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Abstract 

The discovery of graphene initiated a surge of interest in other two-dimensional atomically 

thin materials. A class of materials that is attracting tremendous attention since 2011 is the 

family of layered transition metal dichalcogenides (TMDs), specifically group IV TMDs, 

namely MoS2, WS2, MoSe2 and WSe2. Their fascinating main characteristic is a varied 

electronic structure with layer number. This characteristic manifests as varied properties in 

their atomically thin form where they can be tuned to be direct band gap semi-conductors 

or electrically conductive, chemically stable, mechanically strong, flexible, catalytically 

and photo-catalytically active, and have very high specific surface area. All these 

properties make them very promising materials for applications in optoelectronics on 

flexible substrates, photonics, water splitting, and energy storage device electrodes.  

The objective of this thesis is the development of a scalable templating method to fabricate 

3D architectures based on atomically thin layers of TMDs. We have chosen to utilize 

three-dimensional (3D) printing via robocasting (or direct ink writing) to fabricate 3D 

architectures of assembled 2D nanosheets. To this end, firstly we develop a liquid-phase 

exfoliation method of bulk TMDs which allows the achievement of nanosheets with lateral 

sizes greater than 1 micron in water with high yield. This lateral size is essential to achieve 

cohesive and mechanically stable 3D networks of 2D nanosheets and the use of water as 

dispersant agent is necessary to enable the scalability of the process. Secondly, we have 

formulated inks of exfoliated TMDs with the desirable rheological properties for printing, 

which are the shear thinning behaviour and high viscosity. 3D printed devices with 

footprint of mm2 and features in the hundreds of micrometre range have been successfully 

obtained based on exfoliated MoS2 and TiS2 nanosheets.  
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Different architectures have been demonstrated, including woodpile and stacked and some 

of them have been tested as electrodes for supercapacitors. In  proof of concept devices for 

electrochemical energy storage, they exhibit superior areal capacitance and energy density 

as compared to the existing planar microsupercapacitors, and enhanced performance to 

hybrid supercapacitor-battery devices. This work opens new directions towards additive 

manufacturability of 3D miniaturized devices with TMDs. 
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Introduction 

From the discovery of the monatomic thin graphene layer in 2010, huge and growing 

attention has been paid on similar material classes. Atomically thin group VI-transition 

metal dichalcogenides have attracted increasing interest as layered materials, where 

proprieties change enormously from the bulk form to the monolayers. Layered Transition 

Metal Dichalcogenides (LTMDs) have been known for the past eighty years, and they were 

exfoliated from their corresponding bulk material within the last forty years, by chemical, 

mechanical and physical exfoliation methods. They were discovered as single layers by 

Frindt. et al..1 as a peculiar case of crystal deformation. Nowadays, the great potential of 

this class of material is well known. Monolayers are currently investigated in potential 

applications as optoelectronic devices, electrochemical cells and energy storage devices. 

The atomic thickness and the active surface area are the strength of transition metal 

dichalcogenides. In particular, carrier mobility, exposed surface area and large pore 

distribution are the key parameters enriched for electrochemical devices like capacitors. In 

Chapter 1 principal characteristic of TMDs will be introduced, describing their atomic 

structure and electronic properties, from pioneer to recent discoveries. Their properties as 

monolayers can be potentiated if exported on a three dimensional scale, like aerogel o 

scaffolds, preserving their main characteristics. Therefore, the formulation of a 3D network 

in freestanding architectures of TMDs materials is still at the beginning. Heterostructures 

were the first evolution towards three dimensional monolayers TMDs, where multiple 

layers are restacked on top of each other2. Alternative 3D structures have been realized 

with the freeze casting method, resulting in ultra light weight3, or in form of aerogel from 

initial precursors4. Heavier structures are challenging to reproduce, due to the small size 

and thickness of TMDs. Chapter 2 will describe more in details the main progresses 
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achieved with structuring of TMDs, reporting heterostructures and composites structures. 

Since equivalent architectures are not being produced yet, graphene 3D structures will be 

reported as inspiration and comparing term. Indeed, while graphene allows reproducing 3D 

architectures, the process within TMDs it is more complex and still in development. The 

ultimate goal of this project is to realize three dimensional free standing compact structures 

of exfoliated TMDs. Chapter 3 will be an overview of methods and materials used to 

realize this work including characterization methods. In Chapter 4, liquid exfoliation of 

TMDs will be reported, describing the exfoliation procedure and results of thin film 

characterization, size and thickness distribution of exfoliated nanosheets and liquid 

suspension stabilisation. Flakes are both exfoliated and crossed linked with biocompatible 

polymers forming a homogenous ink suitable for printing. Three dimensional printing is 

described in Chapter 5, where three block polymers were used to create TMDs-viscous ink, 

chosen to enable homogenous dispersion of the flakes thus physical interconnection among 

them. The ink obtained is printed in a 3D structure followed by heat treatment to preserve 

the shape. The ink contains exfoliated nanosheets and it is assembled in a macro structure 

by robocasting printing. Thermal treatments follow to fully remove the polymer while the 

integrity is kept. In this work, MoS2, and TiS2 are produced with carbon black as additive, 

therefore our method can be easily applied to any transition metal dichalcogenides. TiS2 

printed structures and exfoliation will be presented separately in Chapter 6. The structures 

are then compared taking in account the surface area, mechanical properties, and electrical 

conductivity, and tested as electrochemical electrodes, described in Chapter 7.  
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Literature Review: Transition Metal Dichalcogenides, from 

properties to 3D structures 

Chapter 1: Properties of Transition Metal Dichalcogenides 

In this chapter the synthesis of single layers of transition metal dichalcogenides, from their 

bulk counterparts is discussed, and electrical and optical properties of both bulk and single 

atomically thin layers are described. The fabrication methods of three dimensional 

structures are introduced along with main applications.  

1.1 Structure of Transition Metal Dichalcogenides 

Transition Metal Dichalcogenides (TMDs) are a class of materials that includes 60 (Figure 

1) compounds between a metal from the group of transition metal and a chalcogenide 

element (S, Se and Te). Many of them present a layered structure or also called “graphite-

like” structure.  

 

Figure 1 Transition Metal Dichalcogenides class of material include compounds from a 

transition metal of group IV, V, VI, VII, IX, X, with element from Chalcogen group. 

[Adapted from 5] 
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The most studied TMDs are compounds from the IV-V and VII group of metals and 

sulphur and selenium. 

 

Figure 2 a) Atomic representation of Graphite of two layers; b) graphite natural mineral; c) 

Exfoliated graphite TEM images; d) Atomic structures of MoS2; e) MoS2 natural mineral. 

f) exfoliated MoS2 AFM [adapted from 6]; g) Atomic structures of WS2; h) Natural WS2 

mineral from RRUFF©; i) TEM of exfoliated WS2 [Adapted from 7]. 

In these layered materials, each layer has a thickness of 6~7 Å5, and consists of a 

hexagonally packed layer of metal atoms (M) sandwiched between two layers of chalcogen 

atoms (X) thus forming a tri-atom-thick layer. The in-plane M–X bonds are covalent in 

nature6, whereas the sandwich layers are coupled by weak van der Waals forces. This 

allows studying isolated two-dimensional solids, since van der Waals crystals can be 

readily cleaved along the layer surface. In Figure 2 are reported the natural bulk mineral of 

graphite (Fig.2b), MoS2 (Fig.2e) and WS2, (Fig.2h) with their atomic structure 

representation, and monolayer evidence detected by optical means. These materials were 

first discovered in early 1970, where, as at first approximation they were considered as 

single layer crystals with very weak interlayer bonds as from lattice vibrations experiments 
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results2. The layered structure of TMDs was very well known since then, what was obscure 

was the possibility to separate the layers.  

The covalent bond between the metal and chalcogen atoms are formed by four electrons 

filling the bonding states of TMDs where the oxidation states of the metal (M) and 

chalcogen (X) atoms are +4 and –2, respectively7. The surfaces of the tri-atomic layers are 

filled with the lone-pair electrons of the chalcogen atoms8,9. Thus these tri-atomic layers do 

not have dangling bonds rendering them chemically stable10. Once a triatomic layer is 

isolated, free-standing or on a substrate, it develops a ripple structure as in the case of 

graphene11.The bond length between two metal atoms ranges between 3.15Å and 4.00Å12, 

depending on the size of the metals and chalcogens. The metal coordination in layered 

TMDs can be either trigonal prismatic or octahedral (Figure 3).  

 

Figure 3 Crystal structures of the 1T and 2H phases of the MX2 family. The metal is in 

octahedral coordination in the 1T structure, and trigonal prismatic coordination in the two 

layers per unit cell in the 2H crystal structure [Adapted from 13]. 

The crystal is in an octahedral coordination in the 1T structure, and trigonal prismatic 

coordination in the two layers per unit cell in the 2H crystal structure13–15. The 2H 

configuration has hexagonal lattice structure. Both the two phases 1T and 2H, can coexist 

in chemically exfoliated nanosheets in WS2 and MoS2. When these compounds are 
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intercalated via lithium, and then exfoliated in excess of water, there is hydrogen-

compound gas formation which induces a forced separation of the layers. This leads to a 

metastable phase16. In particular electron transfer from the lithium during the intercalation 

causes a transition from the d2 to the d3 inducing a destabilization of the original structure 

of the bulk. In other words, the Li intercalation is responsible for the change in the metal 

coordination from a trigonal prismatic 2H phase into the octahedral 1T phase. Due to the 

metastable nature of the 1T phase, a restoring back to the 2H is possible if subject to 

annealing or aging, otherwise it is persistent after exfoliation17,18. Because of the change in 

the electronic structure, the two phases exhibit a different electronic structure from each 

other, being metallic (1T) and semiconductive (2H). In a work done by Chhowalla et al..19 

it is widely proved how exfoliated MoS2 have both coexisting phase and how each phase 

composition strongly influences the electronic configuration and the properties. They also 

proved that on a large number of areas of exfoliated nanosheets intercalated with lithium, 

the 1T and the 2H phase are approximately present equally. The two polymorphisms 

exhibit thus different electronic structures. The as exfoliated nanosheets predominantly 

consist of 1T coordination that is metallic, while the 2H phase is semiconducting. In the 

2H structure, the layers of atoms S and Mo alternate into a sequence BaB AbA where 

capitals letters are S and lower case are Mo. In the 1T instead, the sequence is AbC. In 

Figure 4 a schematic illustration of the polymorphism of MoS2 is reported. 
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Figure 4 Schematic illustration of the atomic structure of a) 2H, b) 1T and c) the distorted 

1T’ phase in the MoS2 compounds. The yellow dots in a) are the S and the blues are the 

Mo atoms. The transition from the 2H to the 1T phase can be schematic represented by 

arrows; in fact the 1T phase in b) can be visually seen from the 2H when Sulphur atoms 

move diagonally to the canter of the hexagonal cell, while the 1T’ in c) is a distorted 1T 

structure [Adapted from 19].  

In Figure 4 red arrows simulate the transition from 2H to 1T, as the 1T phase can be seen 

formed from the 2H when sulphurs atoms slide one of the S planes in a direction 

equivalent to the a/3-1/2 towards the centre of the hexagonal cell, resulting in the lattice 

configuration as 2a*a. However, the real structure of the 1T phase is metastable, therefore 

it results in a distorted phase denoted as 1T’, where the lattice appear to be in a zig zag 

chains with orientation from the pristine lattice of 60° and 120° degrees19–21. The key 

parameter for the identification of a 2H or 1T structure is by the intensity detected with 

electron beam energy. If the contrast of the intensity in a lattice is low between two 

adjacent sites it indicates a 2H phase, otherwise indicates the 1T phase. The restoring of 

the 2H phase is passing by the metastable and distorted 1T’ phase first, before becoming 

the 2H phase, where other authors have also calculated the activation energy difference to 

pass from 2H and 1T to be 0.27 eV/atom22. This work proved the coexistence of the two 

phases, while the following research aims to provide an explanation for the mechanism of 

transformation from one phase to another. In the work done by Suenaga et al..23 interesting 
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video were made filming the transition from 2H to 1T of monolayer MoS2 at 600°C at 

different intervals of time, snaps are shown in Figure 5. They performed this experiment to 

prove how transition electron microscopy can be used to follow the phase transformation 

between semiconducting 2H and metallic 1T in single layer MoS2. Moreover, they showed 

how the migration of two boundaries is responsible for the creation of an intermediate 

phase, the same that in the aforementioned work was identified as the metastable phase 

1T’. Ultimately, as a consequence of the identification of the driving force responsible for 

the creation of the 1T phase, they show how 1T phase can actually be controlled in a layer 

of 2H phase using an electron beam. They introduced a 60kV scanning transition electron 

microscope to visualize the process of the atomic motions in MoS2 monolayer. A doped 

monolayer was transferred into the TEM grid and heated up to 600°C to induce the 

activation energy for the transition. Figure 5a shows the transformation steps promoted by 

the temperature, and captured at four different time intervals scanned in seconds. 
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Figure 5 Representation through TEM of the phase transition of single layer of MoS2 at 

600°C represented with annular dark field in a) and schematic model of the transition step 

from 2H to 1T in b) [adapted from 23]. 

At the initial time corresponding to the zero second, it is shown a 2H structure with 

honeycomb organization (hexagonal) consisting in three Mo atoms and three overlapped S 

atoms. What is possible to register at 100 seconds shot, is the rotation at 60° of two 

identical precursors boundaries. Ten seconds later, a triangular phase is appearing as the 

1T phase. As mentioned in the previous work described, the 1T phase is announced by an 

accentuated contrast between S and Mo. Last spot reports a shot at 220 seconds, where 

three new boundaries are formed delimiting the new 1T phase. The complexity of this 

mechanism is better illustrated by a schematic model reported in Figure 5b, where is 

highlight the migration of atoms towards the formation of three boundaries delimitating the 

new formed phase. This mechanism was explored for 100 different cases, including 

reversal mechanism from 2H to 1T, 1T to 2H, 1T to 1T’. On top of all the experiment, the 

mechanism itself can be summarized in three main steps, where the first one see the 
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formation of the intermediate phase through nucleation of the state, and the second and 

third steps see the migration of two new formed boundaries that move to delimitate the 

new created phase. In the first step, the Mo-Mo bonds are compressed and results in a zig-

zag chain that distort the original trigonal prismatic lattice. This constriction could have 

been induced by the electron beam, which induced a displacement on the out of plane S 

atoms. The strain provoked, shows a release in bending the angles Mo-S. The formation of 

this new phase induced by the bending of the Mo-S bonds is then propagating through the 

invested area, more and more as the electron beam is applied. This contributes to the final 

boundaries of the new intermediate phase. All this transitions phase were detected with no 

loss in atoms but by only lattice distortions.  

The two phases can be thus converted in one to another, with a slipping in plane of the 

sulphur atoms as consequence of the transition phase23,24, with the formation of an 

intermediate phase and migration of boundaries. Early studies on the atomic structures 

believed that the phase transition is due by only lattice distortion14,25 rather than atoms 

migration with intermediate phase. The process of conversion from the metastable phase 

1T to 2H, called as restoring the 2H phase, is thermally activated, with a minimum 

temperature of conversion of 80°C in the case of MoS2 and higher temperature of 207°C 

for WS2, while the transition from 2H to 1T occurs when the bulk is chemically 

exfoliated26.  
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1.2 Electronic band structure of properties of TMDs 

DFT calculations of the electronic band structure of TMDs have been able to explain the 

origin of the experimentally observed optical absorption and emission27. The band structure 

of bulk, multi- and mono-layered of MoS2 is shown in Figure 6.  

 

Figure 6 DFT calculations on band structures of MoS2 from bulk, quadruple-layers, bi-

layers and monolayer. When the thickness is reduced from bulk to monolayer, the indirect 

gap becomes larger, becoming a semiconducting direct band gap on the Dirac point. 

[Adapted from 28]. 

The bulk material is characterized by an indirect band gap, where the maximum of the 

valence band is at the Γ point, while the minimum of the conduction band is at the Ʌ point 

(halfway between Γ and K points). In the specific case of WS2, this gap is of 1.3eV while 

for MoS2 is 1.1 eV29. In this respect, bulk material or multi-layered material are 

indistinguishable. Reducing the layer number to 4, 3 and 2 significant changes in the band 
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structure starts to occur. The valleys of the conduction band at the Ʌ points rise up. A 

crossover between the conduction band minimum at the Ʌ and K points occurs in the 

bilayer materials. At the same time, the hill of the valence band at the K point is 

comparatively unaffected by the number of layers down to the monolayer form. Thus, as 

the minimum of the conduction band is now at the K point in correspondence to the 

maximum of the valance band, a direct band-gap at the K point is established. The 

described indirect-to-direct band-gap transition from the bulk to the monolayer form is in 

common to all 4 MoX2 and WX2 compounds and their direct band gaps span a range 

between 1.55-2eV30.  

In 2011, Splendiani et al.27 (Figure 7) and Mak et al.30 have reported for the first time 

bright PL from mechanically exfoliated monolayer MoS2. 

 

Figure 7 Photoluminescence of mechanically exfoliated MoS2 where the peak position at 

627 nm corresponds to the B1 exciton of 1.97 eV, and the peak position at 677 nm 

corresponds to the exciton A1 of 1.8 eV. [Adapted from 27].  

This characteristic was unique of monolayer material, as in contrast bilayer and thicker 

multilayer samples up to bulk exhibited very weak-to zero emission. This was appearing in 

contrast with the expectation that the optical response scales with the volume of the 
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material. The PL from monolayer MoS2 was explained by the recombination of the direct 

band gap excitons formed at the K point of the Brillouin zone. In bilayer and multilayered 

MoS2 flakes, the indirect and direct emission energies shift as a function of the number of 

layers and thus providing information about the evolution of the electronic31. The 

electronic band structure is also revealed by the absorption spectra in the near IR-UV 

range. The absorption peaks are attributed to excitonic recombination and interband 

transition. The A and B excitonic recombination, located at 1.9 and 2.1 eV32 respectively, 

arise from optical excitation of electrons from the spin-orbit-split valence band hill to the 

conduction band valley at the K point. The C absorption peak at 2.6−2.8 eV31, is due to 

band nesting, which leads to a singularity in the joint density of states. Monolayer of WS2 

exhibit a single PL peak between 1.9 and 2.0 eV33, corresponding to a 2D exciton 

associated with the direct band gap transition32. Monolayer MoS2 absorb ∼10% of incident 

photons at their band gap A exciton and ~ 30% at the C peak. 

1.3 Synthesis of TMDs 

Since the discovery of graphene in 201034 from exfoliated graphite, tremendous attention 

has been paid on similar materials that could show the same layers features due to the 

promising application as monolayer as lightweight functional material. 

The methods employed to synthesized layers metal dichalcogenides can be classified in 

two main approaches, bottom-up and top-down method35. In the bottom up method, layers 

are synthesized from molecular precursors, which can be either in gas or liquid phase. The 

top-down methods instead, consist in the exfoliation of 3D bulk powders of layered 

materials into their elementary building blocks, reducing the bulk into single atomic 

layered materials. Solution-based exfoliation of TMDs has been regarded as the most 
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suitable route to bulk production of 2D sheets for their implementation into technology36.  

This thesis will focus on top down methods. The discovery that layered crystals can be 

exfoliated in liquids, led to exploring different synthesis processes involving different 

solvents and ions intercalation. The main advantages from liquid exfoliation resides in the 

possibility to produce large quantities of material, to expand this method on a larger and 

scalable production, to store in a phase that can enable easy deposition onto any substrate, 

and the possibility to easily blend with other materials for further functionalization or post 

treatments37. 

Although first liquid exfoliation of TMDs done for WS2 from the corresponding bulk 

mineral has been proved by Frindt et al..16 4 decades ago, more recent review provides a 

wider spectrum of processes used to exfoliate38. The three most common methods 

employed as liquid exfoliation process are sonication in solvents, ion exchange, and ions 

intercalations (Figure 8). 

 

Figure 8 Three most employed methods for liquid exfoliation: a) ion intercalation; b) ion 

exchange; c) sonication [Adapted from 6]. 
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The synthesis of LTMDs is based on one main criteria which involves three basic steps, 

first the breaking of the van der Waals forces to separate the layers from each other, second 

the exfoliation into a certain solvent to further increase the separation distance among the 

layers, and third the stabilization of the liquid suspension to avoid re-aggregation of flakes, 

eventually followed by removing any possible by-products. Monolayers of TMDs are also 

called nanosheets, due to the atomically thin thickness. The reduction from bulk to 

nanosheets is a well known process nowadays called exfoliation, or alternatively 

delamination of TMDs. In this chapter will be described the most common methods in 

liquid based process, which are sonication in solvent and ion intercalation.  

1.3.1 Sonication in organic solvent 

Sonication assisted exfoliation is one of the liquid phase methods employed to obtain 

mono and multi layers of TMDs. In this method, bulk powders of TMDs are dispersed in a 

solvent and exposed to ultrasound. Ultrasounds are here responsible to break the inter-

layers forces. The interlayer forces for TMDs are the weak van der Waals forces. This 

weak bond between the layers makes favourable exfoliation to separate sheets (compared 

to breaking covalent bonds in fragmentation). Taking advantage of the nature of the bond, 

layers can be cleaved along the layer surface. Depending of the size of the metal and the 

ions, the interlayer length size can vary from 3.15Å to 4.00Å12,39, values that appear to be 

15% larger than in the corresponding metal element solids. There are different possible 

ways to break the van der Waals forces; one of them is the sonication in solvents. When 

sonicating, there is a reduction of the cohesive attraction between layers, which promote 

the separation. If the solvent used to sonicate has a comparable surface energy, then the 

separation is favourable40. The oxidation state in the formula of TMDs is +4 for the metal 

and -2 for the sulphur, and because the metal is sandwiched between two layers of sulphur. 
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The exfoliation causes a new arrangement of the external orbital of the sulphur atoms, 

leading, after separations, to a negative charge on the sulphur atom, which tend to 

aggregate. 

The first effect of post exfoliation is the dramatic increase of the accessible surface area in 

the material. The compatibility of a solvent to disperse layers is chosen on the basis of its 

surface energy. The solvent surface energy has to be close to the surface energy of the 

TMDs, to be able to stabilize the exfoliated nanosheets against re-aggregation. This 

method has been initially developed for the exfoliation of graphite into graphene and 

recently it has been applied also to TMDs40,41. 

Sonication of the bulk powder of layered compounds in organic solvents 21 results in few-

layer nanosheets predominantly with lateral dimensions of a few hundreds of nano-meters 

and a low percentage of single layer flakes, from 10% to a maximum of 17% 22 with a 

large variability from solvent to solvent. Among the possible solvents, previous works42 

have established that only solvents with a surface energy area close to 70 mJ/m2 are able to 

exfoliate the bulk powder of TMDs into layers. Examples of these solvents are the N-

Methyl-2-pyrrolidone (NMP) or Dimethylformamide (DMF). Other common solvents used 

in the solvent assisted sonication method are the N-Cyclohexyl-2-pyrrolidone (CHP) and 

the chloroform, which are also known as good solvent to stabilize the exfoliated layers21 43–

47. The quality of the layers, size, dispersion and numbers, strongly depend on the time the 

sonication, centrifugation parameter, and by the interaction between the solvent and the 

nanosheets. 
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1.3.2 Exfoliation via surfactant –stabilization and ion exchange 

Alternatively of solvents, also ionic or aqueous surfactants are ideal stabilizers due to their 

van der Waals binding to the exfoliated nanosheets and subsequent electrostatic 

stabilization. Sodium cholate has been used as an excellent stabilizer3,35,43,48–50, indicated 

by the corresponding zeta potential measurement around -40 mV, which states for a stable 

suspension according to the standard values. Some layered compounds such as perovskites 

and niobates (as example CdPS3 and MnPS3), or layered trirutile phases, could contain ions 

between the layers in order to balance surface charge on the layers. When the tendency is 

to be for the layers negatively charged, positive ions could be delivered and incorporated. 

These trapped ions can be exchanged in a liquid environment with some others, often 

larger ions. As like the other methods, this steps is followed by agitation, resulting in an 

exfoliated dispersion.  

1.3.3 Lithium Intercalation 

Several studies have been carried out on lithium intercalation, since the discovery of the 

lamellar structure of the TMDs, which are able to host other ions or alkali atoms between 

their layers, held together by weak Van der Waals forces16,51–54. 

In 1975 a research group at Linden laboratories52, reported for the first time the Lithium 

ions intercalation between the layers of transition metal dichalcogenides using n-

Butyllithium as source of intercalation. For the first time, was found for this class of 

material the ability to host Lewis bases or equivalently metals with low ionization energy. 

The transition metal dichalcogenides can be seen as a Lewis acid that can host a Lewis 

base or, in other words, as an oxidant than can host a low ionization metals. The host acts 

as electron acceptor, while the guest is an electron donator. Alkali metals can be species 
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for electron donators, in particular Lithium well intercalate the lamellar structure of 

TMDs1,17,55. Lithium compounds can serve as source of intercalations for this class of 

materials. 

N-Butyllithium dissolved in hexane solution serves as reagent to intercalate lithium into 

the group IVb and Vb layer dichalcogenides52. Due to their lamellar structure, and the 

capability of the d orbitals in the metal to host more electrons, the TMDs are able to host a 

variety of electron donor species. The driving force for the intercalation is the electron 

donation to the transition metal. The reaction can be described by Eq.(1): 

 Eq.(1) 

 

Where A is the lithium source compounds and TX2 are the TMDs compounds1. In this 

reaction, an electron has been transferred from the nA to the TMDs, giving a negative 

charge on it. In those days, before optimizing the general method to intercalate TMDs, 

several attempts were done to intercalate TMDs, where alkali metals and TMDs were 

mixed by different means, such as mixing them at high temperature or dissolving liquid 

suspension of alkali metals and TMDs, however none of these methods were as effective 

as using n-Butyllithium56. The standard technique developed for the exfoliation of MoS2 

includes two steps. The first is the lithium intercalation using n-butyllithium to release 

lithium, usually this step occurs in a sonication bath using the hexane as solvent to disperse 

the powders. The exfoliation part is conducted in solvents, at room temperature, to remove 

the by-products and washing from lithium. The stoichiometry of the reaction was initially 

unclear, encouraging a series of experiments to better define it. The n-Butyllithium is first 

dissolved in hexane in inert atmosphere and mixed with the TX2 powders. The interaction 

between n-Butyllithium and the TMDs is showed in Eq.(2): 
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Eq.(2) 

 

The reaction led to two products which are octane and the Li-intercalated TMDs. The table 

reported in Figure 9 shows all the TMDs synthesized by Dines et al..57 with the relative 

equivalent of Li intercalated and octane yield. 

 

Figure 9 List of metal transition dichalcogenides synthesized with the amount of by-

product and the Lithium involved in the reaction [Adapted from 52]. 

The described method has been used to exfoliate these materials in single and few layers, 

paying more attentions on the stoichiometry of the reaction, in order to optimize the final 

yield of exfoliated materials. The method to exfoliate TMDs has been unique among the 

single compounds of TMDs, although WS2 was found more difficult to exfoliate18, for 

which higher concentration of lithium to intercalate the lamellar structure is required. 

Indeed in 1995 Frindt et al. 16 reported isolation of molecular layers of WS2 intercalated by 
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Li-ions as a result of their dispersion in water where the amount of the stoichiometry 

Lithium was determined more precisely. The relation between intercalation and 

temperature was also found out. In particular, they discovered that while for the MoS2 the 

lithium concentration in the compounds LixMoS2, is x>1 at room temperature and it is 

sufficient to intercalate MoS2, the same procedure applied to WS2 does not provide the 

same intercalation and moreover x was reported to be 0.4. Nevertheless, increasing the 

temperature, the concentration of the lithium intercalated increases. The required Li 

content of x > 1 can be obtained with elevated intercalation temperature up to 200°C. One 

important conclusion of this work is indeed that an increase of the intercalation time more 

than 72 hours does not lead to an increase of the Li concentration but the parameter that 

can influence the Li concentration is instead the temperature. Studying the exfoliation of 

MoS2 also, it has appeared clear that the two materials require different set of parameters to 

be exfoliated in their atomically thin layers. The amount of Li that can be incorporated 

between the layers of the two materials leading to their exfoliation can be very different. 

The exact concentration of Li was determined by a titration carried out with standardised 

HCl. In the Figure 10 the Li concentration (x) as a function of intercalation temperature is 

reported. 
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Figure 10 Average Li (x) composition in LixWS2 as a function of intercalation temperature 

of a 24h intercalation time [Adapted from 16]. 

The reduction of WS2 with n-butyllithium proposed by Frindt et al.16 does not lead to 

completely exfoliate the material, in contrast to MoS2, which can lead to higher number of 

monolayer.  

A different convenient method was proposed later by G.Kanatzidis et al.18 to prepare large 

quantities of LiWS2, using a different lithium precursor, lithium borohydrate LiBH4. 

Following the research of Dines et al..52 in fact they optimize time and temperature for 

lithium intercalation in WS2, where the mixture was heated up 350°C over 12h for 3 days 

and cooled to 50°C over 12h. The experiment was carried out in a dry-box in an Argon 

atmosphere. The reaction that occurs during the intercalation can be described by Eq.(3) 

and (4). This method results more convenient than the one with n-butyllithium, because 

with LiBH4 all the by-products are in gas form, rather than having liquid octane.  

 

Eq.(3) 
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Once Lithium is intercalated into WS2 the material is then ready to be exfoliated, by adding 

distilled water to the LixWS2 mixed powders, followed by a phase of ultrasonication of one 

hour. In this step lithium intercalates the layers increasing the distance between them, 

while hydrogen is distanced from the reaction with the help of the ultrasonication. The 

resulting LiWS2 powder can be exfoliated in water into single layers with the evolution of 

hydrogen gas. In Eq.(4) is reported the reaction between the intercalated WS2 by lithium 

and DI water18: 

 

Eq.(4) 

In order to remove the residues of LiOH, the material need to be washed several times in 

distilled water and repeatedly centrifuged. The exfoliated material is obtained by 

centrifuging the suspension at very large speeds to fully precipitate all the TMDs, and 

removing the lithium hydroxide containing supernatant aqueous phase followed by mild 

agitation to re-suspend exfoliated TMDs. The process of centrifuge to separate the 

supernatant from the precipitate to obtain monolayer in liquid exfoliation will be described 

in more details in Chapter 4. The process is repeated at different centrifuge to fully wash 

the liquid suspension. Once the lithium hydroxide has been fully removed, the TMD can be 

resuspended from the obtained precipitate and monolayers isolated by further 

centrifugation. At the end of this process the structure of the exfoliated material is 

primarily in the 1T phase in which the WS2 is octahedrally coordinated, although some 2H 

phase is still present19. 

Both methods using LiBH4 or n-butyllithium became standards to exfoliate TMDs species 

in the late 90’s years and used as principals methods for the Lithium intercalation. Lithium 

intercalation using n-butyllithium is conducted in liquid suspension where TMDs are 
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mixed with n-butyllithium dissolved in hexane and sonicated for 72 hours. It has been 

proved that temperature helps the exfoliation of WS2 if higher than 200°C33 with both 

LiBH2 and n-butyllithium. Exfoliation using LiBH4 has been called alternative a solvent 

free method18 because does not involve further solvents except water. Ambrosi et al..58 

instead explored the influence on the electrochemical properties by using different 

organolithium compounds, methyllithium, n–butyllithium, and tert-butyllithium. They 

noticed that n -Bu-Li and t -Bu-Li produce a much more efficient exfoliation than Me-Li. 

Nevertheless, to date, the two methods employing the most used n–butyllithium and LiBH4 

have not been directly compared in one publication. Therefore the yield of exfoliated 

nanosheets depends also on further parameters as centrifuges and washing from by-

products.  

So as mentioned in paragraph 1.1, the Lithium intercalation method lead to a change of 

coordination from the 2H to 1T, which phase persist until the lithium is removed or 

eventually subject to annealing19,24. The transition between the two phases has attracted 

interest due to the atomic re-organization, which leads to a transition from semiconducting 

to metallic state. The electron population of the d orbital determine the specific 

polymorphism, which can be modified with opportune ions intercalation which donates 

electrons to the crystal plane. The metastable 1T phase of WS2 appears to be more stable 

than the one of MoS2
59,60. Further studies on 2H and 1T transition proved how the presence 

of the 1T coordination can improve the catalytic activity towards hydrogen evolution, due 

to the facility to transfer electrons from the electrode to the edge surface21. 

1.4 Key parameters for the liquid exfoliation synthesis 

Several parameters are involved in the process of liquid exfoliations that control the final 

size and thickness distribution of exfoliated nanosheets. The reagents are the solvents used 
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to disperse the nanosheets, ions to intercalate, and the bulk of TMDs to exfoliate. The main 

factors that influence the outcome of the process are summarized in Figure 11.  

 

Figure 11 Scheme of main liquid exfoliation parameters that influence the size and 

thickness of exfoliated nanosheets 

In order to obtain a successful exfoliation the first factor to consider is the surface energy 

required to exfoliate nanosheets from their bulk structures.  

Because of their lamellar structure, where layers are weakly bonded by Van der Waals 

forces, TMDs need a specific energy in order to break the bonds and create a new surface 

area of layers. Coleman et al..19 made a helpful classification of many possible good 

solvents (listed in Figure12) that can be used to reduce bulk powders, by sonication in 

bath. Good solvents need to satisfy two criteria, which are the ability to fully disperse the 

nanosheets, and to ensure that the majority of nanosheets are fully exfoliated.  
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Figure12 List of best 20 solvents for WS2 and MoS2 in terms of surface tension [Adapted 

from 19]. 

The energy required to exfoliate layered crystals can be quantified from the surface energy, 

which is the energy to remove a monolayer from a bulk stacked configuration. 

Experimental results have proved that MoS2 and WS2 have surface energy in the range of 

65–75mJ/m2 6. Solvents which possess surface energy values close to those values are good 

solvents to exfoliate nanosheets. Solubility parameters used in thermodynamics can also be 

applied to the study of the compatibility from solvents or surfactants to stabilize 

nanosheets as done in a work done by Coleman et al.in 201223, which found NMP and 

CHP good solvents for stabilizations over 100 hours, with enthalpy of mixing favorable for 

values of 70mJ/m2 of surface energy.  
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Once the material is exfoliated, the flakes are suspended into the solution, divided into the 

exfoliated and non exfoliated material. In the exfoliation process not all the powder is well 

delaminated, thus some precipitations of the particles that are heavier than the exfoliated 

ones can occur. The non exfoliated material precipitates immediately after the first 

centrifugation, due to their higher weight. The final concentration of monolayer nanosheets 

can be controlled by sonication time and centrifugation speed49. Typically exfoliated 

nanosheets in solvent exfoliation method reach concentration of 1mg/mL19,35. 

In a work done by O’Neill et al..62, exfoliated MoS2 were sonicated in NMP and 

characterized by their size and thickness controlling centrifuges rate and sonication time. 

Concentrations were varied from 5 to 200 mg/ml in 20mL of NMP, and initially sonicated 

for 60 minutes and centrifuges at 1500rpm to remove un-exfoliated material.  

 

Figure 13 a) MoS2 flakes dispersed in NMP at different centrifuges speed, plotted with the 

average size of dispersed flakes; b) TEM images of MoS2 flakes prepared at different 

sonication times of 23, 70 and 106 hours and plotted with the correspondent flakes size 

[Adapted from62]. 

As shown in Figure 13 longer sonication does result in smaller length and width flakes 

under 1μm. They then separate the desired size and thickness with controlling the time and 

speed of centrifuges using the density gradient ultracentrifugation method. Sedimentation 

methods have also been used to separate flakes with different thickness63,64. 
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The exfoliation of TMDs to obtain mono layer flakes in liquid phase remains an 

experimental challenge, due to the fact that involves several parameters, especially to yield 

single layers with lateral size larger than 1μm. In particular, in the liquid exfoliation, it is 

crucial to develop a method to control nanosheets size, thickness, and more important the 

concentration. One possible method to determine size and thickness of flakes is the 

quantum confinement of optical spectra49. With liquid phase exfoliation, optical 

characterization of the flakes is hard to define due to the presence of a backscattering 

background which depends on the solvent and the dimension of nanosheets. From the 

absorbed spectrum of liquid phase suspension of TMDs nanosheets it is possible to 

estimate the sheets concentration only if the intrinsic extinction coefficient is known. The 

first estimation of the extinction coefficient was performed by estimating the concentration 

of material in suspension by filtering and weighing the product. In Figure 14 is shown the 

procedure that lead to the final estimation of the extinction coefficient. In this work they 

demonstrate a method to select the size, where each size selected part has its own optical 

extinction spectra that vary with both nanosheets size and thickness. In particular there 

were selected seven different fractions produced by a centrifuge technique based on 

material sedimentation. Diluting and centrifuging, they collected seven fraction, for which 

were collected seven extinction spectra, reported in Figure 14b.  
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Figure 14 Size and thickness defined by sedimentation velocity and optical absorbance on 

seven fractions (a) at different speed centrifuges; b) UV-vis spectra of the seven fractions 

[Adapted from 49]. 

All the curves were reported at a minimum of 345 nm, and the different trend of each curve 

are related to the change in the nanosheets lateral size. This means that the spectra contain 

information about the lateral size of the nanosheets. The extinction coefficient was 

estimated at 345 nm where there are no absorption peaks. It was found that the extinction 

coefficient is independent from thickness and lateral size but depends on the quantum 

confinement effect when the number of layers increases, in other words by the 

concentration. The extinction coefficient was found to be at a minim of 345 nm equal to 

ɛ≈69 mlg-1cm-1 for MoS2, while for WS2 was found to be ɛ≈42 mlg-1cm-1. 

However, the concentration of nanosheets is challenge to estimate. Values of A/l are 

determined by Beer Lambert Law A/l= ɛC, where ɛ the absorbivity can be extrapolated and 

where C is the concentration subject to variation. Concentration of nanosheets can be then 

estimated using a filtered mass method, by UV spectrum absorption analysis with 

corresponding plotting of Absorbance per unit length as a function of concentrations, or by 

optical means, comparing by Scanning Electron Microscope an initial un-exfoliated bulk 

with exfoliated nanosheets after centrifugations40. In the first method, solutions at different 
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concentrations are filtered out, while the residual liquid is measured at the UV (Figure 15). 

Within this way concentration is extrapolated from a linear curve where UV values are 

plotted against a number of diluted concentrated samples.  

 

Figure 15 a) Liquid Exfoliation of MoS2, WS2, and BN in NMP solvents; b) Values of 

absorbance are plotted versus concentration values at different diluted samples [Adapted 

from42]. 

In this work, concentration of MoS2 nanosheets was found to be 0.16 mg/ml and 0.15 

mg/ml for WS2
42.  

Increasing the concentration in liquid exfoliations to higher values more than 1 mg/ml it is 

challenging without affecting the purity of the suspension or avoids aggregation of layers 

on the other hand, higher values of concentration are desirable for applications. Other 

works showed that concentration could be increased to higher value even up to 40 mg/ml62 

in NMP solvents if the sonication time is prolonged over 100 hours, which however could 

damage the nanosheets. Alternative ways to increase the concentration could be done by a 

controllable lithiation process, where the bulk material is incorporated as a cathode in an 

electrochemical set-up42, but despite the controllable quantity of exfoliated material this 

method is complex and longer, so preferable methods to obtain nanosheets still remain the 

liquid exfoliation process.  
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The stability of liquid suspensions it is also a fundamental parameter to take into account. 

Flakes are stabilized by interaction with the liquids13,49, and in order to prevent 

aggregations which cause precipitation of flakes, surfactant or polymers have to be 

introduced. To test the stability of liquid suspension with nanosheets over time, zeta 

potential measurement is an effective way. Zeta potential (described in details in chapter 3) 

can be defined as an electrostatic potential difference between the adjacent solvent and the 

dispersed particles.  

 

Figure 16 a) The zeta potential ζ has been tested at different pH values, showing stability 

for basic pH values; b) a dispersion of MoS2 in sodium cholate. [Adapted from 35]. 

In Figure 16 zeta potential values of dispersed MoS2 in sodium cholate are plotted at 

different pH values35. The pH of the suspension was varied with HCl and NaOH. The 

electro-negativity of the nanosheets is neutralized by a basic pH, allowing the stabilization 

of the suspension in the entire range of pHs  

1.5 Functionalization of TMDs  

The electronegativity of exfoliated TMDs can facilitate a chemical functionalization on the 

nanosheets. This is due to enhanced reactivity induced by the excessive electron charges 

donated by Lithium ions in the case of lithium intercalation. A type of functionalization 

can be covalent bonded to the surface of nanosheets. Chhowalla et al..67 made a covalent 
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functionalization of MoS2 nanosheets by attaching on the 1T MoS2 reactant that form 

functional groups bonded at the chalcogen atoms. The 1T single layers of MoS2 were 

functionalized with 2-iodoacetamide or equivalently with iodomethane and 0.15M iodine 

with acetonitrile. MoS2 was previously exfoliated by n-butyllithium and mixed afterwards 

with the reactants to promote the covalent bonding. The liquid solutions were washed with 

isopropanol, water and ethanol. The samples after functionalized were analyzed by XPS, 

detecting no iodine presence on the surface, meaning the treatment was efficient to 

promote a covalent bond between released functional groups (in the case of iodine there 

were no attached functional groups but the negative excess charge was neutralized). 

Further confirmation of the successful treatment was the measured zeta potential, which 

resulted to be higher than the unthread MoS2 due to the suppression of the excess negative 

charge carried by the exfoliated nanosheets. The functionalized MoS2 nanosheets were 

render the metal 1T phases a semiconductive one, leading to a strong and tunable 

photoluminescence. More in general, properties of the functionalized nanosheets can be 

used as specific receptors or to improve the reactivity of the surface area. Structural defects 

are also strategic point that could be attached to elements with electro affinity. Figure 17 

shows the work done by Dravid et al.68, where four different ligand compounds were 

explored in order to chemically functionalize MoS2. The ligands were mixed with liquid 

suspension of MoS2, and zeta potential was measured to tailor the stability of the solutions. 
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Figure 17 Ligand conjunction of thiol functionalised exfoliated MoS2 nanosheets. 

[Adapted from 68] 

The functionalized MoS2 flakes are used as selective sites for biomolecules. In the work 

done by L. Zhen et al..69 MoS2 nanoflakes were carried by different functionalized self-

assembled monolayers grown on substrate. Different dipole between the MoS2 and the 

substrate with functional groups were induced, producing different character of the 

electrostatic potential of the nanosheets (Figure 18). 

 

Figure 18 Functionalized substrate (OTS, octyltrichlorosilane; APTMS, (NH2-terminated) 

3-(trimethoxysilyl)- 1-propanamine;FOTS, (CF3-terminated) trichloro- (1H,1H,2H,2H-
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perfluorooctyl)silane) by self assembled monolayers to tune the electrical properties of 

exfoliated MoS2 nanosheets. [Adapted from 69] 

Singh et al.70 have treated WS2 exfoliated nanosheets with superacid functionalization and 

proving to be more effective for catalytic reactions. They used chlorosulfonic acid to break 

the van der Waals forces and separate the layers in WS2 followed by washing in DI water. 

The treatments produced W-O bonds on the surface indicating the reduction the sulfur and 

oxidation of the tungsten. The so treated nanosheets were then tested in lithium half cell as 

anode. The overall aim of this work was to produce large area of WS2 and to increase to 

sites for Li-ion intercalation. S. Yang et al.71 tailored surfaces of MoS2 creating a stepped 

and a vertically aligned MoS2 edges to improve the hydrogen evolution reaction. 

1.6 Applications of TMDs  

Transition metal dichalcogenides have emerged since the discovery of their monolayer 

properties as promising candidate for electrode materials in rechargeable batteries and 

electrochemical performances, energy-related applications72,73, capacitors and energy 

storage devices74. The rising interest is due by their earth abundant presence in nature, 

excellent charge discharge characteristic, long life capability, and wide operation range 

temperatures. Under extreme conditions the well established lithium ion batteries (LIB) 

have showed difficulties to meet the requirements of current shock and rapid seasonable 

changes in temperature. For this reasons, TMDs have been studied as valid substitute to 

replace current anode materials. The exploration of these alternative environmental-

friendly materials has focused on two main directions, how to prepare efficient monolayer 

in large scale production, and how to exploit monolayer characteristic in a three dimension 

from 2D preparation. What makes them favorable is the high theoretical capacitance 

respect to the graphite anode equal to 372 mAh/g75–77, which is for MoS2 670 mAh/g77.  
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Unfortunately, what is limiting the large commercial employment is the poor cycling 

properties and rate capabilities. Usually after the first charge/discharge there is degradation 

with consequential reduction of capability. This happens due to the intrinsic semiconductor 

nature that implies low electrical conductivity. But due to their interlayered structures, they 

can host ions between the layers, enable them as effective materials for ions exchange 

processes. WS2 has been proved to be an effective anode for LIB70,78. Traditional Lithium-

ions batteries have seen graphene as the alternative anode to Lithium versus the theoretical 

one for the lithium anode of 3860 mAhg-1 of capacity79. Among the TMDs particular 

attention has been placed on MoS2 due to the facility to be exfoliated42 comparing to others 

TMDs and its versatility in different electronic applications74. Mesoporous (cavities 

dimension between 2 and 50 nm) structures were realised with a method of melting 

infiltration assisted nanoreplication, demonstrating a higher lithium storage capacity, in 

particular showing a capacity of 710 mAhg-1 for MoS2 , and 501 mAhg-1 for WS2
80. 

Applications as storage energy devices are possible to be classified on different levels, 

depending on how TMDs were preparared and used as monolayers. They can be 

differentiated as hierarchical structures assembled from nanosheets, nanosheets with 

expanded interlayer, and compounds with nanolayers. Hierarchical structures are a facile 

way to produce efficient electrode for LIB. The aim of having hierarchical structures is to 

obtain a large contact area between the electrode and the electrolytes, to incentivize the ion 

diffusion of Li atoms. As typical example Lou et al..81 realized small porous scaffold with 

self templating simple step. Starting from a cube precursor of MnCO3, MoS2 was grown as 

a shell on the extern of the cube by a hydrothermal reaction. The MnS remaining template 

was then remove by acid etching treatment followed by annealing treatment The so 

obtained porous structure was then used as electrode for LIB showing a good rate 
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capability and a capacity of 700 mAh/g at high current density of 1000 mA/g shown in 

Figure 19. 

 

Figure 19 a) Schematic illustration of the preparation of hierarchical microboxes 

assembled from MoS2 sheets from MnCO3 precursor cube in step I, with external 

assembled shell of MoS2 by hydrothermal reaction in step II; b) SEM of external core 

shell; c) Cycling performance and rate capability of the annealed hierarchical structure at a 

current density of 1000 mA/g [Adapted from 81] 

The surface area of the porous architectures was measured to be 21m2/g. The porous 

cavities allow the penetration of Li ions and contains the volume change typical of LIB79. 

Deng Z. et al..82 realized flexible tubular carbon electrode where on each surface of carbon 

fiber MoS2 layers are assembled, which formed 3D macroporous (cavities larger than 

75um) structures, able to avoid the restacking of MoS2 and facilitating ion diffusion. The 

carbon cloths with the MoS2 show capacity of 3.428 mAhcm-1.  

As expanded interlayer method an example is provided by Zhou et al.83. They incorporated 

oxygen in expanded layers distanced MoS2 obtained by solvothermal reaction. In 

particular, precursors were mixed in autoclave and kept in reaction at 200°C for different 
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time intervals. The precipitate at the bottom of the autoclave was then dried out leading to 

oxygen compounds of the type of MoS2-xOx for different time reactions. The precipitates 

were then dropped on silicon substrates and experiments were carried out in a three 

electrode configuration in sulfuric acid for hydrogen evolution reaction (HER). One first 

result of this work is that at the increasing of the time reaction in the autoclave, the 

dominant morphology of MoS2-xOx tends to be similar to nanoflowers. Second, the 

interlayer spaces are measured to be around 8.4 Å, higher than the usual distance in 

pristine MoS2 which is 6.4 Å. 

 

Figure 20 a) Schematic illustration of the oxygen expanded inter layers from a distance of 

6.4 Å to 8.4 Å; b) TEM of nanoflowers treated at the longest time reaction; c) HER 

measurement plots of the nanoflowers at two time intervals reaction (26 h and 39 h) plotted 

for comparison with Bulk MoS2, commercial platinum and MoS2 with no oxygen 

expansion treated the same way for 39 hours. [Adapted from 83 ] 

As clear from Figure 20 the diagram shows how the closer curve to the platinum is the 

highest time reaction expanded MoS2 oxygen treated, proving the fact that space between 
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layers can actually accommodate ions and facilitate the diffusion in energy storage devices. 

Other example on nanoflowers is provided by Yang et al..84, where they realized vertically 

aligned 1T-MoS2 using liquid exfoliation of 2H-MoS2 as self template. In brief, two types 

of 2H-MoS2 were prepared from liquid exfoliation in NMP through sonication technique 

and treated by solvothermal reaction similar to the precedent case from (NH4)2MoS2 

precursors. Then a mixture of the two 2H phases was placed in autoclave and treated at 

200°C. By this way, the mixture reacted becoming a 1T phase where MoS2 vertically 

aligned as nanoflowers structures on the nanosheets synthesized by the sonication in NMP. 

This method dramatically increase the active sites by intensify the number of exposed 

edges and basal planes. They were measured in sulfuric acid electrolytes using platinum as 

comparison, showing overpotential of 202mV at 10mAcm-2. Similarly, 2D MoS2 nano-

flowers has been used as cathode materials for Li/Mg hybrid batteries showing a long cycle 

life of 87% after 23000 cycles85. 

As last category of MoS2 template as application worth to mention is that MoS2 coupled 

with additive carbon based materials86, as graphene87, and similar graphene conductivity 

materials to tune the electrical properties of MoS2 or WS2
20. Quasi like 3D-MoS2 has been 

tested as nanoflowers88, nanosheets71,83, nanoparticles89, nanocomposites90, for 

(HER)71,83,88,91–95, hybrid-Ion batteries85,96. The low electrical conductivity is indeed a limit 

for this class of material, so highly conductive additive are necessary to improve the 

conductivity of fabricated electrodes. Usually the most common composite are the carbon 

based materials86,90, including graphene87. A good example of energy storage devices 

fabricated with graphene and MoS2 is provided by F. Clerici et al.97 where flexible 

polyimide foil with graphene was decorated with MoS2 laser-induced. In particular, the 

laser induced technique consists in a pulsed laser irradiation hitting insulating polymer-

graphene sheet producing a porous 3D networking. In this case, a beam of CO2 
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graphenized a polyimide substrate previously coated with exfoliated MoS2. The so 

prepared substrate was then covered with solid electrolyte and fixed with two symmetrical 

electrodes. The sample was then tested in three electrodes configuration.  

 

Figure 21 a) Illustrated process for the Laser induced graphene on MoS2 polyimide 

insulating substrate, inset: SEM of the structure; b) comparison of capacitance from basic 

LIG; c) capacitance at different scan rate [Adapted from 97]. 

As reported in Figure 21 the capacitance was measured at different scan rate for the cyclic 

voltammetry measurements from 10 to 500 mV/s. Moreover, the capacitance shows 

incredible improvement with the addition of MoS2 on the laser induced graphene.  

1.7 Conclusions 

Despite the several methods investigated so far, and numerous published reports regarding 

the exfoliation of TMDs8, few of these methods can meet the demand of producing high 

yield, high purity and large-sized flakes. In order to pursue this goal, new strategies are 
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required to optimize the production of LTMDs. One possible way is to pre-expand the 

powders in the intercalation phase, to facilitate the later exfoliation. Compared with Li 

ions, other alkali ions such as Na or K were less commonly used in exfoliation chemistry. 

Owing the same oxidation state but larger atomic radius (Lithium radius is  1.55  , while 

sodium is  1.90  and potassium   2.35 Å), they can expand the lattice in the c-axis direction 

larger than lithium can do53,98. Concerning the parameters that influence the intercalation 

and the exfoliation method, there are different ways to optimize the whole process. After 

an initial exfoliation phase, centrifugation is essential in order to obtain suspension of 

monolayer. Generally, when using solvent in which the flakes are dispersed, a cycle of a 

minimum of four centrifuges is required to remove the solvent. When a solvent free 

method is employed instead, there are no solvents to remove, and fewer centrifuges are 

required. Although the sonication in organic solvent leads to lower yield of monolayer, it is 

less time consuming when compared with the alkali intercalation method, and does not 

present the problem of removing the ions intercalated, for example by several cycles of 

centrifugation. However, for large-scale applications, exfoliation in an aqueous 

environment would be hugely advantageous. 
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Chapter 2: 3D structuring of TMDs 

The discovery of 2D materials has limited the exploration of new planar-bi-dimensional 

devices but also it has inspired the possibility to manufacture novel 3D devices. In this 

chapter, a brief introduction three-dimensional structure made with graphene and TMDs 

will be reviewed, from first heterostructure and restacking, to the most advanced ones. The 

main applications of these structures will be presented.  

2.1  3D structures of layered materials 

The additive-manufacturing (AM) technique, known as three-dimensional (3D) printing is 

a templating technique which allows the fabrication of objects into desirable any shape. In 

recent years, it has been attracting increasing interest in both industry and academia for the 

easy scalability and the fast fabrication time and low-cost that involve. Up until now it has 

been applied in a wide range of sectors, from energy to electronics, composite materials 

and tissue engineering99. The ink-extrusion-based 3D printing method is the most 

promising to gain a large diffusion in industry and academic, due to its versatility, and 

working conditions (in air at room temperature) and nearly no-material waste. Further, 

different materials can be used from metal alloys, polymers, ceramics, and biomaterials. 

The most pressing challenge to employ this technique for a specific material is the 

formulation of printable inks. The ink has to present shear-thinning behavior and high 

viscosity to enable the templating process. Further the ink once set has to be dry quickly 

enough to do not lose the imparted shape under the weight of the layers printed on top. In 

the decade of the graphene discovery, great attention has been paid on manufacturing 

graphene100, in 3D architectures with high aspect ratio such as porous macrostructures101, 

three dimensional membranes102 or aerogels103–108. These graphene networks are emerging 
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as a new class of multifunctional object which are seeing in a wide range of potential 

applications from energy storage106, to separation109, insulation110 and bioelectronics111. 

They can present different functional properties at the same time which arise from their 

unique combination of mechanical strength, electrical conductivity, light weight, and high 

specific surface areas. This unique combination of properties is rarely found in 

conventional materials, such as ceramic, polymers and metals. The challenge is to obtain 

ordered structures utilizing processing that are highly controllable. Thus the employment 

of 3D printing would enable a rational design of the macro and microstructures of 

graphene and in general 2D materials networks. Recently, highly ordered free-standing 

graphene architectures in the centimeter size domain range have been obtained using 3D 

printing. The first report is from Worsley et al.112 which reports the fabrication of a 

lightweight graphene aerogel microlattice obtained from graphene oxide precursors and 

converted in a GO ink, by a 3D printing technique called direct ink writing (Figure 22).  

 

Figure 22 a) Graphene aerogel printed structures realized with GO in 40mg/ml 

concentration; b) SEM of a particular of the grid morphology; inset of picture of printed 

structure [Adapted from 112].  

In the work of Garcia-Tunon et al.113 (Figure 23) microlattice reduced graphene structures 

are produced by chemical functionalization of the graphene oxide with branched 

copolymer surfactant. The ink was printed out using a robocasting technology, which 

allowed obtaining multiple shapes and design. Printed structures were then thermally 
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heated to remove trapped polymers and to convert graphene oxide (GO) into highly 

reduced graphene.  

 

Figure 23 a,b) 3D structures of graphene based inks printed using robotic assisted 

technology; c,d) SEM of the organized structure; in c) inset picture of printed structures 

[Adapted from 114]. 

A different method was developed by Belmonte et al.101 where inks where prepared with 

graphene nanoplatelets based mixture. This method has the advantage of being post 

treatment free with no need to reduce graphene. The technology of the 3D printer works 

with a viscous slurry that is introduced in a plug and printed by a computer monitored 

robocasting115. The slurry-ink which is used in this technology has to own specific 

rheological properties to meet the printing criteria116. In particular the viscous fluids need 

to be non-Newtonian, following a shear thinning behaviour99. Shear thinning behaviour 

will be explained in Chapter 3. 
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Figure 24. a) Rheology measurements of shear storage modulus G’ and loss modulus G’’, 

of graphene nanoplatelets based ink; b) viscosity versus shear rate; inset: picture of printed 

structures of graphene nanopetlelets [Adapted from 101]. 

Storage modulus is the modulus that indicates the stored energy, representing the elastic 

contribution, while the loss modulus represents the dissipated energy from the viscous 

contribution. Figure 24a shows the rheology of graphene nanopetlelets based ink, where 

the shear storage modulus G’ and the loss modulus G’’ confirm the trend of linearity in the 

range of viscoelasticity, and in Figure 24b is shown the viscosity versus shear rate trend, 

which is typical of a shear thinning behaviour. Additional data are provided by Worsley et 

al.
112

 in which compressive cyclic tests are also presented, where graphene 3D structures 

can resist up to 0.8 MPa (Figure 25).  
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Figure 25 a) rheology tests on the graphene oxide based inks showing apparent viscosity 

versus shear rate, storage modulus and loss modulus versus shear stress. b) ink printing 

process from a colloidal suspension of graphene oxide to direct ink-jet printing; c) 

Compression cyclic tests on printed graphene structures [adapted from 112]. 

By literature, the accepted standard value of viscosity that has been used in the robocasting 

printer is in the range of 102-104 MPa91,117,118. 3D printing with GO have also been coupled 

with ceramics particles to increase the viscosity and strength the material through cross 

linked molecules. As example, Pierin et al..119 created a viscous ink that contains SiOC 

ceramics particles and concentration of 0.025 to 0.1 % in weight of GO, where a process of 

pyrolysis promoted a high degree of cross linking in the chemistry of the ink. Innovation in 

the printed structures lays in the possibility to print any desired shape for graphene 3D 

structures which show conductivity preserving the characteristic of monolayer graphene.  

The graphene discovery opened the way to a deep studying of a similar class of materials, 

the Transition Metal dichalcogenides (TMDs). While successful improvements in realizing 

three dimensional structures with graphene were achieved120, for TMDs it is still challenge 

to export their properties from the two dimensional to a three dimension, due to the 
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absence of a strong interconnection among the flakes. If very few structures were realized 

with GO100 in the last five years, no similar 3D assembled structures are realized with 

TMDs. Graphene oxide has been used also as physical support for TMDs, realizing 

nanoflowers of MoS2 on a GO substrate88 for hydrogen evolution reaction (HER), with a 

lateral size of 120±20nm, or oxygen expanded MoS2
83 for HER. MoS2 nanoflowers were 

also employed as cathode for hybrid-Ion batteries85 with few nanometers of thickness. The 

main challenge to overcome in developing 3D structures for TMDs is to reach high 

concentration of exfoliated nanosheets combined to high viscosity of the slurry. 

2.2  Three dimensional structures and application for devices 

The 3D microbattery and supercapacitors with micro and nanostructured architectures are 

in high demand for on-chip application as they can have enhanced energy density by fully 

utilizing the limited space available as compared to planar micro-energy storage devices
121

. 

The ability to rapidly reproduce electronics was clear to be efficient with the use of three 

dimensional devices such as robocasting printing. 3D printers are able to transform a 

design from the monitor of computer into tangible objects moving tools in multiple 

directions. Multilaterals are required for this innovative system with specific characteristic, 

especially for the extrusion printer, where inks deposited by a nozzle at ambient pressure 

have viscosity about 100 times higher than water. Fully 3D printed quantum dot based 

light emitting diodes were realized entirely by robocasting extrusion system with diameter 

of 2 mm as first led device produced with this approach by J. Lewis et al.
122

. This is the 

first example of 3D microbattery that has been obtained by a robocasted printing. Three 

dimensional structures were initially realized for traditional materials as ceramics and 

polymers. J. Lewis provided comprehensive guide on what should be the desired properties 

for 3D dimensional printing, independently from the kind of materials but matching the 



 
 

58 
 

characteristic for a correct extrusion
116

. In particular, there were defined two main criteria 

that are the viscoeleasticity response and the ability to set immediately on the substrate. To 

fabricate lightweight cellular composite Lewis et al.
115

 properly tailoring the composition 

of the epoxy based inks that incorporate the essential rheological properties in order to 

control the printability. Specifically, nano clay platelets were added to the dimethyl methyl 

phosphonate to reduce the viscosity. Then they added silicon carbide and carbon fibers to 

create a fiber filled epoxy ink. The ink was printed with 200 um nozzle with 2 mm in 

height.  

Lithium batteries are currently the most employed and commercialized batteries for 

electronic devices123 and started to be realized with three dimensional printing.  

Example of miniaturization of 3D printer for microbatteries innovative architectures are 

shown in Figure 26. 

 

Figure 26 Example of miniaturization of 3D printer of microbatteries architectures: a) 

schematic of printed anode LTO with nozzle diameter size; b) Optical microscope and 

SEM (c) of interdigitated 16 layers printed structures of Li4Ti5O12 (LTO) and LiFePO4 

(LFP) with both anode and cathode[Adapted from 124]. 

Concentrated anode and cathode are realized with inks prepared with a suspension of 

Li4Ti5O12 (LTO, the anode) and LiFePO4 (LFP, the cathode) nanoparticles in a solution 

composed of DI water, ethylene glycol, glycerol, and cellulose. The particles are dispersed 

and centrifuged and then homogenized removing the diameter size particles above 300 nm. 
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Particles selection is crucial to avoid clogging during printing. Particles concentration 

optimal to meet the rheological properties was found to be 60% in weight, while the 

viscosity in the range of 103-104 Pas. Multilayer electrodes were printed on a glass 

substrate. After printing the samples are dried at 600°C to evaporate the organic additive 

and promote settlement of particles. The annealed samples are porous afterwards, 

convenient for the electrolyte penetration. To fabricate the complete device, current 

collector were printed at the base of the glass substrate, while anode and cathode were 

printed in complementary shapes. The described procedure set the basis for the printable 

electronics. 

2.3  Conclusions  

To conclude, three dimensional structures realized by robocasting 3D printer are oriented 

in the energy storage devices fabrication. While successful architectures have been realized 

with graphene oxide or carbon related materials or with other traditional electronics 

material, to date, no similar pure TMDs printed structures for energy storage applications 

are accessible for comparison to the structures presented in this work. Challenges of the 

three dimensional printer for electrodes remain the reproducibility of the system to extend 

the production of a larger scale.  
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Methods  

Chapter 3 Characterization Techniques 

In this chapter the main analysis techniques to characterize nanosheets of TMDs obtained 

by liquid-phase exfoliation and three-dimensional structures will be presented.  

3.1 Glove box environment 

The intercalation step of TMDs bulk powder for the production of liquid exfoliated 

nanosheets suspensions was conducted in a glove box with nitrogen atmosphere. The level 

of oxygen was 0.1ppm; water level is kept under 0.1ppm. The pressure inside was constant 

and of 1.7atm. 

3.2 Zeta potential and titration 

The exfoliated flakes upon lithium intercalation are negatively charged125, which allow 

good dispersion in water. In order to understand the stability of the flakes in suspension, 

zeta potential measurement was conducted. 

Electrically charged particles in solution, either positive or negative are surrounded by ions 

of opposite charge forming a solvation layer so called Stern layer. At progressively larger 

distances from the particle, the density of charges decreases and at the distance where the 

external charges are mobile and not anymore anchored to the particle surface, it is defined 

the “slipping plane” (Figure 27). The potential at this point provides information about the 

level of solvation which reflects the level of charges in the individual particles and it is 

called zeta potential. The sign of the zeta potential value provide information of the sign of 

the particle charge while its absolute value provides information about the suspension 
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stability. The smaller the potential is, the thinner is the solvation layer, and the higher is the 

probability to have aggregated particles. 

 

Figure 27 Schematic representation about the definition of zeta potential in liquid colloidal 

systems [Adapted from Malvern Instruments126]. 

High values of zeta potential (as absolute value) mean the particles do not tend to 

aggregate; or rather the solvent is able to resist the aggregation of particles. Low values of 

zeta potential on the other hand indicate that the particles tend to coagulate ( 

Table 1).  

Table 1 Absolute values of zeta potential with corresponding behaviour [Adapted from 

Malvern Instruments126] 
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The machine used for testing the zeta potential was a Malvern Zetasizer Nano-Z model 

while the cells used for the measurements were disposal capillary cells (Figure 28). 

 

Figure 28 a) Malvern zeta potential machine; b) disposable capillary cells [Adapted from 
126] 

As zeta potential is a potential that depends on the electrical charge of the particles, it is 

related to the pH of the solution as well. Changing the charge distribution in the solution 

led to a variation of the zeta potential. Varying the pH of solution is equivalent to change 

the charge distribution. In most solutions there is a value of zero zeta potential at a certain 

pH concentration where opposite charges are even. To track the trend of the zeta potential 

with the pH, a zeta potential titration is performed. A zeta potential titration is the 

measurement of the zeta potential of a certain solution, at different pH values. In order to 
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obtain reliable data, in all the different solutions at different pHs, the concentration of 

flakes has to be the same.  

3.3 Deposition techniques  

3.3.1 Drop casting 

Flake size and thickness were estimated by optical microscopy and AFM and to perform 

the characterizations, flakes were drop casted from suspension onto a SiO2 (285 nm)/Si 

wafer. Optical microscopy is a very useful tool for initial assessment of flakes thickness 

and approximate lateral size, when this is larger than 2 microns. Indeed, the particular light 

interference between 2D atomically thin materials and a specific dielectric thickness 

induces enough optical contrast to enable visibility under an optical microscope. Indeed the 

colour contrast between different layer numbers and the substrate is well prominent that 

this phenomenon has been widely exploited65,127 to distinguish the number of layer which 

composed every individual flake48. The SiO2 (285 nm)/Si wafers were cleaned with a 

piranha solution (a mixture of acid sulphuric and hydrogen peroxide) before deposition. 

While to achieve continuous films on a desired substrate of exfoliated flakes with 

controlled thickness which can serve for different applications, different deposition 

methods from liquid phase already developed for various nanomaterials, have been used. 

The challenge is that there is none protocol yet to deposit uniform, continuous and with 

controlled thickness films of 2D nanosheets. Thus we had to develop a specific deposition 

route for our exfoliated material. The methods that we implemented are: Langmuir 

Blodgett (LB) deposition and dip-coating and will be reported in Chapter 4. 
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3.3.2 Langmuir Blodgett (LB) deposition 

The Langmuir Blodgett deposition can enable to yield homogeneous thin films with 

thickness of 10 nm. Previous work have used this technique to deposit thin film with 

graphene or analogous materials128,129,130. In Figure 29 is reported a sketch to show how 

Langmuir-Blodgett works. 

 

Figure 29 Typical scheme describing the operation of a LB deposition machine. A 

amphiphilic substance is spread on a sub phase as water, and the barrier is compressed to 

along the bath while the substrate is immersed into. During the immersion and the 

extraction step, a continuous film is deposited. 

The set for Langmuir Blodgett deposition consists in a water bath in which is spread a 

subphase of an amphiphilic substance. Onto the subphase the 2D flakes are spread. The 

substrate is hung on a support perpendicularly to the bath. While the substrate is immersing 

in the bath with a predefined speed, a barrier on the side of the bath moves forward to the 

substrate. The barrier is moved at a defined pressure and speed. The instrument is 

calibrated with a defined pressure depending on the liquid that filled that bath. Through 

this technique exfoliated MoS2 and WS2 flakes in water suspension have been deposited 

onto Sio2/Si substrates. After the monolayer has been compressed by the application of 

desired pre-established pressure, a substrate is immersed into the solution. A monolayer is 

adsorbed homogeneously onto the substrate with each emersion step, thus films with 

precise thickness can be formed. The bath of the LB deposition, the Nima Technology, 

model 611 (Figure 30), was carefully cleaned with chloroform, methanol, and DI water.  
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Figure 30 Nima Technology, model 611 of a LB deposition machine 

Seeking the best conditions for a high quality deposition, several experiments were 

conducted. Then, surface pressure, surface area, the speed of barrier, and the speed of 

dipping were calibrated. A tensiometer was used to measure the surface pressure. The bath 

was filled with DI water and the suspension of layers in water and methanol was spread 

onto the water surface using a syringe. Then the substrate was vertically extracted from the 

bath at a set speed and a film was deposited. For the LB assembly, different barrier speeds 

were applied to optimize the uniformity of the film. The ratio of water/methanol was set as 

1:2. Then 1ml of solution was measured and 2ml methanol was added to mix with the 

liquid exfoliation. After the addition of methanol, the solution was stirred for 30mins to 

make a homogenous solution and then brought to LB deposition. The suspension was 

dropped onto the surface of subphase. After that, equilibrium time of 5mins, 15mins, and 

30mins was given after injection in order to let the methanol to evaporate. Then the surface 

pressure-area plot was recorded when the barrier was closed. Sample were collected at 

pressure of 0, 5, 10, 15, 20 mN/m. The best results were obtained with a pressure of 5 

mN/m. Although this method allows obtaining consistent flakes distribution for a 

homogeneous film it is time consuming. A similar but simpler technique is offered by the 

dip coater, which follows same rules but on a smaller system.  
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3.3.3 Dip coating 

 

Figure 31 Dip coating set up 

The dip coating technique was performed using a dip coater machine realised as reported 

in Figure 31. To prepare films, liquid suspensions were diluted in 10mL of milli-Q water 

and 1mL of hexane, pH was lowered to acid range of 2.5 with HCl 37%. Acid pH was used 

to neutralize the negative charged as a consequence of the exfoliation in water and the 

breaking of the S-S bonds. Once the nanosheets are stabilized, they could self assemble at 

the polar/non polar interface that is created at the interface water/hexane. With the stirring, 

the exfoliated nanosheets migrate towards the water/hexane interface forming a phase 

layered suspension. Thin films were prepared using a KSV Nima dip-coater by immersing 

and withdrawing substrates at a speed of 30mm/min. Substrates were previously cleaned 

via sonication in acetone, isopropanol and DI water and treated for 3 minutes with oxygen 

plasma etching in order to increase the hydrophilicity of the substrates. The rapidity along 

with high quality in terms of flakes distribution made this technique the most favourable. 

Moreover it allows spreading more than one coating in relative short time. Up to ten 

coating are possible with the dip coater using the same solution contained in 50 ml glass 

vials.  
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3.4 Centrifugation for liquid exfoliation and planetary mixer 

We used a gravimetric centrifugation (Centrifuge: Thermo Scientific, Sorvall Lynx 6000 

super speed) to separate and remove un-exfoliated material. The employed rotor is a model 

T29-8x50mL, fixed angle rotor with a radius of 10.7cm. Speeds can be regulated as 

revolutions per minutes (RPM) or with relative centrifugal force (RFC). The RCF is given 

as a multiple of the force of gravity and it is a unitless numerical value which is used to 

compare the separation or sedimentation capacity of various devices, since it is 

independent from the type of device. The parameters that have a play in it are the 

centrifuging radius and the speed.  

 Eq.( 5) 

 

In Eq.(5), ν is the velocity and r is the radius of the rotor. The maximum value of RFC is 

related to the maximum radius of the tube opening. In this model, maximum speed is 

27.000 RPM that corresponds to 87207 3RFC. A planetary mixer, model THINKY©, was 

used to mix and ensure homogeneity of inks as describes Chapter 5.  

3.5 Atomic Force Microscope 

To characterize the thickness, width and length of the flakes it has been used the Atomic 

Force Microscope (AFM), model Innova, Bruker. The AFM belongs to the family of 

scanning probe microscopes (SPMs) instruments which is a family of techniques used to 

make images of surface morphologies. They use a physical probe to scan back and forward 

over the surface of a sample. In the AFM the van der Waals forces between the surface and 

the tip are monitored. Also, the interaction between the sample and the tip is monitored.  
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Figure 32 General scheme of an atomic force microscope 

A laser hit a cantilever where at the end there is a sharp tip, typically made of silicon, 

which is scanned over the surface (Figure 32). When the tip is in the proximity of the 

surface so that weak forces (Van der Waals) are exerted between the two, the tip will be 

deflected away. The movement of the cantilever, which reflects the force exerted between 

the tip and the surface, is tracked by a laser, which is reflected from mirror to a photo 

detector. This allows the formation of the two-dimensional reconstruction of tip-surface 

force, which is the topography. There are different ways the AFM can operate; in this 

study we have used the tapping mode which is less damaging for the surface as compared 

to the contact mode. In this mode, the cantilever is driven to oscillate up and down on the 

surface, at a frequency close to its resonance. In this work AFM was used to track an 

average thickness profile of exfoliated nanosheets through the monitoring of the 

topography of the sample. However, critical situations are present in the case of the 

presence of a gap detected by the cantilever from the flatten substrate and the deposited 

nanosheets. In this potential situation there could be misinterpretation about the real 

thickness of the nanosheets. Also misinterpretation could arise from stacked nanosheets 

that overlap on top of each other. In this case the literature suggests a correct interpretation 
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from AFM, knowing the expected monolayer thickness of a single layer, which is around 1 

nm thick, it is possible to identify the quantity of the layers, and the total thickness, by 

tracing a line across a selecting area in the topographic images, and plotting the 

correspondent data we can obtain the thickness versus width of a nanosheets.  

3.6 Rheology characterization 

Rheology is the science that study relations between stress and deformation. Talking about 

fluids, the response of a fluid to a stress can have elastic, viscoelastic, or viscous nature. 

Similarly the stress can be oscillatory, steady, squeeze or pull. Usually the standards tests 

are conducted on fluids on simple geometry that reproduce simple behaviours and under 

simple flow conditions. The particular rheology of a material depends on how the 

molecules are organized. The type of flow in response of the nature of the stress can be 

divided into extensional flow, or shear flow. This work will focus on shear flows. For 

instance at higher shear stress applied, molecules tend to orientate in the direction of the 

loading, and the viscosity can decrease. From a molecular prospective, specific solicitation 

are translatable with the interatomic and intermolecular forces between the 

macromolecules. Concerning polymers, they can be divided in two macro-categories based 

on the type of response they exhibit and they are called Newtonian or non-Newtonian. 

What can distinguish a fluid from a Newtonian or non-Newtonian is the correlation 

between the stress τ (τ=f(γ) ) and the deformation γ, where applying different stress, 

different responses are measured. The ratio between stress and deformation is called 

viscosity (η). In a steady shear rate state, the shear flow can be represented by two parallel 

plates (Figure 33), where the upper plate is driven away from the bottom one by a shear 

stress applied.  
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Figure 33 Vector representation of viscosity between two parallel plats in a steady state of 

shear flow. 

The bottom thus is in stationary, and the top has a velocity υx. The variation of the velocity 

υx with the high y is defined as the deformation γ, which variation in time represents the 

gradient of velocity, or in other words the shear rate, indicated with    in Eq.(6). 

 
Eq.( 6) 

 

When a shear stress τ is applied there is a deformation γ, and the viscosity is the constant 

of proportion between shear rate and deformation, as shown in Eq.(7). 

 Eq. (7) 

The exponent n in the empiric equation indicates the trend of the deformation which 

defines also different class of fluids131. For Newtonian fluids the deformation is 

independent from the viscosity, while in non-Newtonian fluids deformation depends on 

viscosity. The index n in the equation is a characterization of the type of fluid. In 

Newtonian fluids n=1, which implies that viscosity remain constant when the shear rate 

increases. While n different from 1, characterizes non-Newtonian behaviours. There could 
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be different categories under the class of Non-Newtonian fluids, like the Pseudoplastic 

fluid, where index n<1 indicates the viscosity decreases when the shear rate increases. This 

particular behaviour is also called shear thinning, which is the behaviour required from the 

viscous inks used in the robocasting printing used in this project. In the shear thinning the 

particles present in the ink tend to follow the flow imposed by the stress. Similarly to 

pseudoplastic, the Viscoplastic fluid has the same behaviour but flows with initial stress 

applied. This could be also induced by particles present in the fluid, as it is the case of the 

inks produced for this project. One more class are the Dilatant fluids, which act as the 

opposite of the pseudoplastic fluid, they tend to increase viscosity within the increase of 

shear rate, also called as shear thickening behaviour. Figure 34 shows a schematic 

representation of fluids behaviour with corresponding index n, where shear rate is plotted 

with the shear deformation. 

 

Figure 34 Newtonian, pseudoplastic, and expanding behaviour at different n variation 

For Newtonian fluid, when a stress shear rate is applied, the deformation is constant and 

linear, while the majority of polymeric fluids show a non-linearity dependency. Pseudo-

plastic fluids are frequently called as shear-thinning fluids. Most polymeric fluids at low 

shear rate behave as Newtonian, showing a constant viscosity. In Figure 35 two common 

fluids that exhibit Newtonian (blood) versus non- Newtonian (Yoghurt) behaviour are 

shown. 
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Figure 35 Typical trend of two common fluid of: a) blood which has a Newtonian 

behaviour and b) the non-Newtonian Yogurt. In the Newtonian one viscosity stays almost 

constant in a wide range of applied stress, while for the yogurt the viscosity decreases at 

higher shear rate [Adapted from 131]. 

In particular, shear thinning fluids flow under applied stress, and retain their shape when 

the stress is released. For this reason shear thinning fluids are desirable for processing 

through a defined shape. For robocasting system it is crucial to use fluids that exhibit shear 

thinning behaviour in order to facilitate the flow through the orifice and to keep the shape 

after printing. To identify the character of a fluid, tests can be done by a rheometer that 

measures the viscosity at different values of shear rate. The majority of the literature uses 

parallel/cone plate rheometry to study the rheological properties of extruded viscous 

pastes99. This method has generally been favoured as it only requires a small amount of 

paste, is quick, and is well suited to highly viscous pastes. The rheology of inks was tested 

using a discovery hybrid rheometer HR1 (TA Instruments). The tests were done using a 

parallel plate with a 40mm diameter and a solvent trap cover. The 40 mm parallel plate 

geometry was chosen as it was found to be better suited than other available geometries, 

like 8 mm plate and 60 mm cone geometry. The system consists in a rotating plate with an 

applied torque that rotates on a fixed plate.  In between the polymer is placed, measuring 

the angular displacement registered when the upper plate is rotating (Figure 36). The gap 
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was chosen arbitrarily, when the material was well adjusted on the plate. Roughly 3 cm3 of 

the material to be tested was placed on the bottom plate of the rheometer (either with a 

pipette or a spatula), and the geometry was then lowered to a 1 mm gap, compressing the 

material to ensure no air in trapped. The phase between peak shear stress and peak shear 

strain was determined automatically by the equipment’s software averaging over 10 

oscillations. 

 

Figure 36 schematic illustration of rheometer functions; the cone is first approached to the 

plate at the pre- fixed gap (a), the polymer is placed between the parallel plates (b) where 

then is applied a torque moment and c) the plate is place in rotation and the measure can 

start. 

For the analysis, the system is assumed to be isotherm and the fluid incompressible, and 

forces like centrifugal or inertia are assumed to be negligible.  

3.7 Robocasting 3D printer 

The Robocasting that is applied to manufacture objects, works with a rheological ink that 

is shaped through a needle. 3D objects were printed using a robotic deposition device 

(Robocad 3.0, 3-D Inks, Stillwater, OK). The diameter of the printing nozzles ranged from 

1.60 mm to 0.20 mm. Nozzle sizes could be chosen from Smooth Flow Tapered Tips in 

plastic, ESD safe tips in metal, and flexible tips in metal with longer needle. Robocasting is 

a computer-controlled slurry-deposition technique, this procedure uses the deposition of 

http://www.nordson.com/en/divisions/efd/products/dispense-tips/tapered-tips
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highly concentrated colloidal slurries to construct complex, and three-dimensional 

components in a layer-by-layer build sequence (Figure 37).  

 

Figure 37 a) Picture of robocasting 3D printer system with inset of a schematic of the 

syringe, the slurry is shaped through the syringe by the plug that exercises e defined 

pressure where motions in 4 directions are computer controlled; b) picture of the plastic 

and metallic needle available for the printer. [Adapted from 132] 

The optimal rheology of the slurry has a shear thinning behaviour, when subjected to a 

yield stress it is able to flow while upon removal of the stress, it keeps the given shape. On 

deposition, minimal drying led the first deposited layer sufficient strength to support 

subsequent layers. Results indicate that robocasting has great promise for the rapid 

manufacture of complex materials. The programme to shape the scaffold is named 

RoboCAD 4.1. The setting parameters that play a role on the final printed product are the 

pressure speed at which the paste is extruded, the deposition speed of the controlled 

robocasted nozzle, and the distance from the substrate. Range of speeds varies for both 

parameters from a minimum of 1 mm/s to a maximum of 30 mm/s. In Figure 37b are 

reported plastic and metal tips, where the metal tips present a prolonged outcome 

compared with the plastic needles. This longer way out has a higher pressure than the 

plastic one which has a smoother exit. For this work, best extrusion was empirically found 
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favourable with the plastic smooth flow tapered tips, the tips with the metal termination did 

not work as the pressure was too high and the ink was trapped in the syringe.  

3.8 Raman spectroscopy 

Raman spectroscopy allows the investigation of centre-symmetric vibrational modes in 

molecules as well as solid matter. Raman spectroscopy is based on inelastic scattering 

occurring when light (normally as monochromatic source in the form of a laser, in this case 

it was used a laser of 532 nm) shines onto a specific material. The light can be scattered 

inelastically as a consequence of the interaction with the vibrational modes of the matter. 

As a result, the monochromatic incident light is scattered at slightly lower wavelength 

(Stokes Raman modes) and higher wavelength (Anti-Stokes Raman modes) with respect 

the incident source. By analyzing the change of frequency it is possible to gain information 

about the chemical composition, doping level and density of defects of materials, by 

analyzing the correspondent vibrational modes. Raman spectra were collected using a 

Renishaw in via spectrometer equipped with a 532 nm laser. Maps were collected under a 

100x objective with a grating of 1800 line/mm (spectral resolution 1.5 cm-1). Example of 

Raman active modes of 2H-MoS2 is shown in Figure 38. Bulk and monolayers modes 

present different position and intensity. It is possible to uniquely identify monolayered 

versus multilayered material, from the frequency difference of these two peaks: E1 2g and 

A1g. The A1g is due to the out-of-plane vibrational modes in 2H-MoS2 while the E1 2g is due 

to the in- plane vibrational modes. Their frequency difference increases with the layer 

number from ~20 cm-1 for monolayer, up to ~ 36 cm-1 for 6 layers materials which is 

equivalent to bulk material. This is due to a progressive blueshift of the A1g mode and a 

progressive redshift of the E1 2g increasing the layer number. 

http://www.nordson.com/en/divisions/efd/products/dispense-tips/tapered-tips
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Figure 38 Raman peaks of MoS2 bulk, and from one to six layers [Adapted from 133]. 

3.9 X-ray Diffraction 

X-ray spectroscopy techniques can provide a range of chemical, crystallographic and 

electronic information dependant on the energy of the incident X-rays and the detector 

utilised. X-ray diffraction (XRD) refers to the analysis of the crystallographic structure of a 

material based on the reflection of the incident X-ray radiation along lattice planes within a 

crystal structure. XRD is based on Bragg’s Law which states that the angle of reflection is 

related to the distance between reflecting planes. Due to variations in lattice parameters for 

different chemical compounds the angle of reflection is characteristic the crystallographic 

plane for a given material. Rotation of the stage upon which a sample is mounted allows 

for the examination of multiple different planes within a single sample giving lattice 

structural information. X-ray was performed on a PANalytical MPD instrument with a 

copper source of 1.54 eV.  
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3.10 UV-Vis Spectroscopy 

The UV-Vis Spectroscopy is used in general to determine the concentration of the liquid 

suspension. This technique measures the absorption of light across the ultraviolet and visible 

light wavelengths through a liquid sample. Samples are dispensed into cuvettes and placed in 

the path between a UV-Vis light and a detector. According to Beer-Lambert’s law, with a 

constant light path length and known absorption coefficient (dependent upon wavelength), the 

concentration of a compound in question can be determined from the light absorbed by the 

sample at that wavelength. In this work, UV-Vis spectroscopy was performed to detect the 

crystal phase of TMDs, in their polymorphism of 1T and 2H coordination. UV-Vis was 

performed using a Lambda-25 UV-Vis spectrometer using 1 cm path-length cuvettes. 

Scans were performed between 1100 and 300 nm at 5 nm/s with a spectral resolution of 0.5 

nm.  

3.11 Scanning electrical microscope 

Scanning electron microscopy (SEM) allows investigating the topography of samples 

scanning the surface with an electron beam. In this study, it has been used to investigate 

the flakes distributed on the substrate, their lateral size, and morphology as well as the 

morphology a microstructure of three-dimensional structures. SEM exploits electrons for 

imaging, much as a light microscope uses visible light. The advantages of SEM over light 

microscopy include much higher magnification (>100,000X) and greater depth of field up 

to 100 times that of light microscopy and higher resolution (up to 5 nm). An electron beam 

is generated and guided by electromagnetic lenses to the surface of the sample. The 

electron beam interacts with sample generating secondary electrons and backscattered 

electrons (Figure 39).  
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Figure 39 Schematic illustration of scanning electron microscope function, from en 

electron gun that generates an electron beam, which interacts with the sample generating 

backscattering and secondary electrons captured by detector to provide the image.  

The secondary electrons provide information of the morphology of the samples while 

backscattered electrons provide also compositional information. Specific detectors for both 

these classes of electrons have been utilized in this work. The samples must be electrically 

conductive to be observed in the SEM, so gold sputtering coating was performed on 

samples for 1 minute before observation on the electron microscope. The SEM was a 

Sigma300 LEO Gemini field-emission gun microscope equipped with a backscatter 

electron detector. The images were acquired in the range of 5-20 kV of accelerating 

voltage. 

3.12 Compression tests 

To test the mechanical stability of three dimensional structures, printed samples were 

tested with a series of compression tests. The compressive strength of a material is the 
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force per unit area that it can withstand under uniaxial compressive stresses, express as the 

ratio between the force and the area. Compression tests were performed with universal 

testing machine Zwick/Roell Z010 with loading cell of 1N following the ASTM C133-97 

standard because of similar characteristics on samples shapes and densities. Compression 

tests described in paragraph 5.4 were run with a constant strain rate until breaking. Cyclic 

tests reported in 5.11 were run at a rate of 1.5mm/min imposing a maximum deformation 

limit of 5% of strain with 5 cycles. The samples presented in this work are closer to the 

polymers in properties, such as rheology and mechanical behavior. In the Figure 40 are 

reported three typically different type of stress-strain trend for polymers. In the brittle 

example, it fractures while deforming elastically. The plastic behavior shows an initial 

elastic deformation, followed by a long deformation before it breaks. The elastic behavior 

instead has a total elasticity for which belong a certain class of polymers, the elastomers. 

The dimensions of the sample were 10 mm of diameter and average 5 mm high, in a 

cylindrical shape.  
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Figure 40 Schematic representation of ideal behaviour of brittle, plastic, and elastomeric 

polymer [Adapted from 134]. 

 

3.13 Materials used for liquid phase exfoliation and ink production 

Liquid exfoliation were produced from the bulk counterparts of the TMDs, in particular 

were used the artificial mineral bulk powder. TMDs powders were used as received from 

Sigma Aldrich.  

 MoS2, Molybdenum disulfide: used as received from Sigma Aldrich, powder 

99.9%. Molecular weight 160.07 g/mol. Granular gray micropowder, <2μm size, 

density of 5.06 g/cm3 at 15 °C(lit.) 

 WS2, Tungsten disulfide: used as received from Sigma Aldrich, powder 99,9%. 

Molecular weight 247.97 g/mol. Granular gray micropowder 2μm size, density of 

7.5 g/mL at 25 °C(lit.) 
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 TiS2, Tungsten disulfide: used as received from Sigma Aldrich, powder 99.9%. 

Molecular weight 111.99 g/mol. Granular brown nanopower, -200mesh. 

 LiBH4, Lithium borohydride: used as received from Sigma Aldrich, powder >90%. 

Molecular weight 21.78 g/mol. Granular white powder, 2μm size.  

Powders were exfoliated in NMP, N-Methyl-2-pyrrolidone (Molecular weight of 99.13 g 

/mol) and in DI water.  

3.14 Materials used for three dimensional structures 

The handmade monomers used for the realization of the viscous ink are listed below: 

 BuMa: Butyl Methacrylate, used as received from Sigma Aldrich, molecular 

Weight 142.20 g/mol, linear formula CH2=C(CH3)COO(CH2)3CH3 

 DMAEMA: 2-(Dimethylamino)ethyl methacrylate, used as received from Sigma 

Aldrich, molecular weight 157.21 g/mol, linear formula 

CH2=C(CH3)COOCH2CH2N(CH3)2 

 PegMA: Poly(ethylene glycol) methacrylate, used as received from Sigma Aldrich, 

molecular weight ≈360 g/mol, linear formula H2C=C(CH3)CO(OCH2CH2)nOH 

The chemical formulas are shown in Figure 41, where highlight groups are functional.  

 

Figure 41 Chemical formula of the three polymers used to synthesis handmade three 

blocks polymers where a) is BuMa with a methyl as functional group; b) is a DMAEMA 

with two methyl functional group; c) is a PegMA with hydroxyl functional group. 
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For the realization of the inks used in the robocasting printing, Pluronic©f-127 was used, 

from Sigma Aldrich, used as received, average molecular weight 8350 g/mol, white 

granular powder, linear formula H(OCH2CH2)x(OCH2CH3CH)y(OCH2CH2)zOH. The 

chemical formula of Pluronic©F-127135,136 is reported in Figure 42. 

 

Figure 42 Three block polymer, Pluronic©F-127 where the external blocks are hydrophilic 

and the internal core is hydrophobic.  

3.15 Conclusions 

Main characterization techniques have been presented in this chapter. Prior description 

concerns the glove box, where liquid exfoliation starts. The use of glove box is necessary 

when LiBH4 is involved, as it is an air sensitive chemical. A description of the main 

characterization technique used to identify the stability of the exfoliated layered materials 

in suspension (Zeta potential) as well as the lateral size and thickness of the layers (optical 

microscopy and atomic force microscopy) has been presented. Further, rheological 

characterization of the 3D printable inks is presented. The last part of the chapter is 

dedicated to the description of SEM and the methodology of the mechanical tests, as both 

characterization techniques were used for the fabricated 3D architectures.  
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Results  

Chapter 4: Liquid Exfoliation of TMDs 

In this chapter, the liquid-phase exfoliation of bulk powders of MoS2 and WS2 into 

atomically thin layers and their characterisation will be presented. 

We first present our results on the exfoliation of powders in organic solvents via sonication 

and we show the limitations of this process for the aim of this work. Then we describe the 

exfoliation method of choice to obtain exfoliated flakes with lateral size in the micrometer 

range, which is necessary to fabricate stable 3D networks. 

4.1 Liquid-phase exfoliation of MoS2, WS2 and combined MoS2/WS2 

powders 

Firstly, we will present the results of sonication assisted exfoliation of bulk powders of 

TMDs to show how this method is inefficient to generate flakes large enough to be 

assembled to form a stable 3D network137. As we learned from graphene oxide114, the 

lateral size of the flakes has to be in the order of a micron or more to generate sufficient 

van der Waals binding forces across a “large area” to hold the structure together. 

4.1.1 MoS2- WS2 exfoliated nanosheets by sonication in organic solvents 

WS2 (MoS2) bulk powders were exfoliated in organic solvent under sonication. N-methyl 

pyrrolidone (NMP) was the solvent of choice as its surface energy is close to the one of 

WS2 (70 mJ/m2), thus it retains the ability to disperse WS2 nanosheets40. A suspension of 

WS2 bulk powder in NMP was prepared with concentration of 1mg/ml and sonicated for 5 

hours. The products of the exfoliation vary from mono to multi-layered flakes and un-
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exfoliated flakes. To isolate the exfoliated flakes, the liquid suspensions were centrifuged 

at 20KRPM rpm for 30 min three times. During this process, the heavier material, 

unexfoliated, precipitates at the bottom of the tubes, while the lighter exfoliated flakes 

remain in suspension (supernatant). This physical separation in the centrifugation tubes 

allows isolating the two classes of materials. At the end of the first centrifugation cycle, the 

precipitated was removed and the supernatant was isolated (Figure 1) and centrifuged at 

much higher speed (27 KRPM) to allow the precipitation of the exfoliated flakes. At the 

end of this cycle, 3 more cycles were followed by dispersing the precipitate in a new 

solvent, methanol. This can also dispersed the sheets and also it present a lower boiling 

point (64.7°C) compared with NMP (220° C). A lower boiling point ensures the 

evaporation of the solvent once the material is used for applications.  The same procedure 

has been employed to MoS2 bulk powder (Figure 43). 

 

Figure 43 a) MoS2 and WS2 exfoliated nanosheets in NMP after last centrifuge; b) the first 

supernatant collected after first centrifuge. 

Analyses were conducted by optical microscope (Figure 44) to approximately identify the 

thickness and lateral size of the exfoliated nanosheets drop casted onto a SiO2 (285nm)/Si 

wafer. The SiO2 (285nm)/Si wafer were pre cleaned with a sequence of 15 minutes 

sonication in acetone, isopropanol and DI water. From optical Figure 44 it is possible to 

notice a distribution of different colours from purple to blue to green and yellow. The pure 



 
 

85 
 

purple colour indicates the presence of pure SiO2, while the blue colour indicates a 

distribution of flakes of a few layer thickness127,138. The fact that individual flakes are not 

clearly visible suggests that lateral size under 2 microns, as previously reported in the 

literature139. Other colours suggest the presence of thicker regions27. They can be ascribed 

to the stacking of few-layered flakes to form thick deposits rather than non-exfoliated 

flakes as the latter would present also larger lateral dimensions in the micron-size range40. 

Due to the small size of these flakes and the fact that the boiling point of NMP is very high 

(220 C), they are not suitable for the development of 3D networks. Thus this exfoliation 

method is not suitable for the objective of this thesis. 

 

Figure 44 Optical microscope, 50 x magnifications; a) exfoliated MoS2 nanosheets in 

NMP; b) WS2 exfoliated nanosheets in NMP 

AFM was performed for the thickness profile determination. The AFM (Figure 45a) 

thickness profile ranges from 5 to 20 nm for WS2 flakes. In Figure 45b is reported AFM 

profile thickness, where the thickness is in a range from 1 to 10nm. Figure 45c shows 

flakes distribution of MoS2 flakes with profile thickness (Figure 45d). 
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Figure 45 AFM tapping mode, topographic images; a) WS2 exfoliated in NMP; b) 

thickness profile correspondent of the blue line; c) MoS2 exfoliated in NMP solution; d) 

thickness profile correspondent of the blue line.  

The accuracy of AFM images is the result of a combination of parameters. The first setting 

is to flat the substrate when analyzing the image, in order to remove the noise from the 

error signal. In this way we ensure the substrate has a thickness as low as possible. 

However, there is a margin of error due to possible water absorbed under the nanosheets 

when in film phase preparation or instrumental offset127. Also, when tracing a thickness 

profile across multiple areas, the total thickness could contain overlap of layers, or steps 

and edges of multiple layers formed in phase of restacking. However, as described in 

section 3.5, literature of the known thickness expected for monolayers suggest how to 

construe thickness detected with AFM54. 

4.1.2 MoS2- WS2 exfoliated nanosheets by Lithium –intercalation and exfoliation 

The bulk powders of WS2 were mixed with LiBH4 powder in a ceramic crucible in molar 

ratio 2.5:1. The crucible was surrounded by small silver pebbles in a glass beaker on a hot 
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plate IKA, C-MAG HS 7 model (Figure 46). The small silver pebbles allow to 

homogenously heating the crucible up to 350°C. The process was conducted in a Glove 

Box with nitrogen atmosphere, the box pressure is standard at 1.7atm, and the oxygen level 

is kept at ~0.1%. This method was adapted for MoS2 too from a published work in the 

literature about WS2
57. 

 

Figure 46 a) Layout of the experiment: a crucible in a vial was put on a hot plate, the 

temperature inside was monitored with a thermocouple. Alumina ceramic cylindrical 

crucible from Almath© were used, the mixture is grounded until the colour is 

homogeneous. Crucibles are then closed with aluminium foil. The crucible is laid down in 

a vial with small aluminium pebbles. Three small orifices were ensured to let the gases 

evaporate from the crucible during the reaction. b) Profile temperature is reported with two 

ramp of warm up and cooling down. 

The temperature was constantly monitored using a thermocouple. The theoretical 

temperature necessary to intercalate WS2 and MoS2 with Lithium ions in a molar ration of 

1:2.5 is 325°C16. The crucible was heated up to 350 °C for both, WS2 and MoS2 powder 

over 12 h for 3 days and cooled down to 50 °C over a 12 h period (Figure 46). Reaching 

the Temperature of 350 °C inside the crucible is crucial to enable the decomposition of 
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LiBH4 and the intercalation of Lithium into the layer structure of WS2 (MoS2). Values of 

applied temperature were tested from 350°C to 420°C and it was empirically found out that 

the right temperature on the hot plate has to be 420°C in order to have a temperature inside 

the crucible of 350°C. Subsequently, the lithiated powder of WS2 (MoS2) were placed in a 

beaker of 100 ml capacity and DI water was poured in. Effervescence appears as a 

consequence of the reaction of lithium with water and this is the critical step where the 

exfoliation takes place. From the moment when DI water is poured on intercalated powder, 

the reaction lasts a few seconds. There is a rapid generation of red sparkles that is 

extinguished as soon as more water is poured on top. The reaction between LiBH4 and 

water provokes ignition unless water is in abundant. In terms of comparison between MoS2 

and the WS2 there is no substantial difference in how the intercalated powders react with 

water. The effervescence is caused by the production of H2 gas, which is responsible for 

pulling apart the layers enabling the exfoliation to occur. The chemical reactions occurring 

between Li ions and water in both cases, WS2 and MoS2 are the following Eq. 8 and 9:  

                   
 

 
       

 

 
                      Eq. (8) 

                                 
 

 
              Eq. (9) 

The hydrogen formation causes the expansion of the interlayer distance and thus the 

separation of the layers. An additional by-product other than gases of the reaction is 

lithium-hydroxide, LiOH. As a result of the lithium intercalation, the layers are negatively 

charged, enabling their dispersion in water to form a stable colloidal suspension. After 

exfoliation, the suspension is sonicated for one hour in a standard sonication bath to further 

promote the exfoliation. The final step is the centrifugation of the resulting suspension with 

the aim to wash the residues of LiOH and remove the flakes which did not exfoliate. To 
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this end, we identified a sequence of centrifugations cycles at different speeds which 

optimize the isolation of mono and few-layered flakes of relatively large lateral dimensions 

(500nm -2 microns). The centrifuge used is a Thermo Scientific, Sorvall LYNX 

superspeed centrifuge with T29-8 X 50 fixed angle rotor. The operation temperature of the 

centrifuge was set at 2 °C. To keep the balance of the centrifuge the weight difference 

between each plastic tube was no more than 0.05g. The suspensions of exfoliated MoS2 

and WS2 were poured into plastic rods. The outline of the optimized process is reported in 

Figure 47.  

 

Figure 47 Liquid Exfoliation procedure: a) TMDs are used as received in the bulk form; b) 

they are intercalated with LiBH4 for 72hours at 350°C in Nitrogen atmosphere; c) the 

mixture is exfoliated in distillate water; d) a series of centrifuges is applied to wash the 

liquid suspension from LiOH to obtain a colloidal suspension of nanosheets in water; e) 

liquid exfoliation and diluted on the right of WS2; f) liquid exfoliation and diluted on the 

right of MoS2. 

A first centrifugation is conducted at high speed first 27 kRPM (Figure 48), to lead the 

precipitation of the all of the material (exfoliated and un-exfoliated flakes) that precipitate 

on the bottom of the rod. The supernatant obtained from the first centrifugation is then 

removed, in order to eliminate the LiOH in suspension, and it was replaced with fresh DI 

water. The following three cycles of centrifugation will allow the further removal of LiOH 

in solution, which is mixed with some of the very small exfoliated flakes. To achieve so, 
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the centrifugation speed is progressively and slightly decreased. A final centrifugation step 

at low speed (10 kRPM) (Figure 48) allows the separation of the bulk unexfoliated flakes, 

which will precipitate , form the well exfoliated ones, which will remain in the supernatant. 

The precipitate contains non-exfoliated nanosheets which are thrown away. The liquid 

suspensions are kept refrigerated at 2°C to avoid conversion from 1T phase to 2H and 

which will lead to the precipitation of the flakes at the bottom of the vial. Suspensions of 

nanosheets produced with this method are found to be stable over months before 

precipitation occurs.  

 

Figure 48 Scheme of centrifuge plan to remove LiOH present in solution. The supernatant 

was discarded after each cycle, while the precipitate that contained exfoliated flakes was 
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diluted with DI water. This process was repeated until the last step where the supernatant 

was kept instead.  

4.2 Zeta potential titration characterization 

The zeta potential titration is conducted to understand the behaviour of the solutions under 

different conditions at different pH values. Our suspensions are stable over 6 months as 

visual inspection and zeta potential measurements shows. The titration has been conducted 

on the nanosheets suspensions in water.  

To create a scale of pH values, eight values were measured, four acid pHs (1, 2, 3 and 4) 

and four alkaline pHs (10, 11, 12, 13) respectively obtained using different concentration 

of acid and basis. HCl at 0.1M concentration was used for the acidic pH, while KOH in 0.1 

M solution for the basic pHs, at different concentration in order to reach the required pHs. 

Values are shown in Figure 49. 

 

Figure 49 Zeta potential titration on WS2 and MoS2 adjusting the pH with HCl and KOH 

0.1 M made on fresh exfoliations. 
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The titration of WS2 and MoS2 is not passing through the zero mV as also it has been 

previously reported35 . Values are dispersed in a range from -40mV to -20 mV. At higher 

basic values the suspensions shows maximum stabilization which corresponds to -60mV. 

Standard values for zeta potential ranges are reported in table 1 (Chapter 3). In acidic 

conditions (pH ranging from 4 to 2), the suspensions tend to be unstable where the flakes 

start to aggregate and eventually precipitate. In the range from 1.00 to 12.00 pH values 

there is no iso-electric point, which is the pH at which there are no electrical charges (zero 

zeta potential value).  

4.3 Stability of suspensions 

The pH values of the exfoliations were measured upon fresh exfoliations products and at a 

six months. The pHs coupled with zeta potential measurements are indicative of the status 

of the stability of the suspensions. The pHs of fresh exfoliation is in the range from 5.00 to 

6.00 with zeta potential values in the range of stability. Values of pHs and corresponding 

zeta potential were measured on fresh exfoliations of WS2 and MoS2 and after six months. 

During this time the liquid exfoliations were kept refrigerated. What is emerging from 

plotting zeta potential versus pHs (Figure 50) is that the stability decreases in time after six 

months, with pHs down to a range from 3 to 4. Also the zeta potential decreases to an 

unstable range (-25 to -18 mV).  
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Figure 50 Zeta potential values plotted with the corresponding pHs made on fresh 

exfoliations and six months after. The stability of the suspensions tends to decrease in time, 

for both WS2 and MoS2; pH decreased from a between 5.5 and 7 to a more acidic range 

between 3 and 5, as well as zeta potential decreased from a good stability range (-55 to -40 

mV) down to the instability range (-30 to -15 mV). 

The nanosheets present in the liquid suspensions tend to coagulate and eventually 

precipitate at the bottom of the vials. However, when precipitation occurs in a small 

amount, a 15 minutes sonication is sufficient to establish the homogeneous dispersion of 

the nanosheets.  

4.4 Concentration 

The concentration of dispersed nanosheets was determined using two different methods:   

mass weighting and inductively coupled plasma mass spectroscopy (ICP). For the first 

method, 100 ml of liquid exfoliation were filtrated with a vacuum filter (Figure 51). The 

filter was left drying for sufficient time and the difference in weight before (0.2056 ± 0.001 

g for both) and after filtration (for MoS2 0.2090 ± 0.001 g, for WS2 0.2068 ± 0.001 g) was 

measured. This enables to estimate a concentration of ~0.34 ± 0.01 mg/ml for MoS2 and 
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0.1 ± 0.01 mg/ml for WS2. As reported in paragraph 4.1.2 the molar ratio used to exfoliate 

MoS2 and WS2 with LiBH4 is 1:2.5. However, the final concentration results to be higher 

in the case of MoS2. This could be explained (as described also in paragraph 1.3.3) by the 

fact that WS2 is harder to exfoliate comparing with MoS2
16,18 because of the bigger atomic 

numbers (W has 74 atomic number and Mo has 42 atomic number) but same atomic radius 

(Mo radius is 1.39 Å and W radius is 2.1 Å), leading to a different yield of exfoliated 

material. Same atomic radius allow using the same alkali intercalation to be effective for 

exfoliation, therefore the grade of intercalated layers depends on the atomic number140.  

 

Figure 51 Concentration of MoS2 flakes in suspension determined by a vacuum filter, with 

particle selection method with filter of a pore size diameter of 220 nm.  

The mass concentration determined with ICP returned values of 0.25 mg/ml for MoS2 and 

0.15 mg/ml for WS2, thus in quite good agreement with the weight determination.  

4.5 Thickness determination 

In order to assess the size and the thickness of the exfoliated nanosheets, the flakes have 

been analyzed with the atomic force microscope. The grade of exfoliation of the 

nanosheets can be identified form the height profile of individual sheets. It is expected that 

a monolayer presents a thickness of ~1 nm 48,141. Samples were prepared via drop casting, 
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Langmuir Blodgett and dip coating method described in Chapter 3. Films were deposited 

on SiO2 (285 nm)/Si wafer and dried at room temperature. Figure 52 shows nanosheets 

deposited by drop casting with a sparse distribution of flakes, useful for thickness 

determination but presenting overlapping exfoliated flakes which hinder a thorough 

determination of the thickness of individual flakes.  

 

Figure 52 Tapping mode, topographic images; a) AFM of drop casting of WS2 on SiO2 

(285 nm)/Si wafer; b) profile thickness generated plotting the value of the traced blue line 

across the area of the flake in a). 

From Figure 52 profile thickness of deposited flakes appears from 2nm to 4nm. The 

substrate is modified to uniform the thickness analysis but a noise signal is present with 

2nm for the substrate roughness. The Langmuir Blodgett deposition shown in Figure 53 

allows obtaining a good distribution of flakes on the substrate with minimal restacking.  
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Figure 53 Tapping mode, topographic images; a) AFM of WS2 deposited on SiO2(285 

nm)/Si wafer via Langmuir Blodgett deposition technique; b) profile thickness 

corresponding to the blue line traced in a).  

An example of thickness profile is here reported, where flakes from 2 to 8 nm in thickness 

are identified. Similar to the Langmuir Blodgett technique we developed a dip coating 

system described in Chapter 3 that enables producing highly uniform films (Figure 54). 

Due to the fast deposition rate, we have used the dip-coating method to fabricate thin films 

of exfoliated flakes for AFM analysis. 

 

Figure 54 Tapping mode, topographic images; a) AFM of dip coating of WS2 films on 

SiO2 (285 nm)/Si wafer; b) profile thickness corresponding to the blue line traced in a).  

As shown in Figure 54 a blue line is marked across a gap between the flakes and the 

substrate, and the line profile show thicknesses between 2 and 10 nm. From the AFM 

evidence the most uniform films were prepared by dip coating method, where flakes form 

a continuous film. In Figure 55 is reported higher magnification with profile thickness 
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distribution of 10 dip coating WS2/MoS2 mixed phase deposition on silicon substrate of the 

edge of the film (Figure 55a) and on the inner part (Figure 55b). Here samples were 

prepared with a higher number of dipping to ensure full covering of the substrate. These 

films were tested as photocatalysts system for water oxidation142.  

 

Figure 55 Tapping-mode topographic; a) AFM of film edge scan of 10 layers deposition by 

dip coating of MoS2/WS2 exfoliated nanosheets; b) thickness profile of the gap traced in a) 

with a blue line; c) AFM of the deposited WS2 film central part; d) Thickness profile of the 

central part traced with a blue line in c). 

The size and thickness of nanosheets of WS2 were determined with statistical evaluation on 

a number of flakes (N>100) through the AFM technique (Figure 56). Nanosheets height 

were analysed for over 100 flakes for each material which resulted from 10 different 

exfoliation process. Thus, the thickness-lateral size distribution is highly reliable and 

representative of the lithium-intercalation method.   
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Figure 56 Statistical distribution of thickness and lateral size of exfoliated WS2 nanosheets 

via Lithium intercalation and exfoliation. a) WS2 thickness distribution. b) WS2 lateral 

size. c) WS2 thickness versus lateral size. d) MoS2 thickness distribution. e) MoS2 lateral 

size distribution. f) MoS2 thickness versus lateral size. Most nanosheets have a thickness of 

5 nanometers, while the predominant lateral size is 0.1um. 

The lithium-intercalation method is effective to produce nanosheets that are small in 

thickness and large in lateral size. A few layers are found to be in the restacked range, 

which is over 10 nm in thickness. Lateral size ranges between 100nm to 3 micron, as 

confirmed by literature33,42,143. 

4.6 UV-Vis absorption spectroscopy 

Liquid exfoliation produced with the LiBH4 method contains predominately nanosheets 

that are in the 1T coordination. Over time the flakes start converting in the 2H phase upon 

light illumination or heat. A typical spectrum of as-exfoliated flakes, and after the 

centrifugation cycles, is reported in Figure 57.  
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Figure 57 UV spectrum of liquid exfoliation with LiBH4 in water based of a) 1T-WS2 and 

b)1T-MoS2 phase. UVs were calculated after last centrifuge cycle where the supernatant is 

kept and the precipitate discarded.  

It is possible to notice that the spectra are featureless in correspondence of the A, B and C 

excitons. This suggests that the material is in 1T phase and this behaviour is consistent 

after each centrifugation cycle, indicating that the material is stable in water. We 

demonstrated a full conversion from 1T to 2H in water in the case of MoS2 without any 

aggregation taking place. This has been obtained by annealing the MoS2 suspension in an 

autoclave at 120°C for 12 hours. The annealed suspension shows peaks corresponding to 

the A, B excitons at 668nm and 616nm respectively (Figure 58), thus confirming an 

effective conversion from 1T to 2H. At high temperature and pressure in a sealed system 

such as the autoclave the nanosheets do not aggregate despite the loss of negative charges, 

but convert the electronic configuration from metallic to semiconducting. It is not clear yet 

how the 2H-MoS2 flakes are stable in water. Perhaps the persistence of some additional 

charges on the flakes may enable stability.  
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Figure 58 a) UV-Vis spectrum before (1T) and after (2H) heating treatment in autoclave of 

liquid exfoliation for 12 hours at 120°C. b) UV spectrum of as exfoliated WS2 compared 

with curves about the effect under different temperature.  

As shown in Figure 58b during the transition phase a change in colour is occurring, from 

dark to yellow when the temperature applied is at 120°C. For WS2 Higher temperatures 

than 120°C has instead induced complete oxidation or precipitation leading to a transparent 

colour. Figure 58b shows UV curves at different temperatures, 90°C, 120°C and 200°C on 

WS2 liquid exfoliation in comparison with the as exfoliated curves. Also, the annealing of 

thin films at temperatures above 100°C for MoS2 and 200°C for WS2 lead to the 

conversion of the 1T phase into the 2H phase. The 2H phase of both MoS2 and WS2 shows 

similar peaks as reported in Figure 59.  
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Figure 59 UV-vis spectra for the 2H phase of film of MoS2 and WS2, where peaks for 

MoS2 are A∼676 nm, B∼623 nm, C∼470 nm; peaks for WS2 are A∼628 nm, B∼526 nm, 

C∼455 nm. 

As introduced in section 1.2, the A and B excitons peaks shift slightly when the number of 

layers increases, due to the d orbitals of the metal atoms. The C transitions are mostly due 

by van der Waals interactions involving the p orbitals of the S atoms. In this case, the C 

peaks of MoS2 and WS2 are centred at ∼470 nm for the MoS2 and ∼455 nm for the WS2, 

while the A and B peaks are positioned at ∼676 nm and ∼623 nm in MoS2 and ∼628 nm 

and ∼526 nm in WS2. We can conclude that the lithium intercalation and exfoliation 

method although more elaborate than the sonication in organic solvents, it allows using a 

scalable solvent such as  water, ensures a good stability of suspensions over at least 30 

days and exfoliated of flakes with lateral size in the micron-range and related thickness of 

less than ~7 nm.  
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4.7 Conclusions 

In this chapter, liquid phase exfoliation of MoS2 and WS2 was presented. Liquid phase 

exfoliation was initially achieved by two different methods: through sonication in organic 

solvents and by lithium ion intercalation and exfoliation. The dip coating method facilitates 

the production of homogeneous and continuous films over short time. This method has 

been developed to achieve ultrathin films with minimal restacking of the individual 

exfoliated flakes which allows investigation of their individual thickness. Further, it has 

been employed to produce uniform thick films as photoelectrodes for water splitting. . 

Films were prepared from lithium liquid phase exfoliation that is in the 1T metallic phase. 

The restoring of the 2H phase from 1T could be induced by high temperature annealing 

above 200°C on deposited films, or in autoclave at 120°C for 12 hours. 
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Chapter 5: Three dimensional architectures of TMDs 

The following chapter will focus on the realization of three dimensional structures with 

exfoliated TMDs, from the viscous inks towards the printing of three dimensional 

architectures. A description of the ink characteristics and functionality will be provided, 

along with characterization of the final printed samples.  

5.1 Towards three-dimensional structuring 

The first challenge to overcome in order to develop free-standing structures that contain 

exfoliated TMDs was to find a way to dramatically increase the concentration of 

nanosheets in suspensions (inks) which work as “precursors” of the 3D architecture. The 

objective is to create a 3D network of exfoliated nanosheets which works as a device that 

exploits the intrinsic properties of the 2D nanosheets. It is necessary to have inks with the 

sufficiently high concentration of flakes but at the same time the right rheological 

properties which enable to impart and maintain a specific shape. Thus, it is necessary to 

include an additive, which can weakly bind together different flakes, which can be 

dispersible in water and presents shear thinning behaviour on its own. The additive which 

can best provide characteristics is a block-polymer. 

5.2 Three blocks polymers additives to enable printing in three-

dimensions 

The robocasting printing works with viscous inks that are plugged into a syringe to enable 

printing. Because of the viscous nature of the ink, it is necessary to find the right 

combination of components to obtain the desirable rheological properties as anticipated in 

chapter 3.  
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The function of the polymer involved has to be twofold, in the case of 2D nanosheets. It 

has to contribute to increase the viscosity and it has to weakly link together the 2D 

nanosheets to create a 3D network. Potential compatible polymers are those which contain 

hydrophilic as well as hydrophobic blocks to be able to anchor any hydrophobic 

component and render it dispersable in water through the hydrophilic chain. One additional 

function required from the polymer is the ability to maintain the solution homogeneous. To 

meet the three main functions of the polymer first attempts focused on the synthesis of the 

polymer with the mentioned specific characteristics. The main characteristic of this class of 

polymers is their thermo responsible feature. They exhibit a transition phase at a certain 

temperature passing from a liquid state into a jelly state. In this way gels are produced 

starting from the dissolution into a solvent at lower temperature until is homogeneous 

dispersed, and then is bringing to room temperature to become a gel. To facilitate the 

solubility in liquid suspensions, the polymer has two external hydrophilic chains and a 

hydrophobic internal part. In the light of these requirements, initially combinations of three 

different commercial polymers, the BuMA, DMAEMA, PEGMA (B, D, P) were explored 

and reported in Table 2. The complete and chemical formulas of the polymers are listed in 

paragraph 3.14. 
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Table 2 Polymers with their experimental formula and molecular weight dissolved in 

different % in solutions. P, PEGMA; B, BuMA; D, DMAEMA.  

 

What differentiate the four three blocks copolymers are the molecular weight and the 

temperature at which they present a transition to a gel. A visco-plastic rheological 

behaviour is required as the ink undergoes an applied stress when pushed through the 

robocasting printing. The rheological slurry has to flow out of a nozzle, preserving the 

given shape when the stress is released. This behaviour is called shear thinning and 

normally the range of viscosity of fluids able to exhibit this behaviour is between 102-104 

Pa∙s99. Polymers are synthesised in solid crystals form, where small portions are mixed in 

DI water in order to form a liquid solution prompt to gelation. The ranges of water 

solubility change from polymer to polymer, the polymers weight % necessary to obtain 

complete dissolution in water, are listed in Table 2. One parameter to consider is the 

temperature at which they jellify; ideally it should be at room temperature so they can be 

used for robocasting. Once solubility and gelation are ensured, the shear thinning 

behaviour, and the viscosity trend with temperature are tested (Figure 60).  
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Figure 60 Temperature response of polymers P4.2, P39, P40 and P43 a) and c); Shear 

thinning rheology of P4.2, P39, P40 and P43 in b) and d) 

As shown in Figure 60 the transition phase with the temperature take place around 40°C 

and 50°C for all the classes of copolymers. The fact that the viscosity increases after the 

limit temperature is a practical advantage for the ink to be printed, nevertheless 

temperatures in the order of 40-50 °C were still too high to be maintained during the entire 

process of printing, especially if the viscosity decreases immediately after. Polymers P39-

P40-P43 have a peak around at which the show high viscosity. Different is the case of 

P4.2, that shows high viscosity at room temperature with a decreasing trend when the 

temperature increase up to 40°C, where the viscosity increases again. Values at zero shear 

thinning for P39-P40-P43 were around 1Pa∙s, far below the expected numbers. Viscosity 
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was higher for polymer P4.2 although trends do not have a good linearity. None of these 

polymers however were proved suitable to realise a stable and homogeneous ink with 

exfoliated nanosheets. We then decided to use a commercially available three-block 

polymer with similar features that could have a transition phase at room temperature. The 

polymer of choice was Pluronic©F-127, which is formed by two external hydrophilic 

blocks and an internal hydrophobic core. Extended formula is reported in Chapter 3. The 

Pluronic©F-127 was received from Sigma Aldrich in granular particles that can be 

dissolved in different concentration in water solvent. The minimum percentage in weight 

of granular Pluronic©F-127 to disperse in water in order to form a gel is about 25%. 

Higher concentrations also can form a gel at maximum of 50% in weight, otherwise 

clustering occur. For this work Pluronic©F-127 gel was prepared in concentration of 25% 

in weight. Also, Pluronic©F-127 belongs to a class of polymer which is thermoresponsive, 

thus it is in liquid form below 20°C and solidifies above. This characteristic is important 

for the processing of the ink and printing. Solubility is induced in an ice bath where 

granular Pluronic©F-127 was stirred with distillate water for five hours until the whole 

polymer dissolves. When the mixture is brought at 20°C outside the ice bath, the mixture 

solidifies as a transparent gel. Rheological properties were tested on the Pluronic©F-127 

gel and are shown in Figure 61. The reason why Pluronic©F-127 was not used from the 

beginning was because of the attempt of producing our synthesized polymers with desired 

characteristics rather than a commercial one. Also, the goal was to combine the 

functionalization of the nanosheets through functional groups at the end of the polymers 

chains, and the high viscosity. Nevertheless, since the attempts were not successful due to 

the reasons explained above and the Pluronic©F-127 was responding well to our 

requirements, it was the polymer of choice, to proceed in time with the goal of this project.  
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Figure 61 rheology of Pluronic©F-127 in viscosity versus temperature a) and shear 

thinning behaviour in b) 

The results demonstrate that Pluronic©F-127 is compatible with the robocasting printing 

requirements due to high viscosity in correspondence of zero shear rates. Moreover the 

viscosity rapidly increases around 20°C which is convenient for the gel and the ink 

preparation. In this work, Pluronic©F-127 three blocks polymer was used for the 

realization of the exfoliated TMD ink for 3D printing.  

5.3 Formulation of Pluronic©F-127 enriched TMDs inks  

Layers TMDs were initially produced by liquid exfoliation in water suspension. The stable 

suspension was the starting point for the production of the ink. Pluronic©F-127 gel is 

formed from the mixing of the granular polymer with water in an ice bath, for 5 hours. 

Low temperature is necessary to dissolve the polymer in solution. Figure 62 shows the 

schematic representation for the ink preparation. 
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Figure 62 Ink preparation of Pluronic©F-127 and liquid exfoliation of TMD: a) Bulk 

powders were first intercalated with LiBH4 for 72 hours at 350°C; b) exfoliated in DI c) 

purified with a series of centrifuges to eliminate the LiOH and a 25% of granular 

Pluronic©F-127 was added into the liquid suspension and stirred in ice bath for 5 hours; d) 

picture of the homogeneous ink which is viscous enough not to flow under gravity.  

Standard procedure is applied to prepare the liquid exfoliation as reported in Figure 47. 

Two different concentrations where studied, 25% and a 50% in weight of granular 

Pluronic©F-127. The concentrations of exfoliated MoS2 of the liquid exfoliations were 0.3 

mg/ml (low-MoS2) and 1 mg/ml (high-MoS2) respectively, as reported in Table 3. Then 

75% and 50% in weight respectively of liquid exfoliation were added to each Pluronic©F-

127 powders and stirred in an ice bath for 5 hours.  

Table 3 Inks name and composition: prepared inks with liquid exfoliation suspension and 

Pluronic©F-127 gel. 
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After the stirring, a gel is formed as soon as it is brought out of the cold bath. The colour of 

the gel with liquid exfoliation is dark and does not present any agglomerations or cluster 

inside. Rheology was tested for both 25% and 50% in weight of Pluronic©F-127 as well as 

the low and higher concentration liquid exfoliation. Inks rheology was tested using a 

Discovery Hybrid Rheometer HR1 (TA Instruments). Tests were done with parallel plate-

plate of 40 mm diameter, in a range of shear rate from 0.1 to 1000 s-1. Temperature was 

25°C constant ramp using a gap of 600 μm.  

 

Figure 63 Rheology tests: shear thinning behaviour of the prepared inks with liquid 

exfoliation and Pluronic©F-127. 

From Figure 63 emerges that all the inks are showing linear shear thinning behaviour with 

viscosities higher than 102 Pa∙s, thus they fulfil the requirements for printing.  

5.4 Printing of three dimensional structures of Pluronic©F-127 enriched 

TMDs inks 

Architectures were printed with a standard cylinder and internal grid design, achieved via 

layers by layers procedure. The design of the structures depends on the dimension of the 
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needle used to print, which depends also on the viscosity of the slurry. Once the inks are 

prepared they are transferred into the syringe that is part of the robocasting system. For the 

viscosity and the composition of these inks, optimal needle diameter was found to be of 

510 μm, smooth flow tapered tips model. Other parameters that influence the process are 

the syringe moving speed across the X-Y directions, the plunge dispense speed and the 

distance from the substrate. The syringe speed is the speed at which the syringe is printing 

on the substrate, and it can be set from 1 to 30 mm/s. The ink can be dispensed through a 

plunge at speeds from 1 to 30 mm/s. The right combinations of these parameters make 

printing successful. In particular, for the ink produced with the liquid exfoliation, the 

syringe speed was set at 6 mm/s and the plunge dispense speed at 1 mm/s. The distance 

from substrate has to be similar of the diameter of the needle (0.51 mm), to allow the ink to 

adhere on the surface without constrictions. In this case distance from substrate was set at 

0.58 mm. Further discussion about the right combination set of parameters used for 

printing will be described in paragraph 5.7. The structures were designed by the software 

RobCad4.0 connected to the robocasting. As substrate Teflon was used, in order to 

maximize the hydrophobic contact between the printed structure and the substrate. As this 

procedure is widely applicable to several TMDs, first structures were realised with MoS2 

only. The inks used are listed in Table 3, however, there was no substantial difference 

among them. This is explained because the values of concentration of MoS2 in liquid 

suspension were too low to appreciate a variation, and because the 25% or the 50% in 

weight of Pluronic©F-127 only makes a difference when annealing is performed, showing 

higher volume retraction in the case of 50% in weight content. The volume retraction was 

determined by the difference from the volume occupied after printing, and the volume 

occupied after the structure dried. 

http://www.nordson.com/en/divisions/efd/products/dispense-tips/tapered-tips
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Figure 64 MoS2 and 25% in weight of Pluronic©F-127: a) schematic representation of 

Pluronic©F-127 interacting with nanosheets, where the hydrophilic chains are oriented 

towards the solutions while the hydrophobic parts on the layer basal plane; b) pictures of 

printed structures where white structure is the Pluronic©F-127 alone; 3D printed structures 

of inks made out of liquid exfoliation and Pluronic©F-127, of lower (0.3 mg/ml) and 

higher (1.0 mg/ml) concentration of MoS2;  

As reported in the Table 3 about inks composition, in Figure 64 are reported the printed 

structures of low-MoS2 25% (0.3 mg/ml) and high-MoS2 25% (1.0 mg/ml), compared with 

a Pluronic©F-127 (in the figure is 25% in weight) blank structure. The colour indeed 

changes when Pluronic©F-127 was mixed with the liquid exfoliation. Wet fresh printed 

out structures need to dry. Different processes were explored to dry them and remove the 

polymer (freeze casting and freeze drier could not have been used as the Pluronic©F-127 

becomes liquid less than 10°C and vacuum oven volatilizes the structures). The only 

effective procedure that could not damage the structures was naturally drying at room 

temperature. Once they are dried, they were easily taken off from the substrate. Teflon 

indeed ensures that they do not stay attached. After drying, the total volume decreased 

down to 50% of the pristine one, as during the drying structures experienced volume 

retraction for the 25% in weight of Pluronic©F-127, and higher retraction of 65% in 

volume for the 50% in weight of Pluronic©F-127 used. The Pluronic©F-127 gel contains 

water that evaporates during this time. Samples were then analyzed with optical 

microscope and SEM as shown in Figure 65. The surface of the obtained 3D structures 
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suggests that the polymer phase is mostly present rather than the exfoliated nanosheets 

which presence was not detectable.  

 

Figure 65 a) optical microscope of high-MoS2 25% (1 mg/ml) printed with Pluronic©F-

127; b) SEM of the same structure and c) SEM of the internal grid and lateral schematic 

view. 

Optical microscope and SEM confirm how the grid resists and do not collapse under their 

own weight preserving the given shape with nearly no-deformation, considering also the 

retraction of the volume after drying. Compression tests (Figure 66) were performed on 

samples to test their properties, imposing a constant speed of deformation until the 

breaking is reached. Since the structures here presented were printed from a Pluronic©F-

127 enriched TMDs ink, the aim of testing them under compression test was to explore the 

difference from the pure Pluronic©F-127 printed structures and the ones containing 

nanosheets. Comparisons in literature were made with 3D structures of graphene 

nanoplatelets printed by de la Osa et al..101 in equivalent shapes, tested under the same 

conditions, where the as printed structures exhibit a highest stress of 1.0MPa and a 

maximum strain at 5% of deformation. 
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Figure 66 Compression tests for a) 25% polymer inks and b) 50% of polymer inks of low-

MoS2 and high-MoS2  

From compression tests shown in Figure 66 emerges a difference from the pure polymer 

structure with the other inks mixed with exfoliated nanosheets. Maximum stress has been 

evaluated at the 6% in deformation of 10-2 MPa for the high-MoS2 25%. Low-MoS2 25% 

has similar maximum stress of low-MoS2 50%. The reason behind a lower stress for high-

MoS2 50% is due to higher content of polymer, which makes it less resistant to the applied 

stress. Adding more Pluronic©F-127 does not provide better performances, either with a 

lower or higher MoS2 concentration. However, the ultimate goal of this work is to create 

three dimensional structures functional as electrodes in energy storage devices, requiring 

high surface areas, high porosity and conductivity. Although this method allows printing 

architectures containing exfoliated nanosheets, concentrations are still too low and the 

polymer limits the conductivity of the architecture. Since the limited performances of these 

produced structures, seen the mechanical results and SEM images, further analysis as the 

pore size distribution were postponed to optimize first the ink production.  
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5.5 Highly concentrated inks of exfoliated TMDs  

To obtain 3D architectures with an interconnected network of flakes, it is necessary to start 

from inks with a high concentration of exfoliated material. To achieve this goal we 

modified the exfoliation procedure described in paragraph 4.1 as follow. 

LiBH4 and MoS2 powders are mixed in a ratio of 2.5 to 1 in an alumina ceramic cylindrical 

crucible from Almath© until the colour is homogeneous (Figure 67, Step 1). Crucibles are 

then closed with aluminium foil. The crucible is laid down in a vial with small aluminium 

pebbles. Three small orifices were ensured to let the gases evaporate from the crucible 

during the reaction. The reaction can be written as reported in Eq.(10) and Eq.(11). 

                      
 

 
       

 

 
                           Eq. (10) 

                                    
 

 
                   Eq. (11) 

A cycle of temperature is then applied to the mixture, first a ramp in 12 hours to heat up to 

420°C. After 72 hours of steady temperature the mixture can be cooled down to room 

temperature in a ramp of 12 hours.  

The powders are now ready to be exfoliated. As exfoliation medium, Pluronic©F-127 

prepared in a gel form is used. Pluronic©F-127 is used as received from Sigma Aldrich in 

granular state, where a 25% in weight of it is mixed with Millipore water and stir in an ice 

bath for 5 hours. This concentration was chosen as by literature to yield a viscous gel 135. 

The intercalated MoS2 is transferred into a fireproof plastic container, model THI150ML 

150ml HDPE thick wall jar with inner lid & cap, dispensed by THINKY©. The prepared 

viscous gel is then poured to the mixture of MoS2 and LiBH4 according to the final 

concentration, to get mixing the two components together energetically with a steel spatula 
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(Figure 67, Step 3). Concentration of 25%, 30% and 40% in weight of the intercalated 

powders were prepared. The three concentrations were chosen empirically to find out the 

best combination with powder dispersed in the polymer. Concentrations higher than the 

60% led to stiff inks hard to mould, while percentage lower than 25% were too fluid to be 

consistent in a shape, instead concentration of 40% were found to be optimal. This stage of 

reaction is exothermic because of the reaction between LiBH4 and the water contained in 

the Pluronic©F-127 gel.  

With this strategy, we could achieve MoS2 concentration of >10mg/ml. This concentration 

was directly determined choosing the amount of powder to intercalate, and accordingly to 

the final desired concentration, complementary percentage in weight of Pluronic©F-127 

gel was added.  

Bulk inks were prepared in the same way, without the intercalation step. Bulk MoS2 was 

purchased from Sigma Aldrich and mixed as received with the Pluronic©F-127 with a 

concentration of 40% in weight.  
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Figure 67 Scheme of ink preparation of bulk and exfoliated 3D structures of TMDs. Step 1 

is the mixture preparation, LiBH4 intercalated for the exfoliation of nanosheets, and bulk 

MoS2 as received chunks heat up at 350°C for 72 hours. In Step 2 bulk chunks are mixed 

with Pluronic©F-127 while intercalated flakes are exfoliated. Step 3 is the ink stabilization 

to cool down the reaction and mixing with a spatula. Step 4 and 5 are the high speed 

mixing and high speed defoaming to uniform the inks and to eliminate trapped air inside.  

To ensure homogeneity, the inks were blended using a planetary mixer (Figure 67, Step 5), 

model THINKY ARE-250 Mixing and Degassing Machine, Conditioning Planetary Mixer. 

The right speed was found to be 20 kRPM in order to obtain a homogeneous ink with no 

cluster or agglomeration or air trapped. In Figure 68 are shown inks before and after 

mixing.  
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Figure 68 TMD ink preparation: a) exfoliated MoS2 nanosheets ink appear in clusters right 

after the reaction; b) more consistent ink after first cycle of high speed mixing; c) 

defoaming with high speed mixing helps removing the trapped air and finally achieving 

consistency. Steps are referred to Figure 67. 

As mixed with Pluronic©F-127 the inks appear fragmented in both cases of bulk and 

exfoliated nanosheets, a first high speed mixing helps to unify the slurry. However, 

bubbles inside can be left after one cycle. A second turn of defoaming led to eliminate the 

residual air trapped in the slurry. Both mixing and defoaming are performed at 20KRPM 

for 2 minutes. This behaviour was the same for all TMDs tested. The printed inks are listed 

in in Table 4. As introduced in Chapter 1 and 2, to increase the electrical conductivity of 

MoS2 inks, carbon black was added afterwards. The resistivity of MoS2 3D structures is 

1100±300m (the resistance is 100k)while the resistivity of CBMoS2 is 95±7m (the 

resistance is 13kConductivity measurements were determined with two probes system 

on bar geometry.  

The approved optimal concentration is then 40% in weight of powder. The blank of the 

samples is the bulk un-exfoliated MoS2 (called as bulk), used as a reference for the 

correspondent intercalated and exfoliated in Pluronic©F-127 nanosheets 3D structures 

(called as IMoS2), and for the ink with the addition of carbon black (called as CBMoS2). 
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Table 4 List of prepared inks with MoS2 present in bulk un-exfoliated (bulk), intercalated 

and exfoliated in Pluronic©F-127 nanosheets 3D structures (IMoS2), and with a 5% of 

carbon black added (CBMoS2) 

 

From now on, the printed structure will be indicated as reported in the legend of Table 4. 

To verify the compatibility with the robocasting system, rheology of the inks was tested.  

5.6 Ink rheology 

Ink rheology was tested using a Discovery Hybrid Rheometer HR1 (TA Instruments). 

Tests were done using a parallel plate-plate of 40 mm diameter, in a range of shear rate 

from 0.1 to 1000 s-1. Measurements were performed at a fixed room temperature of 25°C 

using a gap of 1000 um. The expected behaviour for printing has to be the type of shear 

thinning. In particular, when inks are printed, they show high viscosity at low shear rates, 

and lower viscosity for higher values of shear rate. This behaviour well matches the shear 

thinning one. For this reason, inks were tested at wide range of shear rate to prove they are 

in line with a shear thinning behaviour. The pure polymer Pluronic©F-127 has been tested 

for comparison, as well as the bulk of un-exfoliated MoS2. The sole polymer exhibits a 

value of viscosity that is taken into account as a starting point. As showed in Figure 69(a), 

the obtained inks have a lower viscosity when compared with the Pluronic©F-127 gel. The 

IMoS2 and CBMoS2 inks instead have a higher viscosity if compared with the bulk. The 
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effect of the addition of nanosheets and carbon black on the viscosity is discussed at the 

end of this section. 

 

Figure 69 Inks rheology of shear thinning test (a) and oscillatory (b). Inks composition are 

reported in Table 4. 

As shown in the oscillatory (Figure 69, b), G’ and G’’ confirm the linear behaviour of 

viscoelasticity in the range of the stress tested, until the point where they move away from 

linearity. Bulk MoS2 platelets exhibits a lower viscosity at lower shear rate compared with 

the IMoS2 and the CBMoS2 inks in the viscosity versus shear rate graph. The Pluronic©F-

127 alone shows a higher value of viscosity at zero shear rate, while the bulk MoS2 is the 

lowest. The IMoS2 and the CBMoS2 show an intermediate viscosity. The reason behind 

this behaviour is that bulk MoS2 act as a lubricant to the ink, while there is a network when 

MoS2 is pre-expanded with LiBH4 or when Carbon black is added which increase 

viscosity. Although this difference, all the inks are in the range of shear thinning behaviour 

with values of viscosity suitable for printing. The dynamic mechanical analysis (DMA) in 

Figure 69(b), with oscillation applied from 0.1 to 103 Pa at 1Hz shows storage and loss 

modulus distance from the range of linearity when they decrease upon increasing the 

oscillation applied. The yield point is when storage modulus and loss modulus meet. 
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Storage modulus is the modulus that indicates the stored energy, representing the elastic 

contribution, while the loss modulus represents the dissipated energy from the viscous 

contribution. Storage modulus is for filled shapes, and is higher than the loss modulus 

which is for the open shapes131. In this case the inks are with low percentage of trapped air 

and high homogeneity thanks to the high speed mixing and the degassing centrifuge.  

It is known that rheological behaviour of a fluid can be changed by the presence of solid 

particles dispersed in a liquid media. Particles in a fluid can influence the final viscosity by 

their volume, shapes, and concentration144. Considering the volume fraction (ϕ) of the solid 

particles dispersed, three regimes can be identified:  

 The dilute regime, where ϕ<0.02, and the relation between the particles volume 

fraction and the apparent viscosity (ηr(ϕ)) is approximately linear giving a 

Newtonian behaviour;  

 The semi-dilute regime, with ϕ<0.25, where ηr show a higher dependence on the 

amount of particles (ϕ), and the fluid is generally Newtonian;  

 The concentrate regime, when ϕ>0.25, where a rapid growth of the viscosity is 

observed and a non-Newtonian behaviour starts to be present, which increase its 

degree increasing the particles volume fraction. 

In this work, the volume of the particles is in a range of concentrate regime, since TMDs 

intercalated powders are at 40% in weight which is 16% in volume, ensuring the 

preservation of a non-Newtonian regime. Although the concentration has an important 

role, the shape of dispersed particles can also affect the rheological properties. Spherical 

particles simplify the rheological analysis, non-spherical particles must include 

consideration about aspect ratio and surface area. Particles with a high aspect ratio interact 

in a different way with the surrounding liquid phase, depending also on their orientation. A 
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particle that can rotate can accommodate some of the strain experienced by the bulk liquid 

phase, it means that particles that hardly rotate (non-spherical particles) increase the 

viscosity in a higher amount if compared with rotating particles. Less particles rotations 

implies higher viscosity, while high rotation and sliding inquires lower viscosity. These 

powders can be assumed to behave similarly to spherical, where a high rotational level is 

allowed, possibly due to the small dimensions of the platelets (< 6 microns). This would 

explain why the viscosity of the inks decreases compared to pure polymer while adding 

solid particles. The concentration has a higher important role in this case as well, because 

in the dilute regime the non-spherical particles drift over time to the orientation that 

minimizes the work done to rotate the particle. In the semi-dilute regime the particles seem 

to distribute with a random orientation, indicating that the hydrodynamic interaction 

between particles lead to a rotary diffusion of particles orientation. In the concentrate 

regime the viscosity is really increased, due to the fact that for these kind of particles is 

much easier to come into contact with some others, further opposing to the motion of the 

bulk liquid phase. 

Addition of particles in a high volume fraction generally causes the onset of the shear-

thinning behaviour. For both species, spherical and non-spherical particles, it has been 

shown that it depends on the volume fraction, indicating that the explanation hides in the 

micromechanics of interaction between particles. A hypothesis is that the particle motion 

can increase the temperature in the highly localized area between particles themselves 

reducing in turn the viscosity, and explaining in this way the pseudoplastic behaviour of 

the fluid. Moreover, the electrostatic repulsion among particles also influences the 

rheology of the slurry. If the repulsion between the particles is high, the behaviour tends to 

uniform to the dilute regime, while if repulsion is low, the particles tend to aggregate and 

act as a lubricant. From Figure 69 it is evident that the viscosity of the pure Pluronic©F-
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127 is higher than the others inks with the particles dispersed in it. This proves how the 

presence of the particles makes the fluid more pseudoplastic, decreasing the viscosity.  

5.7 Printing of three dimensional structures 

The robocasting 3D printing provides a facile method to produce complex structures 

through the deposition of viscous slurry which is extruded through a needle onto a 

substrate. To create 3D structures with TMDs, the first big challenge to overcome is the 

low concentration of flakes. With a standard liquid exfoliation process, the highest 

concentrations achieved are ~ 1mg/ml6,16,46,145. We need concentrations of at least a factor 

of 10 higher, as it has demonstrated for graphene oxide inks which was first assembled in 

three dimensions114, as described in Chapter 2. 

The ink was transferred from the specific containers into the syringe model Optimum 

Syringe Barrels 30cc from Nordson EFD. Several needles at different diameter size were 

tested. Diameters of 0.58, 0.20 and 0.10 mm were found to be suitable (model 20, Pink 

0.58, White 0.20, Gray 0.10 from Nordson EFD). Different shapes were produced to prove 

the versatility of the process, from rounded cylinders with 10 mm of diameters and 5 mm 

high average, to square scaffold with internal grid within same dimensions and longer solid 

bars of 5 mm width, 5 mm high, and 20 mm length; other shapes for electrodes were 

realized afterwards as serpentines and interdigitated as showed in Figure 71 and Figure 72. 

The first goal of the project was to prove the printability of the ink, thus simple shapes as 

cylindrical and cubical were chosen, to also prove the versatility in realizing multiple 

shapes. The syringe is fixed into the robosystem 3D printer at which a needle is attached. 

The strength at which the paste is extruded can be set from 0.1 mm/s to 30 mm/s. For 

printing was chosen an intermediate pressure of 10 mm/s. At this pressure, in accordance 

with the viscosity of the ink, the diameter of the needle is important to fit the process. 
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Smaller diameter tends to increase the pressure at the bottom of the syringe, resulting in a 

spilling of the ink. The structures were designed by software connected to the robocasting. 

All structures were printed on a Teflon substrate. The printing speed was set at 10mm/s. 

The pieces are built through a layer by layer deposition.  

All the structures were dried for 24h in air. The residual Pluronic©F-127 was removed by 

annealing at 600°C in Argon atmosphere for 30 minutes. In Figure 70 printed structures of 

IMoS2 and bulk form are shown. As in accordance with the colour of the ink in Figure 67, 

bulk appears gray (Figure 70,b) and IMoS2 appears as dark black (Figure 70,c).  

 

Figure 70 3D printed structures: a) previously designed by CAD software and then printed 

with robocasting; b) 3D bulk MoS2 structures; c) IMoS2 (composition reported in Table 4). 

During the air-drying time, the structures experience small volume shrinkage of ~10% ± 

0.5 mm without shape alteration. The needle size which was optimal was of 0.58 mm. The 

interspacing between each rod is 1.00 mm on both x and y axis, 0.61mm on the z axis. As 

shown in Figure 70, different shapes were successfully printed out achieving compactness 

and structural integrity. Cylindrical structures were attached on FTO (fluorine-doped tin 

oxide, 3 mm thickness) substrate and tested in a three point configuration. Therefore, initial 

electrochemical tests on these architectures were not able to return good conductivity and 

ion charge diffusion, as the design of cylindrical structures did not help the ions diffusion. 

Further details on measurements will be provided in Chapter 7. The use of a grid as 

bearing load in the structure was to give porosity and facilitate the ions diffusion. 
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However, such configuration gave poor conductivity, because of the large space between 

each rod in the grid. As show previously in picture Figure 65 at page 111, lateral view 

appears as several rods aligned with one perpendicular rod lying on top. Because the 

distance between two rods was set to 1.00 mm and the needle diameter was set to 0.58 mm, 

there was space left between each rod. Because of this spaces, the cubical shape showed 

the so called “hammock effect”, which happens when a lateral side between the two 

corners is loose. This was not experienced in the case of the cylindrical shapes, where the 

rounded area did not show any hammock effect. Figure 70 shows the hammock effect after 

drying the structures in the case of the cubical structures, which was absent in the case of 

cylindrical and bars. In this regards, cylindrical structures were better than the cubical 

shape. However, other designs were planned in order to improve their function as 

electrodes. Advanced and improved shapes were realized directly with inks containing the 

addition of carbon black where FTO was then the substrate of choice. In Figure 71 is 

shown CBMoS2 restacked configuration on FTO.  

 

Figure 71 Stacked architectures on FTO glass substrate of carbon black and exfoliated 

MoS2 

In the stacked architecture, which has been used as an electrode, 6 printed layers were 

piled up with a needle of 0.61 mm and each layer was printed with a separation of 1 mm.  
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Figure 72 interdigitated printing on flexible substrate ITO/PET (Indium tin oxide coated 

with polyethylene terephthalate) 

The second electrode configuration was the interdigitated electrode layout. This was 

achieved on rigid as well as flexible structures, as shown in Figure 72. Same settings on the 

robocasting printer were applied as for the stacked architectures. Critical conditions have 

therefore arisen during the printing process. The slurry is carried in a syringe pushed by a 

plug governed at a certain pressure. Problems with the correct pressure were due to the fact 

that the ink need a specific force to be extruded coupled with its own viscosity. Also the 

dimension of the orifice influences the flowing process through it. When the needle 

diameter is below 300 mm or even smaller, the pressure in proximity of the hole tends to 

increase, as it occurs in macro extrusion likewise. Hence the pressure at the top of the 

plunge has to be higher. However, the paste instead of flowing through it, go back to the 

top of the syringe, or pulling out the nozzle. When this is happening, printing is obstructed 

by the plug formed at the bottom of the nozzle. The pressure has to be controlled and 

adapted to the type of paste and the needle. Additional issues emerged at the deposition of 

the fluid on a specific substrate. Initial surface was Teflon, resulting highly hydrophobic 

with a very low superficial roughness that allowed facilitate deposition. When substrates 

were switched to glass such as FTO for electrochemical measurements, contact factors 

changed. Glass was less rough than Teflon, inducing the extruded filament to coil up to the 
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nozzle rather than lying down on the substrate. For this reason, the deposition speed was 

set slower down to5 mm/s to allow time for the adhesion.  

5.8 Polymer burn out of the dried architectures  

Printed structures were first let dried at room temperature, where the water present in the 

Pluronic©F-127 used to exfoliate the powders, naturally dries away. Retraction is 

followed, and at the same time the structures harden. Once dried, samples undergo further 

treatments. To eliminate the Pluronic©F-127 from the printed structures, we have annealed 

the structures at 600°C. Optimised annealing includes 30 minutes at 600°C in Argon 

atmosphere. Longer treatment resulted in damaging the structures. Also, given that air 

treatment oxidised the samples, treatments were based on Argon only. Annealing causes a 

loss of mass on the single samples due to the burn off of the Pluronic©F-127. The 

percentage of mass loss has been registered by a difference in weight before and after and 

is reported in Table 5.  

Table 5 Table of average % of mass loss after annealing to remove the Pluronic©F-127 

skeleton on printed structures 
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From the Table 5 it appears that bulk structures lose 16% of mass, while the IMoS2 up to 

30%. CBMoS2 structures instead lost up to 38% of mass average. We assumed that the loss 

of mass is due to the burnt off polymer, the Pluronic©F-127. There is therefore a 

considerate difference between the bulk and the other structures, which is the absence of 

any reaction during the ink preparation. The bulk based ink is formed mixing the bulk 

chunk of MoS2 in 40% of weight with the Pluronic©F-127. On the contrary, CBMoS2 and 

IMoS2 are firstly intercalated with LiBH2 (paragraph 5.5) and exfoliated in Pluronic©F-

127. In this step, Pluronic©F-127 reacts with the LiBH4 producing effervescence during 

which certain amount of Pluronic©F-127 is burnt off. So when bulk structures are 

annealed they contain more Pluronic©F-127 than the other printed structures. However, 

the percentage of mass loss is still minor. This could be explained by the fact that bulk un-

exfoliated chunks are a natural lubricant146 and link to the Pluronic©F-127 more than 

exfoliated and carbon black enriched MoS2 based ink can do. In this regard, XRD was 

performed on MoS2 as received powder, IMoS2, and bulk (with Pluronic©F-127) ink, 

shown in Figure 73.  
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Figure 73 XRD performed on MoS2 powder as received, IMoS2 ink, and bulk plus 

Pluronic©F-127. The small peak at 11° indicates the increased interlayer distance for the 

MoS2, induced by Pluronic©F-127 chains between the layers 

From Figure 73 the typical peak of MoS2 is 002 at 14.45°, while the small peak in 

correspondence of 11.2° indicates an increased interlayer spacing for the MoS2 induced by 

Pluronic©F-127 chains between the layers. The wide peak width for this expanded peaks 

supports the selective binding of polymer to well exfoliated flakes. One more consideration 

to mention is that the bulk structures results very fragile after annealing, crumbling at 

touch. This could also be explained by the absence of links among the un-exfoliated 

nanosheets. This was not observed on the other printed structure, the IMoS2 and the 

CBMoS2 that were compact and manageable.  
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Analysis conducted on TGA confirmed that at the applied temperature of 600°C the 

Pluronic©F-127 goes away while the TMDs are burnt at higher temperature as shown in 

Figure 74. The use of Argon as carrier gas prevents oxidation of MoS2. 

 

Figure 74 TGA analysis on IMoS2 3D structures, a first pick in correspondence of 588°C 

stays for the polymer which is burnt, while the MoS2 is burnt above 808°C 

The peak at 295°C is could be the free Pluronic©F-127, or in other words the Pluronic©F-

127 unbound to MoS2, while the peaks at 504/558°C are the bounded Pluronic©F-127 with 

MoS2
135.  

5.9 Specific surface area 

Mass densities of the printed structures were determined by two different methods: 

empirical weight divided by volume, and using a pyconometer.  

 

Table 6 densities of the 3D printed structures cylindrical geometry, where PRE stays for 

before heat treatment described in paragraph 5.8, and POST stays for after heat treatments  
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In Table 6 the densities values are reported for the printed cylindrical shapes. The average 

densities of the ink material are measured with the He pyconometer. The density of a 

single scaffold is measured by fraction the mass to the volume occupied by the single 

structure before and after heat treatment, which results in a decrease of the value due to the 

volume retraction of the polymer that burns away. This is confirmed by the increase of the 

percentage of open porosity that is registered after the annealing. The Pluronic©F-127 

occupies holes in the ink that when is burnt leaves some cavities inside giving porosity to 

the structure. The porous size distribution was investigated with Nitrogen adsorption 

measurement (BET-Brunauer-Emmett-Teller) and density functional pore size distribution 

theory. Results are shown in Figure 75 a-b.  

 

 



 
 

132 
 

 

Figure 75 a) N sorption isotherms analysis and b) density functional theory pore size 

calculations on IMoS2, IMoS2 before annealing and bulk MoS2 platelets, highlighting the 

change in porosity and surface area between annealed, bulk, and exfoliated samples. 

Overall the structures present a distribution of pore sizes between microporosity (diameter 

less than 2 nm) and mesoporosity (from 2 to 50 nm). The effect of annealing can be seen 

by an increased proportion of porosity in pores with radii below 1 nm and above 5 nm. The 

increase in relative pore volume post-annealing at both sub-nm and above 5 nm pore radius 

arises from the removal and carbonization of the Pluronic©F-127. The larger pores (above 

5 nm radius) appear due to the loss of Pluronic©F-127 aggregates within the structure, 

whereas it is hypothesised that the increase in sub-nm pore size arises due to the 

carbonization of polymer directly functionalised to individually exfoliated nanosheets. 

Nitrogen sorption experiments of printed architectures revealed an increasing surface area 

from bulk MoS2 platelets ink, 1 m2/g, to IMoS2 nanosheets inks, 13 m2/g and 16 m2/g for 

the annealed architectures, values are exposed in Table 7. The addition of carbon black 

causes a significant increase of the surface area for both, non-annealed and annealed 

CBMoS2 architectures (32 m2/g and 70 m2/g respectively). For this reason, electrochemical 

tests were performed on the carbon black based inks. The specific surface area plays a 

critical role in the performance of the electrochemical devices. 
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Table 7 BET surface area for printed LTMD architectures 

 

The removal of the Pluronic©F-127 is clearly observed through XPS where the C1s to S2p 

peak ratio for CBMoS2 peaks decreases by approximately an order of magnitude (7.75:1 to 

0.68:1) after the annealing process (Figure 76). The S2p3/2 and 1/2 core levels binding 

energies and ratio are indistinguishable with the addition of carbon black and subsequent 

annealing, suggesting that we can exclude the formation of any oxysulfide species or loss 

of sulphur. The intensity of the peaks is attenuated due to the addition of carbon. 

 

Figure 76 XPS data taken from woodpile printed MoS2 based LTMD architectures; a) S 2p 

peak range; and b) C 1s peak range. 
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XRD characterisation of the MoS2 ink demonstrates the appearance of exfoliated MoS2 

with the (002) peak at 14.45° and a second broad peak at 11.10° corresponding to an 

expanded interlayer distance (Figure 77a)147. UV-Visible spectroscopy (Figure 77b) has 

been done on a diluted IMoS2 inks in DI water to show the appearance of small A and B 

exciton peaks at 625nm and 675 nm respectively, corresponding to the partial conversion 

of the 1T MoS2 to 2H MoS2 that occur in the exfoliation reaction with the Pluronic©F-

1275.  

 

Figure 77 Physical characterisation of the produced MoS2 ink; a) XRD diffractogram of 

IMoS2; b) UV-Vis spectrum; c) Raman spectra of an exfoliated 3D MoS2 architecture 

showing a peak separation of 21cm-1; d) A1g vibrational mode intensity map of an 

exfoliated 3D MoS2 architecture. 
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Raman spectroscopy using a 532 nm laser line showed clear in plane (E1
2g) and out of 

plane (A1g) vibrational modes corresponding to MoS2
148, with a peak separation of 21 ± 2 

cm-1 (Figure 77,c). This peak separation is compatible with a mono to three-layered 

sheet133.Tracking the intensity of the out of plane mode revealed a homogenous 

distribution of MoS2 throughout the sample (Figure 77,d). 

5.10 Microstructure characterization 

The characterization of the microstructures of the structures was performed via SEM. 

Figure 78 confirms the structural integrity of the lattice after printing which do not collapse 

under its own weight and the struts preserve a regular shape. 

 

Figure 78 a) Bulk MoS2 b) exfoliated IMoS2 nanosheets architectures after thermal 

treatment at 600°C in Argon atmosphere for 30 minutes. 

The surface of the structures consists (Figure 79) of a dense network of flakes. Traces of 

Pluronic©F-127 are not detectable. 
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Figure 79 SEM of a) Bulk MoS2 as printed before annealing b) Bulk MoS2 after annealing 

at 600°C in Argon atmosphere c) Exfoliated IMoS2 ink as printed before annealing c) 

Exfoliated IMoS2 ink after annealing at 600°C in Argon atmosphere. 

In the bulk structures flakes are about 100 μm large and 10 μm thick (Figure 79a, b) and 

clear differences are not detectable before and after annealing. MoS2 exfoliated flake 

structures show a clearer and clean surface after annealing (Figure 79c, d). Prior to 

annealing, residual Pluronic©F-127 and LiOH crystals are visible.  

 

Figure 80 CBMoS2 3D structures detail on a) grid, b) rod filament, c) surface composition.  
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In Figure 80a is shown microstructural image of the CBMoS2 structure with details on a 

single strut (Figure 80 b-c). The surface morphology appear as an assembly of flakes, 

similarly to the IMoS2
 structures.  

Samples for TEM analysis were prepared by drop-casting of diluted dispersions of MoS2 

inks in DI water on carbon-coated copper grids. Grids were dried overnight under ambient 

conditions. Low-magnification bright-field TEM images and selected area electron 

diffraction (SAED) patterns were acquired on a JEOL JEM-2100Plus microscope. High-

resolution TEM (HRTEM) imaging was performed using a JEOL JEM-2100F microscope 

with a field-emission gun operated at 200kV accelerating voltage  

 

Figure 81 a) TEM image of  exfoliated MoS2 nanosheets (scale bar = 200 nm) with SAED 

pattern (inset, scale bar = 5 nm-1); b) high-resolution TEM image of the edges of MoS2 

nanosheets from the exfoliation in Pluronic©F-127 showing a single-layered sheet (scale 
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bar = 5nm); c) TEM of three-layered MoS2 nanosheets (scale bar = 5nm); d) TEM image 

and a Fourier filtered image (inset) highlighting a Moire pattern formed upon restacking of 

single-layered MoS2 nanosheets (scale bar = 5nm)  

TEM analysis revealed that MoS2 inks contained single- and few-layered exfoliated flakes 

with lateral sizes of ~ 1 μm (Figure 81a). Dark lines in the TEM images of flake edges 

correspond to individual single-layers; from Figure 81b,c we clearly can observe single 

and three layers of exfoliated material. Inset in Figure 81a is a typical SAED pattern of the 

exfoliated MoS2 confirming hexagonal MoS2. Moire pattern shown in Figure 81d arises as 

a result of angular rotation of two restacked exfoliated monolayers oriented along [0001] 

crystallographic direction of hexagonal MoS2 and can indicate the tendency of an 

exfoliated material to restack partially. XRD analysis has further confirmed exfoliation of 

MoS2 with the Pluronic©F-127 showed in Figure 77.  
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Figure 82 a) Bulk MoS2, b) Carbon black powder, c) IMoS2 exfoliated nanosheets, d) 

CBMoS2 

TEM shows micron-sized MoS2 flakes with hexagonal shape. In Figure 82a, six-fold 

SAED pattern can be indexed in [0001] zone axis of the undistorted hexagonal MoS2, 

high-order reflections indicate high crystalline quality.  

5.11 Mechanical tests 

To characterize the mechanical strength of the 3D architectures, cyclic compression tests 

were performed. Compression cyclic tests were performed with universal testing machine 

Zwick/Roell Z010 with a loading cell of 1N following the ASTM C133-97 standard. A 

metallic semi sphere between the testing rig and the structure was ensured to uniform the 

applied load. Differently from the compression tests described in paragraph 5.4, here the 
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structures are not printed out of Pluronic©F-127 enriched ink, but are entirely formed by 

nanosheets. The aim of performing cyclic compression tests here is to evaluate the 

elastomeric behavior and show recoverable deformation of the structures. Cyclic tests were 

run at a rate of 1.5mm/min imposing a maximum deformation limit of 5% of strain (Figure 

83). Maximum deformation was chosen empirically from previous compression tests 

described in paragraph 5.4, where a maximum stress was found in correspondence of 6% 

of deformation.  

 

Figure 83 Mechanical results on cylindrical printed structures: a) compression cyclic tests 

set at 5% deformation b) Energy loss coefficient during 5 cycles; c) compression cyclic 

tests plotted after second cycles; d) scheme of the deformation occurring after first cycle. 

Tests were done on IMoS2, bulk, and CBMoS2 3D structures of cylindrical shapes. Results 

are shown also from the second cycle on, because under the first loading cycle the structure 



 
 

141 
 

did not accommodate the deformation, taking time to asset under the load because of its 

internal porous grid with a consequential edge bending149. For this reason, the first cycle 

appears differently from the others as shown Figure 83c. In Figure 83b energy loss 

coefficients are reported during the 5 cycles. After the first cycle, the energy loss 

coefficient decrease from 90 to 60% for Bulk and CBMoS2 and to 40% in the case of 

IMoS2, reaching a plateaux after 5 cycles remaining constant. Bulk-MoS2 structures are the 

most fragile while the intercalated MoS2 is the strongest due to the interconnection 

between the layers. Indeed, it is crucial to utilize large mono and few layered sheets as they 

present strong liquid-like adhesion energies which are not found in their bulk form150. 

Cyclic compression tests were performed in literature to test the elastomeric behaviour of 

printed structure on graphene112,114, and to determine their capability to dissipate absorbed 

energy under applied compression stresses. In this work, the MoS2 is the strongest, most 

rigid material. Therefore the MoS2 is the load bearing component in the printed 

architectures. When comparing IMoS2 and Bulk MoS2 structures, under equivalent load, 

IMoS2 shows significantly higher compressive stress at equivalent strains. This fact arises 

due to the exfoliated nanosheets of MoS2 forming a percolating network throughout the 

printed architecture. In the case of bulk MoS2 there is absence of networks, thus the 

Pluronic©F-127 takes more of the compressive force, resulting in a more deformable 

structure. This fact also explains the disintegration of the bulk MoS2 architecture post-

annealing, as the Pluronic©F-127 is acting as a binder in this case, where for the IMoS2 the 

MoS2 itself forms a load bearing network. Comparing CBMoS2 to IMoS2 the decrease in 

the highest stress could be explained by the presence of the spherical carbon black particles 

among MoS2 nanosheets. As the concentration required for percolation is highly dependent 

on aspect ratio151,152 (lowest concentration required is for 1D, followed by 2D, then 0D 
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nanomaterials) these pseudo-0D carbon black spheres do not contribute to load bearing, 

and slightly disrupt the percolating lattice of MoS2.  

5.12 Conclusions 

To conclude, 3D structures of MoS2 nanosheets were successfully printed, where the 

presence of exfoliated MoS2 has been confirmed by spectrometry measurements. To prove 

the successful exfoliation within the nanosheets, SEM showed exfoliated flakes restacked 

together. Diluted ink observed under TEM revealed the presence of monolayers. Raman 

spectroscopy confirmed the MoS2 monolayers in correspondence of A and B excitons. The 

burning off of the polymer is proved by the increased open porosity after annealing and by 

the XPS which detect the presence of carbon before treatment which is absent afterwards. 

Because the surface area dramatically increase with the addition of carbon black powder 

which tune the nanosheets, electrochemical measurements were performed on the carbon 

black-MoS2 printed structures, reported in chapter 7. To increase the concentration of 

MoS2 in the ink, the exfoliation standard route was modified from the one described in 

Chapter 4. Here, the medium of exfoliation is the Pluronic©F-127 instead of water. 

Different shapes were realized as cylindrical, bars, cubical and interdigitated configuration, 

as well as printing on two different substrates, the Teflon and the FTO.  
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Chapter 6: Liquid exfoliation of TiS2 and three dimensional 

structures 

In this chapter liquid exfoliation of TiS2 and 3D printed structures of TiS2 will be 

presented. 

6.1 TiS2 structure, properties and applications 

Titanium disulfide is a layered material which belongs to class of TMDs. It is formed by 

triatomic sheets composed by a layer of Ti atoms covalently bonded with two adjacent 

layers of S atoms (Figure 84)  

 

Figure 84 Atomic structure configuration of octahedral configuration of TiS2 layers in the 

1T phase coordination. Titanium belongs to the fourth group of the transition metal class in 

the periodic table. Pristine interlayer distance is 0.57nm that can be further expanded 

through intercalation. [Adapted from 153] 

Interlayer distance in pristine TiS2 bulk is 0.57nm, distance that can be increased with 

intercalation153 of ionic species. On the contrary to WS2 and MoS2, TiS2 is stable in a 1T 

octahedral coordination and the hexagonal 2H phase has not yet been proven to exist. It has 

been attracted interest primary due to its semimetallic nature which, along with the layered 
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structure and capability to intercalate lithium ions, makes it interesting for Lithium –based 

batteries. In its bulk form it exhibits semimetallic behaviour and theoretical calculations for 

monolayer TiS2 suggest a similar semimetal behaviour with small overlap of valence band 

maximum and conduction band minimum9. This behaviour is strengthened under 

compressive strain when the band overlap increases, while under tensile strain a small 

indirect band gap starts to emerge154. Further increase of the tensile strain leads to a 

transition from indirect to direct band gap9 with the direct band gap ranging between 0.383 

eV and 0.389 eV154. 

While experimental measurements have repeatedly demonstrated semimetallic behavior of 

bulk TiS2, the monolayer materials have exhibited semiconducting behavior under standard 

non-strain conditions. The discrepancy between the experimental evidence and the 

theoretical calculations for monolayer TiS2 has been attributed to the existence of non-

stoichiometric TiS2 (titanium rich as being Ti1.023S2)155,156 in the experimental systems 

investigated. Atomic defects also may play a role in shifting the behavior to 

semiconducting.  

The growing interest is primarily driven by their prospective application in Lithium and 

Sulfur batteries157,158 as the theoretical energy density of Li-TiS2 is 480 Wh/kg159  and the 

theoretical capacity is 239 mAh/g160. Furthermore, as demonstrated all-solid-state Li-TiS2 

battery exhibited a power density of 1000 W/kg over 50 cycles with a maximum power 

density of 1500 W/kg160.  

Despite an increasing interest in TiS2, little is known about its properties in the mono- or 

few-layered form. In this process the exfoliation is achieved via lithiation of layered 

compounds (either via LiBH4 or organolithium compounds) followed by hydroxylation in 

water, where the bulk layered compound splits in its elementary building blocks.  
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6.2 Liquid exfoliation of TiS2 

Bulk powder of TiS2 has been exfoliated using the same experimental procedure used for 

MoS2 and WS2 as described in chapter 4. TiS2 nanosheets were obtained by the 

intercalation of lithium ions from LiBH4 into TiS2 powder  (Sigma-Aldrich, 99.99%) at 

350°C  for 72 hours  (Eq. 12) followed by exfoliation in water (Eq. 13): 

                           

 
      

 
             Eq. (12) 

                               

 
            Eq. (13) 

Few- and mono-layered TiS2 were isolated from the multi-layered and unexfoliated bulk 

material via centrifuging at speeds in the range of 1-27 KRPM in a Thermo Scientific 

Sorvall Lynx 6000 centrifuge. Higher centrifugation cycles were applied to the TiS2 in 

order to select mono and multiple layers from the un-exfoliated nanosheets. Two first 

cycles of 27 KRPM were applied followed by one cycle at 20 KRPM and last one at 1 

KRPM. The liquid exfoliation assumes a dark blue color as fresh exfoliated, with neuter 

pH and zeta potential in the range of stability. 

 

Figure 85 a) pH values measured at one week distance compared with values taken as 

exfoliated; b) liquid exfoliation in cuvettes of TiS2 where light blue is diluted; c) oxidation 

reported at week distance from fresh exfoliation  
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In Figure 85a values of pH and zeta potential recorded for as exfoliated suspensions and at 

one week distance are reported. The drop in the zeta potential occurring over a few days 

after the exfoliation is accompanied with a decrease of the pH, and change of color, from 

blue to white. Figure 85c shows the oxidation process changing in time, from first 

precipitations to a complete phase transformation due to the oxidation. The zeta potential 

measurements of freshly exfoliated TiS2 nanosheets in water showed a greater surface 

charge (-52 mV) compared to nanosheets of MoS2 (-35 mV) and WS2 (-35 mV) in 

colloidal suspensions formed via the same exfoliation method. This can be attributed to the 

difference in electronegativity between S (2.58) and Ti (1.54) in TiS2, which is higher 

compared to WS2 and MoS2 [W (2.36) and Mo (2.16)]
161

 leading to a stronger partial 

negative charge on the S atoms. Despite this initial stability, the TiS2 suspensions color 

was observed to convert to a grey and then white over the course of 1 week. This color 

change was attributed to the local spontaneous conversion of TiS2 to TiO2 via formation of 

intermediate TiSO species releasing H2S gas as a by-product of the reaction
162,163

. TiS2 in 

liquid suspension are sensible to the ph variation as demonstrated by the zeta potential 

titration in Figure 86. 

 

Figure 86 Zeta potential titration at different pHs of TiS2 flakes in suspension. 
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Differently from the titration conducted on WS2 and MoS2, the TiS2 titration found the 

isoelectric point, at which the zeta potential is zero for a certain value of pH. At this pH 

value there is no net electrical charge.  

Exfoliated TiS2 nanosheets were assembled to form thin films via dip coating, exploiting 

the interfacial tension between hexane and the water suspensions. Substrates were dipped 

into a vial containing 10 ml of DI water and 1 ml Hexane at pH 2 (controlled by 

introducing HCl 37%), and 3 ml of exfoliated TiS2 in water suspension with 0.1 mg/ml of 

concentration. Continuous films with a thickness from ~6 nm were obtained via tuning the 

drawing rate and dwell times. Thin films produced by dip-coating, are obtained via self-

assembly of TiS2 nanosheets at the hexane/water interface. The process exploits the liquid-

liquid interfacial tension between the hexane and the water layers leading to the 

homogenous distribution of nanosheets. This method allows for precise control over the 

film deposition, capable of producing both continuous and homogeneous thin films with 

controlled thickness from 6 nm to 10. 

Films were observed at optical microscope shown in Figure 87b.  

 

Figure 87 a) Optical microscope (magnification 100x) of drop cast exfoliated TiS2 flakes 

onto SiO2/Si wafer from suspension and b) optical microscope (magnification 100x) of dip 

coated exfoliated TiS2 flakes onto SiO2/Si.  
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From optical microscope is evident that the distribution of flakes from a drop casting and a 

dip coating deposition method are very different. In Figure 87a, flakes are spread on a 

larger surface far from each other, while in Figure 87b the dip coating produce 

homogeneous film whit overlap of nanosheets. The single layers present a purple-blue 

colour while multiple layers present a yellow colour. AFM was conducted on thin films 

deposited with dip coating to determine the thickness. 

The thinnest coating shows in Figure 88 a consistent ~2.5 nm height profile, corresponding 

to ~ two monolayer of TiS2 when tip/sample interactions are accounted for. 

 

Figure 88 Single flakes (a) analysed with AFM with correspondent profile thickness 

determination; (b) deposited on SiO2/Si substrate by dip coating and profile thickness 

determined tracing a line denoted as 1 in (a), plotting thickness versus lateral size. 

TEM imaging (Figure 89) shows exfoliated nanosheets with lateral size of ~ 4 μm and high 

crystal quality. The lattice spacing of 2.99 Å for the (100) plane (Figure 89c) measured 

from HRTEM imaging is compatible with TiS2. SAED diffraction pattern confirm the high 

crystal quality and the absence of any oxidation.  
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Figure 89 TEM analysis of TiS2 nanosheets exfoliated in water; a) TEM image 

(highlighted area = SAED region); b) electron diffraction pattern; c) atomic lattice in a 

HRTEM image. 

UV-Vis absorption characterization of freshly exfoliated TiS2 nanosheets in aqueous 

suspension (Figure 90) shows two main absorption peaks at 294 nm and 600 nm and a 

smaller peak at 369 nm. 

 

Figure 90 UV-Vis absorption spectra of a) exfoliated TiS2 nanosheets in DI water over 5 

days; and b) 20 nm thick films of TiS2 nanosheets (from water exfoliation) recorded after 

deposition at 5 days and 180 days respectively. 
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Over a period of 5 days, the TiS2 nanosheets undergo an initial agglomeration and 

precipitation stage, characterized by decreased absorbance at 600 nm, followed by a blue 

shift of the 294 nm peak towards 266 nm (Figure 90a). This peak shift has been attributed 

to the oxidation of TiS2 to TiO2 as the peak at 266 nm arises from nanoparticles or 

nanosheets of TiO2
161.  

Due to this rapid oxidation of TiS2 the nanosheets suspensions were processed and 

characterized immediately after gravimetric centrifugation. Thin films of TiS2 with 

thickness of up to ~20 nm had no observable red or blue shifting of any peaks after 5 days 

in air (Figure 90b) suggesting a good stability. The ~20 nm thick film started to show 

minor changes in the spectrum after 6 months from deposition, consisting in a splitting of 

the 600 nm peak into two peaks centered at 584 nm and 644 nm respectively. Therefore, 

the splitting of this peak over time and retention of a strong blue-shifted signal at 584 nm 

provides evidence for the stability of smaller TiS2 nanosheets over multi-layered 

nanosheets. The prepared films by dip coating were then coupled with graphene oxide and 

implemented to fabricate as Li-ion batteries. 

6.3 Printing of three dimensional TiS2 nanosheets 

Three-dimensional architecture based on exfoliated TiS2 nanosheets have been 

demonstrated by applying the same fabrication method develop for MoS2 nanosheets. Bulk 

TiS2 platelets mixed with LiBH2 in Argon glove box and heated for 72 hours at 350°C. The 

intercalated compound was then exfoliated in Pluronic©F-127 gel prepared at 25% in 

weight with DI water. TiS2 ink was prepared at 40% in weight. Inks were homogenized 

using a planetary mixer at the speed of 20KRPM for 2 minutes followed by defoaming in 

same conditions as used for the MoS2 and WS2 inks. The TiS2 intercalated powder when 
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mixed with the Pluronic©F-127 gel showed effervescence due to the reaction between 

LiBH2 and the water percentage contained in the Pluronic©F-127 gel. The ink appears 

porous and fragmented and so the high-speed mixing was necessary to ensure uniformity. 

The TiS2 ink has exhibited lower stability over time as compared to MoS2 and WS2 inks. 

The lower stability is probably due to the oxidation process which as a result induced an 

appreciable decrease of the viscosity over a few days. On the contrary the inks produced 

with the other TMDs are stable for more than two weeks.  

Rheology tests proved for the TiS2 based ink, the same behaviour as in the case of MoS2-

Carbon Black and MoS2 based ink. Concerning the plasticity of the inks that undergo a 

shear rate stress all the produced inks with TMDs have shown a shear thinning trend, 

confirming their ability to flow under a stress applied, and to stand when the stress is 

release (Figure 91). 

 

Figure 91 Shear thinning test for the rheological behaviour of TiS2 ink compared with the 

pure Pluronic©F-127 gel and the other TMD viscous inks such as IMoS2, CBMoS2, Bulk 

MoS2 platelets. 



 
 

152 
 

Thus, with TiS2 inks it was also possible to print 3D architectures. Similar shapes were 

printed, from round to interdigitated architectures (Figure 92) extruded with 580 um needle 

size. The pressure of the plug and needle speed were set at 10mm/s. Since TiS2 inks has 

shown very similar viscosity to the MoS2 inks, same conditions of 3D printing were 

applied as for the MoS2-Carbon Black and MoS2 based inks. Those settings were largely 

optimized to get the maximum flow through the needle and a continuous deposition on the 

substrate. No oxidation of the structures was observed over time. 

 

Figure 92 TiS2 three dimensional structures printed in cylindrical and interdigitated 

architectures. 

As performed for the CBMoS2 and IMoS2 3D structures, also TiS2 woodpile structures 

underwent thermal treatment for 30 minutes at 600°C in Argon atmosphere. Compression 

cyclic tests were performed on cylindrical architectures with universal testing machine 

Zwick/Roell Z010 with a loading cell of 1N following the ASTM C133-97 standard 

procedure. Cyclic tests were run at a rate of 1.5mm/min imposing a maximum deformation 

limit of 5% of strain as applied for the other printed structures as well, reported in section 

5.11. In Figure 93 TiS2 compression curves are reported, resulting to have an intermediate 

strength between IMoS2 and exfoliated CBMoS2 architectures and a superior strength as 

compare to bulk MoS2 architectures. Similarly to the other 3D printed structures, the 

energy loss coefficient decrease from 90 to 60% reaching a plateau after 5 cycles as 
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reported in Figure 93b. In Figure 93c compression cycles from second cycle are reported, 

where similarly to the other compression cycles shown in section 5.11, during the first 

cycle occurs the bending of the central side of the structure, while from the second the load 

is more distributed on the area of the sample, thus the following cycles restrain comparable 

areas.  

 

Figure 93 Mechanical compression cyclic tests performed on cylindrical structures: a) 

Cyclic compression tests with 5% of strain imposed and 5 cycles; b) energy loss coefficient 

during 5 cycles; c) compression cyclic tests plotted from second cycle. 

6.4 Conclusions 

In this Chapter, liquid exfoliation of TiS2 was described, with thin film preparation and 

characterizations. Stability of liquid phase suspension over time was analyzed, and size and 

thickness of flakes were provided. Liquid phase exfoliation of TiS2 produce flakes of 1 to 5 
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um in lateral size and from 1 to 6 nm in thickness. Stability measurements have instead 

shown oxidation of liquid suspension that produce precipitation after 5 days from 

exfoliation. Also three dimensional structures realized with TiS2 ink based were reported 

using Pluronic©F-127. Although the liquid phase exfoliation in water solution presented 

the disadvantage of short stability over time due to the oxidation of TiS2 into TiO2, the 

production of a viscous ink with Pluronic©F-127  has found no physical obstacles, a part 

from a reaction that see the loss of viscosity after prolonged time. Therefore, a consistent 

advantage in printing three dimensional TiS2 stays in the good stability of printed 

architecture, which seems to preserve the characteristic without showing any oxidation of 

the TiS2 as instead reveled from liquid phase exfoliation. Printed TiS2 architectures will be 

tested as battery electrodes 
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Chapter 7: Electrochemical characterization of TMD 

architectures  

In this chapter will be introduced the electrochemical measurements performed on the 

printed structures on both interdigitated and stacked configurations. The chapter starts with 

a general overview about main configurations in electrochemistry, followed by the 

measurements on the samples. 

7.1 Background of electrochemical devices 

In a world where the energy crisis is growing, more renewable natural resources to create 

and propagate energy are more and more urgent to develop. Extensive studies recently 

have been focused on the research of alternative sources of energy that could store and 

deliver electricity in controllable way. In the field of batteries, currently the lithium ion 

batteries (LIB) are the best performing for applications such as portable devices and 

applicable in the so called Internet of Things164, which includes the world of electronics 

devices able to process, elaborate and communicate. More in details, great attention has 

been paid on the research of the electrodes materials for the best efficiency. In this 

scenario, transition metal dichalcogenides have been studied has natural source materials 

(MoS2) for electrodes, in lithium as in other based elements batteries or supercapacitors. 

Batteries and supercapacitors belong to the same family of electrochemical energy systems 

but they work on different principles. In LIB the reaction is faradaic and occur on the bulk 

electrode through a redox reaction, so they can have high energy density (energy density 

could be seen as the total energy absorbed in the system), but low power density (power 

density is the instantaneous energy available for the system). In supercapacitors instead, 

the reactions are on the interface between the electrolytes and the electrode, or on the very 
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surface of the electrode. So on the contrary, supercapacitors have lower energy density but 

higher power density165. However one key parameter to identify the performance of 

electrochemical devices, is the capacitance, which is the amount of charge generated, 

measured per volume or per mass. Differently from batteries, although they can store less 

energy121, supercapacitors possess faster kinetics and longer cycle life. Among the class of 

energy storage devices, supercapacitors are classified as those able to store and circulate 

energy at super fast rate. Supercapacitors are also called electrochemical capacitors, or 

ultracapacitors164. Further classification can be made on the type of reaction that occurs 

between the electrolytes and the electrode in the cell system. In the case of a presence of a 

faradaic reaction, ultracapacitors are also called pseudocapacitors. They are characterized 

by a faradaic reaction on the electrode, higher energy density, short cycle life and a low 

capability. Differently, the name Electrochemical Double Layer Capacitors (ELDCs) stays 

for those apparatus where reactions includes electrons transfer without any phase or 

chemical change on the electrodes. There is also a third class which is hybrid between the 

batteries and super-capacitors, the hybrid supercapacitors class. Why the world of 2D 

materials has attracted interest as potential electrodes for ultracapacitors is due to their 

unique properties as ultrathin layer, in particular the large specific area for charge storage, 

the large aspect ratio of the 2D layered structure, and the interconnection between layers. 

This last feature allows creating three dimensional networking that could bring together 

high mechanical stability by embracing the overlap of layers and preserving the properties 

of ultrathin layers. The ultimate object of this project is indeed to provide a favorable and 

promising 3D structure made of exfoliated nanosheets that could serves as electrodes for 

energy storage systems. However, the controversial side of the restacking layers is given 

by them when aggregating, due to the van der Waals interactions that could limit the 

accessibility of the surface area, limit consistently the electrochemical performance166–168. 
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The MoS2 in particular is being a representative member of the TMDs family that mostly 

have been employed in supercapacitors because of its earth abundance and high 

capacitance139. MoS2 is present in the octahedral 1T-MoS2 metallic form and the 2H-MoS2 

triangular which is semiconductive. If exfoliated 1T are fully restacked due to instability 

they show then a poor capacitance otherwise they can have a quite high capacitance, while 

2H has poor rate because of the low conductivity21. One most common issue facing with 

MoS2 exfoliated electrodes, is indeed that they can aggregate, limiting the available surface 

area. To overcome this, one strategy could be to incorporate compatible nanomaterials that 

could help them stay separated. To conclude, the research about electrochemical double 

layer electrode is going towards the realization of electrode that could expose as much 

surface area as possible for improving the charge-storage capacity, to enhance the active 

material, higher areal capacitance, and to be stable over time for long periods. In addition, 

it is crucial to create a pattern for the electrons to move across the surface area at the 

interface where the reaction occurs, function that is facilitate by imposing a porosity inside 

the active material. The porous thick electrode in this way can be simultaneously a 3D 

current collector and a framework mechanically stable for the complex structures. In this 

work, the 3D printed structures are closer to be classified as electrochemical double layer 

capacitors. 

7.2 Configuration and set up 

Looking at the results of BET measurements (Figure 75, paragraph 5.9), the low electrical 

resistivity in a porous structure along with mechanical strength (Figure 83, paragraph 

5.11), MoS2 with carbon black architectures showed promising properties for energy 

storage applications, thus the electrochemical performance of the 3D printed architectures 

were investigated.  
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Testing for electrode materials can be performed following two standard schemes, the two-

point configuration, where the charge is balanced between the material being studied and a 

counter electrode, and the three-point configuration, where a reference electrode is 

incorporated, as shown in Figure 94.  

 

Figure 94 A schematic configuration of 2 and 3 points electrodes where W is the working 

electrode, WS the working sense, C is the counter and R the reference lead.  

In both configurations the working and the counter probes carry the current, and the two 

others, the working sense and the reference are leads which measure the voltage. In the 

three points set up the reference lead is separated from the counter and connected to third 

electrode. The advantage of this configuration is that only the potential of half cell is 

measured. This allows studying the working electrode independently and isolated from 

possible changes that can occur on the counter. For this reason the three points set up is 

largely employed for fundamental characterisation. The two point configuration is usually 

used when knowledge of the precise voltage is not required. This is usual to happen where 

there is no possible configuration to introduce a third reference electrode. In this chapter, 

both configuration will be tested, 3-electrode set-up for aqueous electrode characterisation, 

and the 2-electrode set-up for device configurations and non-aqueous electrochemistry.  
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7.3 Printed Supercapacitors 

Electrode configurations for printed supercapacitors devices fall into two general 

categories: stacked and interdigitated, shown in Figure 95. 

 

Figure 95 Schematic representation of a) stacked configuration, where the two electrodes 

are placed in contact through a porous membrane that separate them, the active material is 

the electrode and in b) interdigitated configuration, where complementary shapes of active 

electrode material fits into each other, current collector are placed at the extremity and 

there is no solid electrolyte [Adapted from 121]. 

The basic principle of a general electrochemical system is that the negative electrode and 

the positive electrode are separate by a conductor electrolyte that could be ionic, aqueous 

or solid. In the interdigitated configuration (called also planar), the electrodes are 

complementary in shape and positioned on a substrate previously equipped with a counter 

for current (usually on a insulating substrate), while in the stacked configuration, the two 

electrodes are separated by an ion permeable membrane and over layered with in a thicker 

final structure. In this work, both configurations were printed and demonstrated as 

electrodes in capacitors cells (Figure 96) using both rigid and flexible FTO substrates.  
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Figure 96 a) stacked configuration where the two printed structures are the two electrodes 

separate by a porous membrane, covered by two FTO substrates; b) planar configuration of 

one piece of two complementary electrodes.  

Electrochemical performance was investigated in aqueous and non-aqueous electrolytes. 

They have been tested in both H2SO4 solution and tetraethylammonium tetrafluoroborate 

(TEA BF4) in propylene carbonate electrolytes. The materials performance was probed in 

small ionic radius electrolyte [H2SO4], to potentially lead to a high power density, and in a 

large potential window non aqueous organic electrolyte [TEA BF4] that is comparable to 

that used in commercial devices such as acetonitrile and polycarbonate169.  

7.4 Measurements  

Electrochemical characterisation via cyclic voltammograms and galvanostatic 

charge/discharge were performed, on two different architectures MoS2, and CBMoS2.  

When printing MoS2 inks based architectures there were two difficulties to overcome, first, 

the full restacking that can occur during the printing step, and secondly the high resistance 

value. For these reasons carbon black was incorporated as additive in the inks, producing 

significantly more conductive areas for electrochemical testing. The following reported 

electrochemistry measurements were performed on samples which have been annealed to 
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remove residual polymer (paragraph 5.8) opening the pore structure and to convert the 1T 

to 2H MoS2 phase. From both cyclic voltammetry (Figure 97b,c) and galvanostatic 

charge/discharge the maximum areal capacitance of annealed CBMoS2 stacked electrode 

configurations was determined to be 900 mF/cm2 in H2SO4 and 1450 mF/cm2 in TEA BF4 

(Figure 97c-e). The cyclic voltammograms of stacked structures show a rectangular shape 

in H2SO4 indicating a capacitive behavior of the architecture. The electrodes demonstrate 

some charge transfer and diffusion limitation only allowing for access to the maximum 

areal capacitive values below 10 mV/s (Figure 97).  
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Figure 97 Electrochemical characterization of the stacked MoS2 architectures: a) 

Photographs of 3D printed electrode stacked electrode architecture; b) 3D printed 

interdigitated electrodes on a flexible substrate; c) cyclic voltammogram of a stacked 

electrode architecture of MoS2/CB on glass slides in 1M H2SO4; d) in 0.1M TEA BF4 in 

propylene carbonate; e) effect of scan rate on capacitance stacked electrode architectures of 

MoS2/CB in 1M H2SO4 and 0.1M TEA BF4/PC showing an areal capacitance of 1450 

mF/cm2 for 0.1M TEA BF4/PC; f) capacitive stability over 1500 cycles at 10 mV/s for a 

stacked architecture in 1M H2SO4. 

In TEA BF4 (Figure 97d) there is a significant increase in current when compared to 

H2SO4 at equivalent scan rates below 30 mV/s, however, the slow diffusion of the TEA 
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ions into the meso-pores of the architecture limits the achievement of higher currents at 

faster scan rates. The CBMoS2 annealed stacked architecture shows cyclic stability over 

1500 cycles at a current density of 12 mA/cm2 (Figure 97) of ≈ 90% of the initial 

capacitance retained. The slight decrease in capacitance over the first few cycles arises 

from a decrease in surface area due to initial assessment of the electrode architecture in the 

electrolyte; once these surface defects are removed the remaining material demonstrates 

stability.  

 

Figure 98 Interdigitated electrode configuration electrochemical characterisation; a) cyclic 

voltammogram in 1M H2SO4; b) capacitive retention over 100 cycles from a); and c) 

capacitance calculation vs scan rate; d) picture of interdigitated CBMoS2 cell. 

The interdigitated cell system results are reported in Figure 98. Because of the larger 

spacing between the electrodes it resulted in a much lower performance overall. The active 
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material as electrode is the CBMoS2 based ink. In comparison to the stacked electrode the 

capacitance was an order of magnitude lower in the interdigitated system. This loss of 

capacitance arose due to a large amount of un-utilized space between the single rods, along 

with the devices being synthesised on glass (as opposed to a full conductive substrate such 

as ITO/Glass) leading to a relatively high. The precision required for printing high-

accuracy interdigitated structures was not equally achievable on ITO due to poor-adhesion 

between the ink and the ITO/Glass substrate (as described in paragraph 5.7).  

A highly stable capacitance of 900 mF/cm2 is exceptionally exciting for 3D printed 

structures, comparing favourably to those reported for other 3D printed materials for 

miniaturized supercapacitors (Figure 99). 
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Figure 99 Electrochemical performance: a) Ragone plot of the areal energy and power 

densities of 3D MoS2 miniaturized supercapacitors in different geometries (3-electrode 

named as MoS2-H2SO4 and stacked configuration, named as device) and electrolytes in 

comparison to literature; b) areal capacitive comparison for microsupercapacitors 

fabricated from various oxide, carbon, and TMD materials. 

An effective way to characterise device performance under a variety of different conditions 

is through a Ragone plot (Figure 99). This plot shows a clear relation between the design 

of the TMD architectures and their performances. The increased surface area and micro- 

porosity of exfoliated CBMoS2 architectures increases the power density by a factor of 3 

and the energy density of nearly two orders of magnitude. 
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The subsequently increased surface area, decreased resistivity, and changes in pore 

structure by the addition of carbon black (higher open porosity shown in Table 6) further 

increase the performance of the miniaturized supercapacitor devices, resulting in the 

energy density of 0.5 mW h/cm2 and power density of 20 mW/cm2 for full stacked 

configuration device architectures. While these materials compositions lead to significantly 

superior power densities, the energy densities compared to carbon-based devices, their 

performances are either lower or comparable to our CBMoS2 architectures. By increasing 

the electrical conductivity of our inks further, significant gains in power density may be 

attainable. A critical figure of merit for microsupercapacitors is also the areal capacitance. 

Our CBMoS2 structures show enhanced values compared to non-oxide based 

microsupercapacitors based on planar geometries. In figure 100 are listed a series of 

materials that are used as comparison for the performance where planar geometries were 

performed in ionic and aqueous electrolytes. In order to label the printed structures as 

capacitors they were compared to the best microsupercapacitors and micro-hybrid devices 

to emphasise the performance in the context of energy density.  
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Figure 99 Literature comparison for miniaturized supercapacitor or hybrid electrochemical  

 

As comparison graphene is mentionable for its high theoretical surface area (2630m2 g-1)170 

and high theoretical electrochemical double layer capacitance (550 Fg-1)170. Combining 

with the excellent conductivity graphene has been considered as a promising electrode for 

flexible supercapaticitors. However graphene nanosheets tend to restack due to the strong 

interaction between layers that could limit the surface area and thus the electrochemical 

properties. The same phenomena could be attributed to the transition metal 

dichalcogenides where layers are separate by van der Waals forces. For those reasons, the 

creation of 3D porous structures it is crucial to exploit 2D materials properties for 

Reference Material Device Type Electrolyte C a  (F/cm 2 ) P a  (W/cm 2 ) E a  (W.h/cm 2 ) 
Ref .

172 rGO/CNTs Microsupercapacitor PVA/H 3 PO 4 116.3 2.84 x 10 -3 16 x 10 -6 

Ref. 
173 RuO 2 /Au Microsupercapacitor PVA/H 3 PO 4 3.473 7.9 x 10 -3 126 x 10 -6 

Ref. 
174

     RuO 2 /C Microsupercapacitor PVA/H 3 PO 4 1.094 30 x 10 -3  * 49 x 10 -6 

Ref. 
177 Al/C/MnO 2 Microsupercapacitor Na 2 SO 4 1.01 19.8 x 10 -3 3.2 x 10 -6 

Ref. 
175 AC/Photoresist Microsupercapacitor PVA/H 3 PO 4 0.059 1.3 x 10 -3 12 x 10 -6 

Ref. 
175 Graphene/Photoresist Microsupercapacitor PVA/H 3 PO 4 0.134 4.5 x 10 -3 5.2 x 10 -6 

Ref. 
178 AC/etched channels Microsupercapacitor NaNO 3 0.091 0.052 3.1 x 10 -6 

Ref. 
179 AC/etched cavities Microsupercapacitor ET 4 NBF 4 0.081 34 x 10 -3 71.4 x 10 -6 

Ref. 180 Ppy/C-MEMS Microsupercapacitor KCl 0.162 1.62 x 10 -3 6.9 x 10 -6 

Ref. 181 RuO 2 /Si Microsupercapacitor Na 2 SO 4 0.0993 37 x 10 -3 3.3 x 10 -6 

Ref. 176 MnO 2 /Si Nanowires Microsupercapacitor IL 0.0138 550 x 10 -6  * 9 x 10 -6  * 
Ref. 97 Graphene/MoS 2 Microsupercapacitor NaCl 0.0146 1.5 x 10 -3 4 x 10 -6 

Ref. 182 ?-NiS/C Hybrid KOH 1.78 800 x 10 -6 38 x 10 -6 

Ref. 183 MnO 2 /Au Hybrid/Microsupercapacitor Na 2 SO 4 0.0116 312 x 10 -6 1.03 x 10 -6 

Ref. 184 CNT/VN Hybrid PVA/Na 2 SO 4 715 270 x 10 -6 96 x 10 -6 

Ref. 185 MnO 2 /CNT/PPy Hybrid PVA/KOH 0.06 5 x 10 -3  * 18.88 x 10 -6 

This Work MoS 2 /CB H 2 SO 4 0.9 5.7 x 10 -3 290 x 10 -6 

This Work MoS 2 /CB TEA BF 4 /PC 1.45 20.4 x 10 -3 400 x 10 -6 

This Work MoS 2 TEA BF 4 /PC 0.05 0.56 x 10 -3 21.9 x 10 -6 

* approximated from graphical data 

Figure 100 Literature comparison for miniaturized supercapacitor or hybrid electrochemical 

device materials.  
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electrochemical performances. One example of avoiding restacking in graphene or TMDs 

is introducing a variety of materials as spacer between layers and that could be at the same 

time chemically inert. To quote some examples in literature, carbon black nanoparticles in 

a flexible foil showed a capacitance of 138 Fg-1 at a scan rate of 10mvs-1 in KOH 

electrolytes171. Other work reports a volumetric capacitance of 116.3 Fcm-2 for a similar 

composition made of GO with carbon nanotubes (CNTs) in PVA/H2PO4
172. Ionic 

electrolytes as PVA/H2PO4 are largely used to facilitate the ion diffusion inside the cell. 

Indeed, in the table are reported also common materials used in electrochemical storage 

device as RuO2 interfaces with gold and carbon, which show a capacitance of 3.473173 and 

1.094174 Fcm-2 respectively. Also have been realised electrodes made coupling active 

carbon (AC) and graphene with polymer electrolytes photoresist in PVA/H2PO4. They175 

produced 3D electrode with large pores to allow the highly viscous gel electrolyte to 

infiltrate through the bulk of the thick electrodes showing a capacitance of 0.059 (AC) and 

0.139 (graphene) Fcm-2. Similar volumetric capacitance is shown by the electrode MnO2/Si 

nanowires 0.0138 Fcm-2 in ionic liquid (IL)176, the highest areal capacitance obtained 

which is much higher than the values obtained for the pristine silicon nanowires. Graphene 

laser induced on a polymide foils decorated with MoS2 deposition has shown a capacitance 

of 0.0146 Fcm-2 in NaCl electrolytes97.  

7.5 Discussion 

As the volumetric capacitance is in the range of similar structures currently studied to 

improve efficiency of electrode based on carbon active material and TMD/graphene, these 

3D structures represent a valid contribution to the developing of porous three dimensional 

electrodes realized by robocasting printer. Since the presence of high content of MoS2 the 

capacitance is verified, which originates from charge-transfer mechanisms and reactions 
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occurring between the electrolyte and the electrode active material. Moreover, the heat post 

treatment that has been applied after printing, determine a certain degree of porosity to the 

evaporation of the polymer trapped leaving internal cavities. In this way, porous structures 

with highly accessible surface area were realised. Nevertheless, to move towards 

miniaturization of microsupercapacitors there are a number of parameters that have to be 

taken in account. First of all, the cost of the production of the electrode material has to be 

affordable to allow scalability over a large scale. Second, the miniaturized size has to go 

parallel without shorting the electrode size limiting their working. Ultimately the 

miniaturized electrodes system has to fit properly with the other circuit components. This 

means to also valuate the minimum distance between two electrodes in order to maximize 

the resolution of the pattern. However, microsupercapacitors could have the disadvantage 

of bringing low volume of active material, translated in a low energy density. This is the 

reason why more recent microsupercapacitors have evolved in 3D microsupercapacitors 

with 3D electrode architecture that could provide a wide accessible surface area. The 

printed architectures in this work respond to this call being promising prototypes for future 

developments.  

7.6 Conclusions 

To conclude, three dimensional structures with exfoliated MoS2 were successfully printed 

(Chapter 5) and tested as electrode for electrochemical cells. The capacitance, the high 

surface area, and the porosity of the structures, coupled with electric conductivity exploit 

by adding carbon black powder, are required for efficient electrical double layer capacitors 

electrodes. So the structure and composition of the electrode as electrical double layer 

capacitors has been optimized according to the fixed goals, as well as providing a design 

for microsupercapacitors printing down to a resolution of 200 um.  
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Conclusions 

The goal of this work was to create miniaturized 3D structures made of exfoliated TMDs 

that could be applied as cathode in supercapacitors. To achieve this goal, firstly layered 

TMDs (MoS2, WS2 and TiS2) were exfoliated in order to obtain stable water suspension of 

2D nanosheets, was produced as described in Chapters 4 and 6. We further developed an 

already existing exfoliation method, based on Lithium intercalation followed by reaction in 

water, to obtain highly concentrated suspension of exfoliated TMDs in water with lateral 

size larger than 1 micron. Additionally, the exfoliation method was modified in order to 

obtain liquid suspension of exfoliated nanosheets. Three dimensional structures were 

firstly realized by implementing the Pluronic©F-127 in the liquid exfoliation, creating a 

viscous ink that was printed out. However, these architectures were containing a low 

percentage of TMDs that it was about 1mg/ml. We further developed the process in order 

to increase the concentration of TMDs inside the ink, leading to a more viscous paste 

suitable for printing. The electrical properties of the inks were tuned with the addition of 

carbon black in the ink. Three dimensional structures of MoS2, MoS2 and TiS2 nanosheets 

were printed using a robocasting technique. For future applications, to promote valid 

alternative to the expensive Platinum, structures should able to fit into micro and nano 

system technology for electrochemistry, where new progresses could focus on improving 

the ion diffusion through the structure, for example working on the specific porosity of the 

structure or tailoring the conductivity. Moreover it is crucial to scale down the dimensions 

and to evolve towards a miniaturization of these printed structures. Future works on 

printing 3D TMDs, could focus on the printing of all components of the electrochemical 

cell, like designing two complementary electrodes with specific characteristic as well as 

printing solid electrolytes in between them. Printable devices could also be highly versatile 
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on the type of the desired substrate when using a robocasting printer. This is especially true 

in the case of printable circuits. Flexible substrates are the next generation of support for 

circuits, and 3D printing can facilitate assembling the components directly fabricated on it. 

Moreover, the layer by layer deposition technique that is used in the robocasting can 

enable the creation of multilayer stacked capacitors, where each layer can have specific 

properties or act as restacked electrodes. In addition, thanks to the nozzle diameter of the 

robocasting, smaller feature can be realized down to 100 um, and because to the sharpness 

of the needle, printings directly in different solvent are also possible. The shape of the 

extrusion die, can also allow alignment of particles present is in the inks that for example 

are introduced to tune the conductivity of the TMDs. Applications could include also 

storage energy devices, or as ions storages, using of the distance between layers to store 

and delivery ions.  

In this work, it is shown that the produced architectures can serve as supercapacitors for 

miniaturized electronics. They are mechanically robust and chemically stable with features 

as small as 100 μm. They manifest superior areal capacitance (~ 1F/cm2) and energy 

density (0.5 mWh/cm2) as compared to the existing planar microsupercapacitors. To 

conclude, we demonstrate the formulation of 3D printable inks of chemically inert 2D 

material to template 3D miniaturized architectures of arbitrary complexity. The inks 

formulation and printing conditions of 2D layers represent new processes in materials 

science and engineering which can be transferred to any other 3D printing robocasting, 

different 2D and nanomaterials in general. 
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Future work 

Future work would potentially involve different aspects of 3D structuring of 2D materials. 

These are: 

1-To make the inks fully scalable, we would need to replace lithium with a no-air sensitive 

intercalating agent.  

2-An increase of the specific surface area of the structures would improve the kinetic 

performance and the power density of the supercapacitor.  

3-To tailor the conductivity, it would be beneficial to try different additives, other than 

carbon black to further improve the electrical conductivity. Also, the possibility to stabilize 

the 1T phase of MoS2 would be an alternative route which could enable even higher 

electrical conductivity. 

4- Smaller feature can be realized down to 100 um, by utilizing smaller diameter nozzles. 

This would involve changes in the viscosity of the inks and in the printing parameters. 

Ultimately structures with features at and below 100 microns would be at a higher level of 

miniaturization. The shape of the extrusion die, can also allow alignment of particles 

present is in the inks that for example are introduced to tune the conductivity of the TMDs. 

5-Addiontal energy storage devices could be tested, such as batteries in particular with the 

TiS2 structures. 

To conclude, robocasting printing of TMDs can open new directions in the field of 

printable electronics and micro energy storage devices.  
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Appendix 

Electrochemical characterization 

The electrochemical measurements were performed in 3-electrode, 2-electrode, and device 

configurations using a potentiostat (Gamry Interface 1000, running Gamry Framework 

v6.25 Data Acquisition software). Cyclic voltammetry was performed at various 

electrochemical potential windows dependant on the electrolyte, at scan rates between 0.5 

and 0.0001 V/s with a 1 mV step size. Galvanostatic charge/discharge tests were 

performed between symmetrical potentials (vs OCP) with a sampling period of 0.01s and 

current densities ranging from 0.01 to 10 A/g.  

Free-Standing Wood-Pile Architecture for electrochemical characterisation 

Free-standing 3D architectures were adhered to conductive ITO glass substrates for ease of 

connection using LEI-C carbon cement. In both 3-electrode, and 2-electrode configurations 

a platinum mesh auxiliary electrode was used for charge compensation. The 3-electode 

system was used for 1M H2SO4 in DI water with a Ag/AgCl reference electrode (BaSI). 

The 2-electrode system was used for organic electrolytes, specifically TEA BF4 in 

propylene carbonate, as these air sensitive experiments were performed in a glove box 

equipped with biaxial ports preventing the use of a Ag/Ag+ reference electrode. 

Device Electrochemical Characterisation 

Capacitor and hybrid capacitor devices were fabricated by directly printing on various 

substrates including glass slides, ITO/Glass (Solaronix), and flexible ITO/PET (Aldrich). 

The structures for devices were designed to either be symmetrical for top or bottom 

electrode in the case of the stacked configuration or to interlock in the case of the 
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interdigitated electrode configuration. Two opposing electrodes were arranged on top of 

each other before sealing using commercial silicon sealant (Sherlock). The devices were 

allowed to cure for 24hrs before backfilling with electrolytes (H2SO4, or TEA BF4/PC) and 

testing in a two-electrode configuration. Capacitance, capacity, time constants, power 

density, and energy density were calculated from a combination of cyclic voltammetry, 

galvanostatic charge/discharge, and electrochemical impedence spectroscopy techniques, 

using the following equations: 
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 Eq. 18 

where C=capacitance, I = current, υ= scan rate, A = area, E = energy density,  V= 

potential window; P = power density; t1/2 = charge half-life; and τ = RC time constant.  
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