the resulting 
impedance over a range of frequencies. 

Impedance represents the ability to resist the passage of a current and can be obtained by 
applying an alternating potential to the cell and measuring its response in alternating current. If 
the potential oscillations are small, the response current oscillates at the same frequency as the 
potential, but it presents a phase deviation. Under these conditions, it is possible to derive the 
impedance using Ohm's law, by relating potential and current: 

 𝑍 = ௏ூ = ௏బ sin ఠ௧ூబ sinሺఠ௧ାఘሻ = 𝑍଴ sin ఠ௧sinሺఠ௧ାఘሻ         (2) 

 

where:  

• V is the potential 
• Z is the impedance 
• V0 is the max amplitude of the voltage 
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• I0 is the max amplitude of the current 
• t is the time 
• Z0 is the max amplitude of the impedance 
• I is the response current 
• ω is the oscillation frequency 
• φ is the phase deviation 

The most common plots for EIS are the Nyquist plot and the Bode plot. In the first the imaginary 
part of the impedance (-Z’’) and the real part (Z’) are plotted to visualize the resistive, inductive 
or capacitive behaviour of a system at different frequencies. The latter is a graphical 
representation of a system's frequency response representing in two separate plots the 
magnitude (dB) and the degrees (°) versus the frequency. Phase plot measures the phase shift 
introduced into the system, expressed in degrees at the frequency where gain equals 0 dB. 
Magnitude plot, on the other hand, is measured at the frequency where the phase shift equals -
180° and it represents the gain (amplification or attenuation) of the signal.  

  

3.4.2 Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) 
Voltammetries are electrochemical techniques used to study the redox (oxidation-reduction) 
behaviour of chemical species and to gain insights into reaction kinetics, thermodynamics, and 
mechanisms. It is one of the most common methods in electrochemistry because it provides 
detailed information such as the values of potentials at which oxidation and reduction reactions 
occur, how reversible they are and how they are affected by the scanning speed. 

In a voltammetric experiment a voltage sweep is set, this is the potential (Volts) applied to the 
working electrode, and it is linearly swept over a defined range (linear sweep voltammetry, 
LSV) and then reversed, forming a cycle (cyclic voltammetry, CV). As the potential changes, 
the current response is measured, and it depends on the electrochemical reaction taking place 
at the working electrode. The result is plotted as a voltammogram, a plot of current (y-axis) 
versus applied potential (x-axis), which shows the characteristic "fingerprints" that correspond 
to oxidation and reduction reactions or other kind of behaviour such as intercalation and 
electrical double layer. 

The key parameters in Cyclic Voltammetry are: 

• Scan Rate: The rate at which the potential is swept (e.g., mV/s). The scan rate affects 
the peak shapes and positions and provides information about reaction kinetics. 

• Peak Potential: The potential at which the maximum current occurs during oxidation 
(anodic peak) or reduction (cathodic peak). 

• Peak Current: The maximum current observed at each peak. This is related to the 
concentration of the electroactive species and the electron transfer rate. 
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• Reversibility: In reversible systems, the anodic and cathodic peaks are well-defined and 
symmetrical, and the peak separation can help determine the number of electrons 
involved. Irreversible or quasi-reversible systems display distorted or shifted peaks 
while for a reversible system, the peak separation between the anodic and cathodic peaks 
is around 59.2 mV (for one-electron reactions at room temperature). Larger separations 
indicate slower electron transfer or irreversible processes. 

The main information obtained from CV are: 

• Redox Potentials: CV helps determine the formal potential of redox reactions. 

• Reaction Mechanisms: By analysing the shape, position, and relative height of peaks, 
researchers can gain insights into complex electrochemical mechanisms, including 
multi-electron transfers or coupled chemical reactions. 

• Kinetics: The current response and peak shapes give information about the electron 
transfer rate and diffusion of the species to the electrode. 

• Diffusion Coefficients: Using the Randles–Sevcik equation, the diffusion coefficient of 
the analyte can be estimated from the peak current. 

 

In energy storage, the CV figures are indicative on the interaction between the electrolyte and 
the electrodes: double layer capacitance is described by squared box-like rectangular 
voltammogram, the same shape but with higher current density belongs to pseudocapacitance 
dominated by surface redox reactions. Instead, if the redox reactions are not limited to the 
surface, the reactions occur at a specific voltage, generating two distinct peaks (anodic and 
cathodic) characteristic of materials employed in batteries (figure 3.24). Pseudocapacitors in 
which the charge storage is dominated by redox reactions and intercalation show two peaks that 
are almost reversible (peak separation) and with large FWHM, therefore the energy (voltage) 
of the reaction is spread and less distinct (as in batteries).  

When dealing with capacitive materials, the metrics matter. For purely EDLC electrodes and 
devices, the “capacitance” can be reported in Farad (F/g or F/cm2 or F/cm3), while when 
dealing with pseudocapacitance or hybrid devices it is recommended to use “capacity” in 
Ampere per hour (mAh/g, ecc).  

Those values can be retreived from the CV graphs were calculated using the following equation 
for asymmetric cells [88]: 

 𝐶௦ = ଵଶ௠௩∆௏ ׬ 𝐼ሺ𝑉ሻ𝑑𝑉௏భ௏బ          (3) 
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Where Cs is the capacitance, m is the mass of the electrode, v is the scan rate ΔV is the potential 
window of the CV analysis, I is the current response.  

To convert the capacitance into capacity the Cs value was multiplied by the potential window 
ΔV and divided by the 3.6 to obtain mAh/g. 

In case of pure EDLC or for perfect capacitive-controlled mechanism in pseudocapacitor 
materials, the equation highlights the fact that the capacitance is independent with respect to 
the scan rate: 

C = q/ΔV           (4 ) 

 

 

Figure 3.24: Examples of different storage mechanisms identified by their voltammograms 
(a,b,d,e,g,h) and their galvanostatic profiles (c,f,i) [49]. 

 

But not all the materials show such behaviour, in fact it is common to observe in cyclic 
voltammetry that by normalizing the current with respect to the scan rate and plot is vs the 
potential or voltage window, the datapoints are not overlapped, meaning that there is a time 
dependence on the storage capacity of the material. 

In order to understand if the material stores charges by means of capacitive-controlled processes 
or by diffusion-controlled processes typical of battery materials, half-cells in 1 M LiPF6 in 
EC:DMC vs. Li were characterized.  
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The coin cells were prepared inside the glove box after drying the working electrode and glass 
microfibre separator (Whatman® Grade GF/D, with a thickness of 675 μm and diameter of 
18mm) at 80°C for one night inside the Buchi oven under vacuum. Inside the glovebox filled 
with Argon, the coincells where then assembled as illustrated in figure 3.25. 

At the working electrode, the material under test was placed, separated by the counter electrode 
of metallic lithium by means of a glass-fiber membrane (CODE). Two types of working 
electrodes were evaluated: 

1. Standard electrodes made with 70% MoS2, 20% of carbon black (MTI) and 10% 
of polyacrylic acid solution (Sigma-Aldrich) over a carbon-coated aluminium 
current collector. Electrodes of 15 mm of diameter were obtained with an 
average mass of 8.5 mg in which the active material (MoS2) was of 0.56 mg. 

2. Membrane of MoS2/GO (19) made with 20mg MoS2 and 10mg GO. The 
membrane was cut in 15 mm diameter disks with an average mass of 2.3 mg in 
which the active material (MoS2) was of 1.53 mg. 

Coin cells were cycled between 1 to 3 V vs. Li/Li+ at different scan rates starting from 0.1 mV/s 
in order to allow the cell to mature the SEI in the first cycle. 0.1 mV/s was performed for 5 
cycles, the following cycles up to 2 mV/s were performed 3 times per scan rate. 

 

 

Figure 3.25: example of assembled coincell. 

 

The analysis based on the scan rates was done in order to perform a kinetic analysis. The kinetic 
analysis is useful to separate the diffusion-controlled current to the capacitive-controlled 
current, this allows us to quantify the diffusive and capacitive contribute to the reactions in the 
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cells by analysing how the current varies with the frequency. The next paragraph will explain 
how this method morks. 

Trasatti et al. [89] proposed a distinction between "outer" surface redox contributions and 
"inner" redox contributions. They suggested that the outer surface charge (qo) is independent of 
the scan rate (v), while the total charge (qt) within the bulk of the electrode varies linearly with 
the square root of the scan rate (v-1/2). 

Additionally, Conway et al. [90] investigated electrochemical processes by analysing how the 
peak current (ip) changes with the potential sweep rate (v): ip increases linearly with v for 
surface-controlled processes, whereas it varies with v1/2 for diffusion-controlled processes. 

Dunn et al.  [90] extended Conway’s approach by introducing a method to deconvolute the 
current into surface capacitive contributions (which change linearly with v) and diffusion-
controlled intercalation processes (which vary with v1/2) at any given potential (V). This led to 
the formulation of the following equations: 𝑖ሺ𝑉ሻ = 𝑘ଵ𝜈 +  𝑘ଶ𝜈ଵ/ଶ          (4) ௜ሺ௏ሻఔభ/మ = 𝑘ଵ𝜈ଵ/ଶ + 𝑘ଶ          (5) 

Where k1 and k2 are the two potential dependant constants corresponding to the capacitive and 
diffusion-controlled contribution, i is the current (A/cm2) and v the potential scan rate (V/s). 
These equations can be used to evaluate the kinetics of the energy storage. 

Dunn method doesn’t take into account shifts of the peak potential due to polarization processes, 
another simple method could be Specs and MUSCA (figure 3.26) they both take into account 
a third component that is called “residual” in which falls multiple contributions.  

Step potential electrochemical spectroscopy (SPECS), was developed by Donne et al. [91] to 
reconstruct the voltammograms by deconvoluting the current (ioverall) with a linear combination 
of its contributes capacitive (iC), diffusion-controlled (iD), and residual (iR) currents: 

ioverall = iC + iD + iR          (6) 

SPECS experiment consist in an electrochemical spectroscopy, where a series of small potential 
steps are applied giving enough time between them to allow the electrode to reach a quasi-
equilibrium measuring the current flow as a function of time. 

Multiple-step chronoamperometry (MUSCA) developed by Shao et al. [90], is a method 
developed to minimize the the ohmnic drop contribution by holding each potential enough time 
to reach equilibrium at the steady-state current. Allowing to reconstruct the voltammorgams 
mitigating the impact of the ohmnic drop. 
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Figure 3.26: exhample of data set for SPECS and MUSCA [90,91]. 

 

3.4.3 PermselecƟvity 
Permselectivity refers to the selective permeability of a membrane or barrier to different 
substances. It is a property that describes how a membrane allows certain particles, ions, or 
molecules to pass through while blocking others. This selective nature is often based on size, 
charge, or chemical affinity. The permselectivity of a membrane is an important aspect for the 
development of storage device like redox flow batteries (RFBs), but also for applications as the 
recovery of ions as Lithium to mitigate the supply shortages, it scales from 0 to 1 where 1 means 
perfect selectivity of the counterions. Membranes can be selective towards cations, named 
cation exchange membranes (CEMs) or selective towards anions and called anion exchange 
membranes (AEMs), the surface charge of the membrane will be determining on the ion to 
which it is selective attracting ion of the opposite charge of the membrane surface. 

The setup used for the measurement is a two-compartment diffusion cell in a two-electrode 
system, the Ag/AgCl electrodes were used as reference electrode (RE) and secondary electrode 
(SE). The permselectivity measurement requires a gradient in concentration, one cell was filled 
with a 0.5M solution and the other one with a 0.1M solution for all the three electrolytes (NaCl, 
KCl and LiCl) (figure 3.27).  
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Figure 3.27: (a) RE and SE made of Ag/AgCl in 3 M KCl, (b) scheme of the setup for the 
permselectivity measurment [92]. 

 

The apparent permselectivity of the membrane can be calculated using Emem the potential across 
the membrane, Ethe the potential of an ideal membrane obtained from the Nernst equation (4), 
tg and tc respectively the transport numbers of counterions and co-ions, ai is the mean activity 
of the salt, γ± is the activity coefficient, m± is the molality, µi is the mobility of the ion. The 
following equations were used to calculate the permlesectivity [92,93,94]: 𝛼௔௣ = ா೘೐೘ா೟೓೐            (7) 

𝛼௧௡ = ಶ೘೐೘ಶ೟೓೐ ାଵିଶ௧೒ଶ௧೎           (8) 𝐸௠௘௠ = 𝐸௠௘௔௦ − Δ𝐸௢௙௙௦௘௧ − Δ𝐸௝        (9) 𝐸௧௛௘ = − ோ்௭೔ி ln ௔±బ.ఱ௔±బ.భ          (10) 

𝐸௝ = ∑ ห೥೔หഋ೔೥೔ ሾ௔೔ሺଶሻି௔೔ሺଵሻሿ೙೔∑ |௭೔|ఓ೔ሾ௔೔ሺଶሻି௔೔ሺଵሻሿ೙೔ ோி் ln ∑ |௭೔|ఓ೔೙೔ ௔೔ሺଵሻ∑ |௭೔|ఓ೔೙೔ ௔೔ሺଶሻ       (11) 

𝑎± = 𝛾±𝑚±           (12) 

 

• |zi | is the module of the charge of the counterion (the ion with opposite charge to the 
membrane) and it’s always equal to 1 with the electrolytes used.  

• a± is the mean activity of the salt 
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• Ej is the junction potential 
• Ethe is the potential of an ideal membrane calculated with the Nerst equation 
• Emem is the potential across the membrane 
• αtn is the apparent permselectivity 
• αap is the permselectivity taking into account the transport numbers of the ions 

 

To obtain the the mean ion activity the equation (12) is used. Abbas et al. [95] was employed 
for the mean ionic activity coefficients γ±, the values are represented in table 3.1 together with 
the other parameters.  

(F=96485 Cmol-1, R=8.314 Jmol-1K-1, T=296.15 K) 

 

Table 3.1: parameters for the three different electrolytes [94] 

 γ0.5 γ0.1 Ethe tg tc Ej,conc Ej,dil ΔEj 
KCl 0.649 0.768 -36.99 mV 0.491 0.509 0.89 1.69 -0.80 
NaCl 0.679 0.777 -37.86 mV 0.396 0.604 -0.59 1.27 -1.85 
LiCl 0.739 0.789 -39.64 mV 0.336 0.664 -1.37 1.06 -2.43 

 

The solution used are NaCl, KCl and LiCl, concentrations were 0.1M and 0.5M on the two cells 
for all the three solutions. Eoffset was measured with both electrodes into the solution, first 0.5M 
than 0.1M and took the values as the average. 

 

3.4.4 Ionic Resistance 
The ionic resistance (Ω) refers to the resistance encountered by ions as they move through a 
medium, such as a liquid electrolyte, solid electrolyte, or other ionic conductor. This resistance 
plays a critical role in systems like batteries, fuel cells, electrochemical sensors, and capacitors 
and it depends on mobility of the ions in the membrane which depends strongly on the nature 
of the mobile ion species: valence, size, hydration. 

The set up is similar to the permselectivity but with four electrodes where working electrode 
(WE) and counter electrode (CE) are titanium grids with inside active carbon electrode, 
secondary electrode (SE) and reference electrode (RE) are the Ag/AgCl immersed in KCl 3M 
(figure 3.28). The SE and RE always measure voltage while WE and CE the current. The 
diameter of the cell hole-compartment for the membrane is 14.5mm with an area of 1.65cm2. 
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Figure 3.28: Scheme of the experimental set up to measure the ionic resistance of the membranes 
[94]. 

 

There are three ways to measure the ionic resistance of a membrane [96]: 

• IES: It measures with alternate current (AC) the impedance of the system, the resistance 
is measured on the x-axis where the imaginary values (y-axis) go to zero, (figure 3.29). 

• Linear sweep voltammetry potentiostatic: the potential at the electrodes is swept while 
the current is measured. The resistance is the slope of the curve (figure 3.30), obtained 
from the Ohm law (VR=I) where V is the potential, I the current and R the resistance. 

• Linear sweep voltammetry galvanostatic: The current at the electrodes is swept while 
the voltage is measured. The resistance is the slope of the curve, same as linear sweep 
potentiostatic. 

For every electrolyte it was performed a resistivity measurement without the membrane, the 
results must be subtracted from the membrane measurements to obtain the membrane 
resistivity. The resistance of the membrane was calculated following the equation: 𝑅௠ = 𝑅௠௘௔௦௨௥௘ௗ − 𝑅௕௟௔௡௞         (13) 

Where Rblank is the resistance of the electrolyte, Rmeasured is the resistance measured with the 
membrane and Rm is the resistance of the membrane that was than multiplied by the area of the 
exposed membrane. 
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Figure 3.29: Results of an impedance spectroscopy of a system with capacitance (Zim) and resistance 
Zreal) in parallel. The imaginary values go to zero at really low frequencies [96]. 

 

 

Figure 3.30: results of a DC measurment, showing the voltage drop as a funcion of the current density 
[96]. 
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EXPERIMENTAL RESULTS 

4.1 Synthesis of MoS₂ 
Muffle 
The MoS₂ was synthesized via hydrothermal synthesis using two Teflon-lined reactors (25 mL 
capacity) placed inside stainless-steel autoclaves. For the preparation of 18 mL reagent solution, 
107 mg of L-cysteine and 106 mg of PMA were dissolved in distilled water. The pH of the 
solution was adjusted to 6.8 using a phosphate buffer prepared with 0.1277 mol of acid and 
0.0722 mol of base per 100 mL.  

The production of the material was of laboratory scale because of the volume of the two small 
Teflon reactors filled with only 18mL of reagents and because of the yield of hydrothermal 
synthesis which was only about 60% (figure 4.1). The yield was calculated by weighting the 
dry MoS2 powder for one the single synthesis and divided it by the weight of the Mo and S in 
the reagents. 

 

 

Figure 4.1: MoS2 synthesized in a muffle after the first centrifuge. 

 

Microwave 
The microwave-assisted hydrothermal synthesis was carried out with the aim to decrease the 
time of the synthesis itself and to produce more active material being the reactor of 50 mL of 
volume. Among the possible synthetic parameters, the temperature couldn’t be increased 
because of the limit of the Teflon autoclave suggested by supplier that was already around 
180°C, therefore the time of the reaction was progressively increased from 30min to 4h30min. 
It has been observed that the use of the microwave does not speed up the synthesis as in the 
literature [64-76] (figure 4.2 left). Actually, there are no studies that show the use of microwave 
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with the same reagents that we used in the tests. Only the test number 6 was successful (figure 
4.2 right), and we observed the production of solid material. The mass produced in the test 
number 6 (table 4.1) is equivalent to the standard oven hydrothermal synthesis. 

 

Table 4.1: microwave-assisted synthesis with their parameters. 

 Ramp Temperature time 
1 5min 180°C 30min 
2 5min 180°C 1h 
3 5min 190°C 30min 
4 5min 180°C 1h30min 
5 5min 180°C 3h 
6 5min 180°C 4h30min 

 

 

 

Figure 4.2: Microwave-assisted synthesis 1 (left) and 6 (right). 

 

The solvent used to perform the microwave-assisted hydrothermal synthesis is water, but there 
are other polar solvents with higher efficiency that could help improving the effectiveness of 
the microwave absorption. Water is a solvent with high dielectric constant (ε) equal to 80.4, but 
the dielectric loss (ε’’) is another parameter to keep an eye on when performing microwave 
synthesis and for water its value is 9.889 while there are many solvents with higher values as 
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ethylene glycol (49.950). While the dielectric constant measures the ability to store charge, the 
dielectric loss stays for how much of the input energy is lost and dissipated by heat. To take 
account of both the parameters it’s used the following equation [97]: 𝑡𝑎𝑛𝛿 =  ఌᇱᇱఌ            (14) 

Where tanδ is the new parameter, ε and ε’’ are dielectric constant and dielectric loss. There 
also to consider the dependence to the temperature and the frequency to the dielectric 
constant, the result suggests many new solvents to replace the water (figure 4.3). 

 

 

Figure 4.3: dielectric constants and tan-delta for solvents applicable in microwave synthesis [97]. 

 

Unfortunately, the synthesis with new solvents couldn’t be tested out due to a damage of the 
equipment that required longer time to fix than the time expected for the end of this thesis. 
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4.2 Membrane FabricaƟon 
The membrane fabrication was performed with a vacuum filtration system, where different 
quantity of active materials and combinations with binders and filters were tested to obtain a 
self-standing membrane. 

The following table (Table 4.2) represent some of the many attempts to produce a self-standing 
membrane. 

 

Table 4.2: membranes produced by vacuum filtration with different methods and materials. 

 MoS2 Binder Solvent Filter Duration 
1 125mg / 100ml DI-w Alumina 

0.2µm 
30s 

2 31mg / 60mL DI-w Alumina 
0.2µm 

Some 
second 

3 31mg 3.2mg HPC 60mL DI-w PC 0.1µm 30min 
4 31mg 3.2mg HPC 60mL DI-w Alumina 

0.2µm 
13min 

5 31mg 3.2mg HPC 60mL DI-w Alumina 
0.2µm 

13min 

6 62mg 3.2mg HPC 120mL DI-w Alumina 
0.2µm 

30min 

7 31mg 1.55mg CMC 60mL DI-w PC 0.1µm 2h 
8 31mg 2mg CMC 60mL DI-w Alumina 

0.2µm 
3min 

9 31mg 3.11 CMC 60mL DI-w PES 0.45µm 11min 
10 31mg 4.65mg CMC 60mL DI-w PC 0.1µm 1h35min 
11 15mg 1.55mg CMC 60mL DI-w PES 0.45µm 

on Alumina 
0.2µm 

5min 

12 46.5mg 4.65mg CMC 93mL DI-w PES 0.45µm 
on Alumina 

0.2µm 

45min 

13 28mg (added 
BMIM BF4 

later) 

56mL DI-w Alumina 
0.2µm 

30s 

14 28mg 2.8mg CMC 112mL DI-w PES 0.2µm 3h 
15 14mg 2.4mg CMC 280mL DI-w PC/PE filter 

0.05um 
night 
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16 14mg 2.4mg CMC 60mL DI-w Alumina 
0.02µm 

night 

17 20mg / 10mL DMSO Alumina 
0.02µm 

night 

18 30mg 3mg PVDF 15mL DMSO Alumina 
0.02µm 

night 

19 20mg 10mg GO 10mL DMSO Alumina 
0.02µm 

night 

20 Double filtration: first 1mg GO than 20mg MoS2 
21 20mg 5mg GO 10mL DMSO Alumina 

0.02µm 
night 

22 Only 10mg GO as reference membrane for characterizations 
23 20mg 5mg GO 10mL DMSO Alumina 

0.02µm 
night 

24 20mg/10mL DMSO + 2mg GO (double filtration, first GO than MoS2) 
25 20mg 7mg GO 10mL DMSO Alumina 

0.02µm 
night 

26 20mg/10mL DMSO + 2mg PVDF + 2mg GO (double filtration, first GO than 
MoS2 with PVDF) 

27 20mg/10mL DMSO + 2mg GO (double filtration, first GO than MoS2) 
28 20mg 15mg GO 10mL DMSO Alumina 

0.02µm 
night 

29 15mg 10mg GO 7.5mL DMSO Alumina 
0.02µm 

night 

 

Problems encountered during the fabrication of such membranes are: 

• Membranes 1 – 13: poorly diluted suspensions without binders could not remain stable, 
producing agglomerates during the magnetic stirring. If the duration of the filtration 
process exceeded tens of minutes, agglomerates are visible  

• Membrane 3 – 4: The use of HPC as a binder was found to be incompatible (membrane 
3,4) even worse than the membrane without binder (membrane 1 in figure 4.5 a), 
producing cracked and extremely fragile membranes. 

• An attempt to produce a MoS2 hydrogel membrane was made following Yayun et al. 
[98]. Right after the filtration, the wet membrane was immersed in BMIM BF4 and left 
all night to allow the self-assembling of the membrane. The results were not as expected, 
and the membrane was not mechanically stable even after drying. 

• The use of CMC as binder decreases the crack domains considerably, no longer visible 
in natural light but still visible by pointing a torch behind the membrane (membrane 8). 
In addition, membranes with CMC are much more resistant to bending (on flexible 
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filters as PES), and do not show any sign of damage even with complete bending 
(membrane 9 in figure 4.4 d). 

• After the membrane number 16, the slurry of MoS2 dispersed in distilled water and held 
into the refrigerator run out, therefore, it was used the lyophilized MoS2. Since it was 
impossible to redisperse it in DI-Water, we decided to use DMSO. The lyophilized MoS2 
contains a fraction of smaller flakes when compared with the one in water suspension. 
In fact, when used a 0.02 µm filter a fraction of the flakes passed through. 

• The DMSO solvent allowed to try PVDF as binder, the membrane had improved 
homogeneity, but it was not possible to separate it from the alumina (0.02 µm) filter. 

• None of the filtered membranes gave any sign on separating from the filter to obtain a 
self-standing membrane, the next approach involved the use of GO instead of binders, 
by mixing it with MoS2 or filtering a double membrane (first GO and then MoS2). The 
GO is less environmentally friendly than the cellulose binders, but it has a good 
tendency of producing self-standing membrane. 
 

 
Figure 4.4: Membranes 3 (a), 7 (b), 8 (c) and 9 (d). 

(b) (a) 

(d) (c) 
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The first self-standing membrane produced is the number 19 (figure 4.5 b), with 20mg of MoS2 
and 10mg GO (2:1). During the drying process, the membrane contracts. Wrinkling has not 
been observed in membranes produced with the GO alone, therefore the addition of the MoS2 
was determinant. If not enough GO is used, the contraction of the MoS2 can cause the membrane 
to break. The lack of GO doesn’t allow the membrane to peel off from the filter. As reference 
for the analysis, it was produced also a membrane only with GO (number 22). 

Despite the successful self-standing membrane, the characterization was problematic because 
of the low mechanical stability. The production of new membranes with more GO, 20mg MoS2 
and 15mg GO (number 28) was a first attempt to improve the mechanical properties of the 
membrane, but the filtration was too long. A mechanically stable membrane was then filtered 
with 15mg MoS2 and 10mg GO (number 29) with a percentage of 60% MoS2 (figure 4.5 d).  

 

 

Figure 4.5: Membrane 1 (a) and 19 (b), 17 (c) and membrane 29 (1.5:1 MoS2/GO) (d). 
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4.3 Physical CharacterizaƟon 

4.3.1 FESEM (Field Emission Scanning Electron Microscopy) 
From the cross-sectional view (figure 4.7) of the membrane number 19 with the in-lens 
secondary electron detector, it is possible to distinguish the GO as the brighter lamellae 
structures and in between the MoS2 flakes, these images show that the MoS2 wasn’t structured 
as parallel flakes and this morphology is coherent with the difficulties in filtering membranes 
of MoS2 alone, since it doesn’t stack like GO does.  

Figure 4.7 in the bigger magnification shows the morphology of the MoS2 clusters, the flakes 
are observable, but they are incorporated in a sphere-like structure that doesn’t allow them to 
stack one parallel to each other. Many other studies on 1T-MoS2 find a similar structure to this 
[99] and usually implies a hybrid composition phase 1T-2H MoS2 only partially exfoliated, 
while only a few managed to produce completely exfoliated flakes [78]. 

The EDS map from the top view in figure 4.6 shows a good homogeneity of the materials and 
the images of the dry lyophilized powder of MoS2 result coherent with the material after 
filtration (figure 4.9) because it can be observed the same structure observed in the membrane. 

The average thickness of the membrane is 19µm and the average size of the flakes aggregates 
is 260nm.   

 

 

 

Figure 4.6: Element mapping of MoS2/GO membrane view from above (Green: C, Red: Mo, Blue: S) 
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Figure 4.7: FESEM images of the cross-sectional view of the MoS2/GO membranes at different 
magnitudes from 2˙000x to 50˙000x. 
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Figure 4.8: FESEM image of the MoS2/GO membrane top view at different magnitudes from 2˙000x 
to 20˙000x. 
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Figure 4.9: FESEM images of the MoS2 lyophilized powder with different magnitudes from 10˙000x 
(left) to 100˙000x (right). 

 

4.3.2 XRD (X-ray DiffracƟon) 
The GO specific peak is typically around 10 degrees [101] while the MoS2 peak to take in 
consideration is the one relative to the (002) plane, depends on the phases and it’s around 9 
degrees for 1T-MoS2 and 14 degrees for 2H-MoS2 [82]. 

The spacing is calculated using the Bragg law (8), considering that wet membranes have larger 
spacing than dried ones. 

GO peak corresponding to the (001) orientation is observable at 8.67° in figure 4.10, the peak 
corresponds to a spacing of 1.019nm. The MoS2/GO membrane has an additional peak 
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corresponding to the plane (002) of the MoS2 at 6.11° which corresponds to a spacing of 
1.448nm (figure 4.10), this spacing suggests the presence 1T-MoS2 exfoliated phase, but this 
distance is larger than expected from a dry MoS2 membrane which should be around 1nm or 
lower (depends on the intercalation of ions and content of solvent still adsorbed) [82]. The larger 
spacing can be attributed to water molecules still adsorbed, or the DMSO (used as solvent for 
the filtration that didn’t get removed in the BUCHI oven at 80°C) [102]. The broad peaks of the 
MoS2 confirm the nanosized dimension of the domains which is in agreement with morphology 
in which the flaxes are few nanometres large. 

In the MoS2 sample, the peak relative to the (002) orientation is found at 10.27° degrees, this 
represents an interlayer spacing of 0.432nm which is in agreement with other reported values 
[103,104]. As the MoS2/GO membranes, the peaks broadening suggests a short range order due 
to the nanosized structures. 

 

 

Figure 4.10: XRD patterns of the MoS2/GO membrane (MoS2 ─). XRD patterns of the GO membrane 

(GO ─). XRD patterns of the MoS2-Na lyophilized powder (MoS2 ─). 
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4.4 Ionic Resistance 
Following the method and setup in chapter 3.4.4, ionic resistance measurements were 
performed with two different salts, KCl and NaCl both 0.5M in concentrations. The 
measurements are showed in the table 4.3, 4.4 expressed only in Ohm. The measures are EIS, 
linear sweep voltammetry galvanostatic and linear sweep voltammetry potentiostatic, figure 4.12,13,14 
show and example of the 3 graphs where the data are obtained. 
In figure 4.11 there are represented the values of the membrane’s resistances calculate with the 
equation (13). It is necessary to consider that the thickness plays an important role being directly 
proportional to the resistance. 
The resistance towards K+ seems to be higher than of Na+, while it has been observed the 
opposite in another work [105]. A good IEM is expected to have high permselectivity and low 
ionic resistance, the value for the MoS2/GO membrane could be considered good if compared 
to the values for GO membranes of other works [94], but this value is valid only if also the 
permselectivity is high.  

 

Table 4.3: Ionic resistance measured for KCl 0.5M: EIS, linear sweep voltammetry galvanostatic, 
linear sweep voltammetry potentiostatic and the average of the three. 

 

 

Table 4.4: Ionic resistance measured for NaCl 0.5M: EIS, linear sweep voltammetry galvanostatic, 
linear sweep voltammetry potentiostatic and the average of the three. 
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Figure 4.11: Average areal ionic resistance of the GO and MoS2/GO membranes in the different 
electrolytes. 

 

 

Figure 4.12: Example of IES for GO membrane with KCl 0.5M 
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Figure 4.13: Example of linear sweep voltammetry galvanostatic for MoS2/GO membrane with NaCl 
0.5M. 

 

 

Figure 4.14: Example of linear sweep voltammetry potentiostatic for MoS2/GO membrane with NaCl 
0.5M. 

 

4.5 Permselectivity 

The measurements for the permselectivities were performed in the setup previousy illustrated 
in chapter 3.4.3. The figure 4.15 shows the permselectivieties of the GO and MoS2/GO 
membranes in the different electrolytes while the table 4.5, 4.6 and 4.7 contain the 
measurements and the apparent permesectivities. The MoS2/GO membrane compared to GO 
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exhibits similar permselectivity with KCl, higher with NaCl and lower with LiCl. The porosity 
due to the poor stacking of the MoS2 could be the main reason of the poor permselectivity of 
the MoS2/GO membranes, these membranes tend to pierce quite early during the measurement, 
which made the collection of data difficult, only one membrane with higher values, used to 
measure the permselectivity for KCl didn’t pierce at all, conserving its mechanical stability 
even after the measurement making possible to remove it from the set up still intact. 

 

 

Figure 4.15: Apparent permselectivities of GO and MoS2/GO membranes with the ion transport 
numbers taken into account for three different electrolytes (KCl blue, NaCl orange, LiCl grey). 

 

Table 4.5: Potentials of the membranes with KCl 

 Eoffset (mV) Emeas (mV) Emem (mV) αap (%) αtn (%) 
GO 6  33.5 mV 28.3 76.5 76.9 

MoS2/GO 6  34.4 mV 28.4 76.78 77.2 
 

Table 4.6: Potentials of the membranes with NaCl  

 Eoffset (mV) Emeas (mV) Emem (mV) αap (%) αtn (%) 
GO 6  18.92 12.92 34.12 45.46 

MoS2/GO 6  22.06 17.91 47.18 56.27 
 

Table 4.7: Potentials of the membranes with LiCl  

 Eoffset (mV) Emeas (mV) Emem (mV) αap (%) αtn (%) 
GO 6.5  23.50 19.43 49.02 61.61 

MoS2/GO 6.5  15.52  11.45 28.88 46.45 
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The transport of ions may not be as expected on 2D lamellar membranes according to Lu et al. 
[106], the mass transport within nanochannels of lamellar 2D films does not really occur as 
intended but rather, it is the microporous defects that are the results of imperfect stacking due 
to poor fabrication process that dominate the mass transport. In this case, the porosity due to 
the poor stacking of the MoS2 could be a  reason for the lower permselectivity of the MoS2/GO 
membranes. The thickness of the membrane plays an important role in the permselectivity, 
thinner membranes are less permselective than thicker ones [94]. 

Both GO and MoS2/GO membranes show a lower Li+ ions permselectivity with respect to Na+ 
ions, the size of the alkali metals are Li+ < Na+ < K+ but their hydration shell follows the opposite 
scale Li+ > Na+ > K+, this may contribute on a steric hindrance. 

The results are not sufficient for a good permselective membrane (usually above 95%) but 
thanks to a more appropriate morphology of the MoS2 flakes, better stacking could be achieved 
improving drastically the permselectivity of the membranes. 

 

4.6 Energy Storage 
In order to understand whether the self-standing membrane has potentialities as electrode for 
energy storage, the MoS2 synthetized as previously described was used either as active material 
(70%) in standard electrodes and as self-standing electrode of MoS2/GO (membrane 19) in 
coin-cell configuration with the MoS2-based material at the working electrode and metallic Li 
as counter and reference electrode in a half-cell. 

The standard electrodes with MoS2 (70%) and the self-standing electrodes with MoS2/GO were 
cycled between 1 and 3 V vs. Li/Li+ to avoid the irreversible formation of metallic Mo and Li2S 
at lower potential:  

LixMoS2 + (4−x)Li+ + (4−x)e− ⟶ Mo + 2Li2S      (15) 

From the cyclic voltammetry of the MoS2 (70%) electrode in figure 4.16-a it is possible to 
observe two distinct peaks: a broad reduction peak with a maximum at 1.75V and an oxidation 
peak at about 2.25V corresponding to the reversible intercalation and deintercalation of Li+ ions 
with the formation of LixMoS2: 𝑀𝑜𝑆ଶ + 𝑥 𝐿𝑖ା + 𝑥 𝑒ି →←  𝐿𝑖௫𝑀𝑜𝑆ଶ        (16) 

From figure 4.16-b it is possible to observe that the peak separation is low indicating a quasi-
reversible electrochemical process. For potential lower than 1.5 V, the CV looks more 
rectangular, suggesting that there is a large electric double layer (EDL) formation, and this is 
consistent with literature data [103,107]. 
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Figure 4.16.: (a) Cyclic voltammetry and (b) reconstructed for the MoS2 (70%) electrode at different 
scan-rates. 

 

From the same graph it was estimated the Coulombic efficiency and the rate capability from 
0.1 to 1 mV/s, as shown in figure 4.17-a,b respectively. It is possible to observe that the 
efficiency was for all the rates superior to 98.6% and that capacity was almost constant with the 
scan rate (from 280 mAh/g at 0.1mV/s t o265 mAh/g at 1mV/s). 

 

Figure 4.17: (a) coulombic efficiency for the MoS2 (70%) electrode at different scan rates. (b) 
Specific capacity ── and area capacity ──. 
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Figure 4.18: (s) voltammogram at 0.2 mV/s with the deconvolution of the capacitive behaviour (blue) 
and diffusive behaviour (red), in black the experimental data and the sum of the two in green. (b) 
Quantification of the diffusive and capacitive contribute for the cathodic current (negative) and anodic 
current (positive).  

 

Therefore, according to the previously described method of Dunn in paragraph 3.4.2, the CV 
were analysed at different scan rates in order to visualize and quantify the capacitive and non-
capacitive behaviours of the electrode. In figure 4.18-a the recorded voltammogam at 0.2 mV/s 
is represented by the black data points (Iexp). In blue, instead the datapoint are those of the 
capacitive-controlled currents (IA) and the red of the diffusion-controlled currents (IB) according 
to the equation (4) in paragraph 3.4.2. The sum of the two is the green line (ITOT = IA + IB) which 
has to overlap the black line. From the reconstructed voltammetries it is possible to confirm 
that the behaviour of the MoS2 (70%) electrode is mainly capacitive. 

Identical data analysis was performed on the electrodes cut from the self-standing membrane: 
in the left-hand side graph of figure 4.19-a, it is possible to observe the raw CV at scan rates 
ranging from 0.1 mV/s to 1 mV/s and on the graph at the right-hand the same data are reported 
normalized with respect to the scan rate at which the CV were recorded. From this visualization 
it is possible to observe a different trend with respect to the behaviour of the pure MoS2 
electrodes. In fact, the normalized data of the self-standing electrodes do not overlap suggesting 
non-capacitive storage mechanisms. 
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Figure 4.19: (a) Cyclic voltammetry and (b) Cyclic voltammetry and reconstructed for the MoS2/GO 
electrodes at different scan-rates. 

 

The CV from the MoS2/GO electrode (figure 4.19) show a highly distorted shape indicating a 
resistive behaviour. Moreover, no clear redox peaks in CV  are present, even if at 2.5 V in the 
anodic and at –1.6 V in the cathodic scan two broad peaks are visible. They show an important 
shift between the charging and discharging potential of the peaks, indicating also 
electrochemical irreversibility. The main reasons for this behaviour can be a poor contact in 
between the MoS2 flakes which limits the percolation of the electrons and charges. 

 

Figure 4.20: (a) coulombic efficiency for the MoS2/GO  electrode at different scan rates. (b) Specific 
capacity ── and area capacity ──. 

 

The Coulombic efficiency and the rate capability from 0.1 to 1 mV/s, are shown in figure 4.20-
a,b respectively. It is possible to observe that the efficiency increases with the scan-rate, 
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storage. Moreover, from the discharge part of the voltammograms it is possible to observe that 
capacity is strongly decreasing with the scan rate. Indeed, this trend can be linked to the high 
resistivity of the self-standing electrodes themselves. 

 

 
 
 

 
Figure 4.21: (a) kinetic analysis of the MoS2/GO electrode at 0.2 mV/s scan rate: the black line is the 
experimental data, red is the diffusive contribute, blue is the capacitive contribute, green is the sum of 
blue and red. (b) Quantification of the diffusive and capacitive contribute for the cathodic current. 

 

In order to unravel if the storage or delivered energy have a capacitive or diffusive main 
behaviours, the kinetic analysis was performed and reported in figure 4.21. From the left-hand 
graph in which the reconstructed voltammetries are shown together with the original data 
(black) it is possible to observe that only the cathodic scan satisfies the imposed trend of the 
Dunn’s analysis while the anodic scan is not following that trend. This is visible by the missing 
datapoints in that part of the graphs. Still, from the reconstructed voltmmograms it is possible 
to observe that the storage (cathodic scan) proceeds by diffusion-controlled mechanisms while, 
as previously mentioned, the delivered (anodic scan) charge is not following any storage 
dependence, therefore suggesting that during the anodic scan the electrocatalytic processes play 
the major rule. In the cathodic scan, the region between 1.5 and 2 V do not follow the storage 
trends, suggesting that also in this potential range electrocatalytic processes dominate. 

The specific capacity values for MoS2 in organic electrolyte (figure 4.20) are similar to the 
values (20.81 mAh/g) from Parthiban et al. [108]. Also, if compared to GO electrode 
measurements with LiPF6 [109], this work has lower currents by one order of magnitude, but 
similar specific capacity. 

Another study measured the electrochemical properties of a composite electrode MoS2/GO 
[110] but at higher scan rates (50mV/s) with 0.1M LiPF6, in this case currents were one order 
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of magnitude lower than in these experiments. They observed cathodic peaks at 1.48V and 3.2V, 
and one anodic peak at 1.39V for MoS2 while cathodic and anodic peaks at 1.1V 2.6V 3.2V for 
GO. These peaks shift when combining the two materials in different quantities suggesting poor 
electrochemical reversibility. 

Moreover, with this type of electrodes the Dunn’s method is no longer valid, also because of 
the high resistivity of the membrane that is not taken into account in the whole model. It is 
important to take into consideration that GO is not electrically conductive as 1T-MoS2, and this 
can result in worse performance of the hybrid membrane, and the stacking of GO can even 
interrupt the percolation of the MoS2 influencing even more the percolation of the charges. 

A more accurate method to analyse such material could be the SPECS or the MUSCA, as 
mentioned in paragraph 3.4.2 among the other simple methods. Both, in fact, take into the 
account a third component that is called “residual” in which falls multiple contributions.  

Reducing the GO into rGO could improve the electronic performance, but the reaction could 
cause the oxidation of MoS2 as suggested by Wang et. al [111]: 𝐺𝑂 + 𝑀𝑜𝑆ଶ → 𝑟𝐺𝑂 + 𝑀𝑜𝑂ସଶି + 2𝑆𝑂ସଶି       (17) 

Even though it has been proved the possibility to make a stable rGO/MoS2 composite for water-
based supercapacitors [112], membranes have never been produced with the same synthesis 
(and without binders) because they were mechanically unstable. 

Muharrem A. et al. [78] Studied the 1T MoS2 and concluded that the intercalation processes are 
slower in organic electrolytes, since 1T MoS2 is hydrophillic and the organic electrolytes are 
more hydrophobic, the intercalation process results diffusion limited as in the CV results of this 
work. On contrary, in Cook et al. [103,107] works, the nanosized MoS2 showed an almost 
completely capacitive behaviour with organic electrolyte (1M LiPF6 in a 1:1 EC:DMC solvent 
with 5% (v/v) fluorinated ethylene carbonate).  
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CONCLUSIONS 
The literature shows a wide range of results for MoS2 membranes and electrodes, therefore our  
difficulties in the production of self-standing membranes seems to be linked to the completely 
exfoliated 1T-MoS2. The 1T phase is thermodynamically unstable and only stable in 
coexistence with the 2H phase [113,114], this causes the production of MoS2 only partially 1T-
metallic which translate in reduced electrical performance of electrodes. 

The synthesis of 1T-MoS2 is quite slow (12h), increasing the volumes of production was 
complicated because of the lack of bigger reactors, the yield of reaction was only 60%, and also 
due to the failed attempts to speed the synthesis by using a microwave-assisted method the only 
choice was to keep working with the classic hydrothermal in muffle. 

The production of a self-standing was accomplished after many of tries using GO together with 
the MoS2. The other membranes (non-self-standing) attempted with binders couldn’t be tested 
supported on the filter because of the cracking in the active material. 

The permselectivity and ionic resistance results are similar to the GO membrane but considering 
of the bad stacking of the MoS2/GO there is a big margin of improvement for the studied 
membrane. Higher values of permselectivity were measured with Na+ ions, but the main reason 
seems to be a membrane with higher mechanical performance More ions, even bivalent ions, 
could be tested for permselectivity in perspective to the recovery of valuable metals. 

Energy storage measurements show that the MoS2 itself behaves as a pure pseudocapacitor, 
showing very little diffusive-controlled charge accumulation even at 0.1 mV/s. The self-
standing electrodes of MoS2/GO instead, show diffusive behaviour and high electrical 
resistivity with minor capacitive accumulation of charges. The data showed low coulombic 
efficiency at low scan rates, suggesting the presence of irreversible reaction at the MoS2/GO 
electrode.  

A potential solution to the scalability of the synthesis could be found in the microwave-assisted 
synthesis by using a different solvent or by trying to change one of the reagents. A successful 
microwave-assisted synthesis would increase substantially the production of material and 
possibly even the yield of the reaction while maintaining the process still on a laboratory scale.  

Further investigations towards the synthesis of a completely exfoliated MoS2, with larger flakes 
dimensions or with functionalization could help with the production of a self-standing 
membrane without the help of GO or any binder at all, allowing to exploit at full the good 
performance of the of the material as the we observed on the MoS2 (70%) electrodes.  
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