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ABSTRACT 

 

The efficiency of state-of–the-art thermoelectric materials remain nowadays 

inadequate to compete with conventional power generation and to achieve 

technological implementation. Attempts at maximizing thermoelectric efficiency 

include the development of new materials and the optimization of the existing ones 

with suitable strategies. 2D layered materials currently attract a great deal of interest 

as promising thermoelectric materials. In the vast range of 2D materials, transition 

metal dichalcogenides (TMDC) with triple-layer structures have received 

significant attention due to sizable bandgaps and easy intercalation of organic and 

inorganic species in the van der Waals (vdW) gap between triple layers to tune the 

thermoelectric performance.  

This thesis is focused on the analysis of the atomic and electronic structure of 

TMDCs intercalated with inorganic and organic guest moieties. After a general 

overview on state-of-the-art thermoelectric materials, the second part deals with 

modification of the electronic structure and the structural disorder induced in 

TMDCs materials as a consequence of the intercalation with Li, Ca, Ag, and Cu. 

The third part tackles with the insertion of organic species in the vdW gap of TiS2. 

The intercalation of hexylamine (HA) is already described in the literature, but in 

this thesis the issue of long term stability of the HA-TiS2 adduct is pursued and 

deeply investigated with both an experimental and computational approach. As a 

completely original contribution, the prospective intercalation of TiS2 with 

adamantylamine (ADA) is investigated as concerns the atomic and electronic 

structure. The thermoelectric behaviour of this virtually new hybrid material is 

simulated and results quite similar to HA-TiS2, allowing to foresee that the library 

of hybrid TMDCs for thermoelectric application could be extended to non-linear 

amines.  
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PART 1: INTRODUCTION AND GENERAL 

REMARKS 

 

1. Introduction 

 

1.1 Thermoelectric materials 

 

Humankind is facing a seriously increasing demand for energy. The global need for 

energy production, storage, management, and distribution is a critical point for 

modern society. At the same time, the use of fossil fuels as an energy source is 

causing significant environmental and climatic problems 1,2. 

For these reasons, developing renewable, sustainable, green energy sources to 

replace fossil fuels is one of the most challenging issues in energy research 3–7. In 

this perspective, energy harvested from ambient sources and directly converted into 

electrical energy represents an opportunity for the growth of a distributed power 

generation network 8–11. Renewable forms of energy such as sunlight, wind, rain, 

tides/waves, and geothermal heat have been extensively studied and implemented 

as alternative energy sources 12–14. However, despite the recent growth, energy from 

renewable sources still covers less than a quarter of the world's demand for energy, 

the reason being mainly related to the high cost of these technologies. 

In addition to the conversion of the direct sources, taking advantage of waste power 

recovery can provide a route for energy saving and improve the overall balance of 

energy production. Among the possible conversion mechanisms, thermoelectricity 

encompasses a set of physical phenomena that correlate heat or charge fluxes to 

temperature gradients or electric fields. A thermoelectric (TE) device can directly 

convert waste heat into electricity 15–18 using the Seebeck effect or, conversely, can 

also change electrical energy into thermal energy for cooling or heating using the 

Peltier effect 19.  

In principle, any temperature gradient can be exploited by a TE device to generate 

electricity, and the design of novel highly efficient TE materials for solid-state 

energy conversion is currently the focus of worldwide research investigations 20. 
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Pure TE harvesting systems, collecting heat from natural sources, can generate 

powers from hundreds of μW to  mW. However, considering systems based on 

waste heat recoveries, like industrial processes, engines, or other human activities, 

the power scale can reach the order of KW 21. 

The main applications of TE devices concern high-power generation, focused on 

wasted heat recovery at intermediate/high range of temperature, and the low-power 

implementations, based on small-scale devices 22. 

The many benefits of this energy conversion procedure include solid-state 

operation, no toxic residues, wide scalability, maintenance-free operation versus no 

moving parts or chemical reactions, and long service life reliability 23. 

The empirical evidence of the possibility of obtaining an electrical voltage through 

the application of a temperature difference dates to Alessandro Volta (1794) 24, 

although it is customary to credit the discovery of the phenomenon to Thomas 

Johann Seebeck 25, who independently rediscovered it in 1821. The physical 

principle in the Seebeck effect is described by the Seebeck coefficient, 𝑆, defined 

as the ratio between the open circuit voltage produced at the ends of the material 

investigated, and the temperature difference applied to it, as shown in Equation (1). 

 

𝑆 =  
∆𝑉

∆𝑇
                                                                                                                              (1) 

 

where ∆𝑉 is the voltage generated [𝑉], and ∆𝑇 the working temperature gradient 

[K]. 

Subsequently, Jean Charles Athanase Peltier 26, in 1834, discovered that, by passing 

an electric current along a circuit composed of a bimetallic junction, the junction 

cooled or heated depending on the direction of the current. This effect took the name 

of the Peltier effect and can be expressed by Equation (2). 

 

𝑄𝑐 =  𝜋𝐼                                                                                                                             (2) 

 

where 𝑄𝑐 is the heat absorbed by the junction in the unit of time [W], 𝜋 is the Peltier 

coefficient [V], and 𝐼 the current intensity [A]. 
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Finally, William Thomson 27, in 1856, demonstrated the correlation between the 

Seebeck effect and the Peltier effect. A conductive material can produce or absorb 

heat from its surroundings when subjected to an electric current and a temperature 

difference at its ends. This effect is called the Thomson effect, as expressed by 

Equation (3), where the Thomson coefficient 𝛤 [ 𝑉/K ] correlates the Peltier 

coefficient with the 𝑆 28: 

 

𝜋 =  𝑆𝛤                                                                                                                              (3) 

 

The value of 𝑆 depends on the character of electric charge carriers and it is negative 

in the presence of electronic conduction and positive if the majority of carriers are 

holes. Then, leaving aside metals which, as discussed below, do not provide 

effective TE materials for energy applications, the useful TE are p or n 

semiconductors. The operating mechanism of a TE device is shown in Figure 1.  

 

Figure 1. Diagram of a thermoelectric module made of n-type and p-type legs. 

a) Refrigeration mode; b) Power-generation mode. 

 

The module depicted in Figure 1 is composed of a heat collector, the p and n legs, 

and a heat sink, necessary to maintain the thermal gradient in the p and n materials 

to prevent uncontrolled heating. A TE device is constituted by several such modules 

connected electrically in series and thermally in parallel. Both refrigeration and 

power generation may be accomplished using the same device, as shown in Figure 

1. 

The temperature gradient applied to the device (Figure 1b) generates, in open circuit 

condition, a charge carrier density gradient that produces a potential difference, 
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according to Equation (1). When the p and n legs are electrically connected, the 

majority n carriers flow into the p leg and the holes drift to the n leg, giving rise to 

a net electric current. In the opposite process (Figure 1a), the Peltier heat generated 

when an electric current is forced through the TE legs by an applied voltage gives 

rise to a temperature gradient, with heat absorbed on the cold side, transferred 

through the TE materials, and rejected at the sink 29. 

The optimization process for a TE harvester is related to the definition of the 

conditions for optimal components as well as to the design of a thermal chain that 

is effective in collecting the heat flux for TE conversion.  

The first strategy of device optimization is related to the optimization of the TE 

materials. Historically, the large-scale implementation of TE materials for energy 

conversion in commercial applications has been limited due to the low efficiency 

of converting heat into electricity 18,30. The efficiency of a TE material is measured 

by the dimensionless figure of merit 𝑍𝑇, defined by Equation (4). 

 

𝑍𝑇 =  
𝑆2𝜎

𝜅
𝑇                                                                                                                        (4) 

 

where 𝜎 is the electrical conductivity, 𝑇 is the absolute temperature, and 𝜅 is the 

total thermal conductivity. The power factor ( 𝑃𝐹 = 𝑆2𝜎 ) at the numerator 

characterizes the electron energy conversion capability, while at the denominator 𝜅 

represents the overall 𝜅 , which is the sum of lattice 𝜅𝐿 and electronic thermal 

conductivity 𝜅𝑒. Then, an ideal TE material must exhibit high 𝜎, high 𝑆, and low 

𝜅31. However, it is hard to combine all these characteristics in a single material, as 

the three transport parameters (𝑆, 𝜎, and 𝜅) depend on each other. According to the 

Drude model 32, the 𝑆 and the 𝜎, are related to the concentration of charge carriers 

and to the effective mass by Equations (5) and (6). 

 

𝑆 =  
8𝜋𝑘𝐵

2𝑇

3𝑒ℎ2
𝑚∗ (

𝜋

3𝑛
)

3
2
                                                                                                     (5) 

 

𝜎 =  
𝑛𝑒2𝜏

𝑚∗
                                                                                                                           (6) 
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where 𝑘𝐵 is the Boltzmann constant, 𝑛 is the concentration of the carriers, 𝜏 the 

relaxation time, and 𝑒 is the effective mass of the carriers 33. Figure 2 shows the 

trend of the transport coefficients as a function of the concentration of the charge 

carriers. From this plot and Equations (5) and (6), it can be observed that the 𝑆 is a 

decreasing function of charge carrier concentration, while 𝜎  has, of course, an 

opposite trend. On the other hand, electric carriers transport also heat, and then we 

observe a positive slope of  as a function of carrier concentration. Hence, an 

optimal ZT is a deal among these contrasting behaviours 34, resulting in a bell-

shaped curve of ZT. The maximum of this curve is typically placed at a 

concentration of about 1019 carriers/cm3, corresponding to heavily doped 

semiconductors. Insulants and metals are placed on the tails of the ZT curve, so 

being useless for TE technology. 

 

Figure 2. Variation of the transport coefficients as a function of the  

carrier concentration.  

 

The crucial issues in TE materials research are i. how to design materials with a 

high 𝑃𝐹 and ii. how to improve the TE power of a material without depressing the 

𝜎.  

The Boltzmann transport theory describes both electronic and thermal transport in 

most solids 35,36, so allowing to get a general understanding of the thermopower in 

TE materials. To this concern, the Mott equation, shown in Equation (7), is relevant. 

 

𝑆 =  
𝜋2

3

𝑘𝐵
2𝑇

𝑒
{
𝑑 ln 𝜎(𝐸)

𝑑𝐸
}
𝐸=𝐸𝑓

                                                                                         (7) 
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It is possible to define the 𝜎 as a function of energy with Equation (8).  

 

𝜎(𝐸) = 𝐷(𝐸)𝑓0(𝐸)𝑒𝜇(𝐸) = 𝑛(𝐸)𝑒𝜇(𝐸)                                                                    (8) 

 

where  

 

𝑛(𝐸) = 𝐷(𝐸)𝑓0(𝐸)                                                                                                         (9) 

 

𝐷(𝐸), 𝑓0(𝐸), 𝜇(𝐸), and 𝑛(𝐸) are, respectively, the density of state (DOS), the 

Fermi-Dirac distribution, the mobility of carriers, and the carrier concentration. By 

comparing Equations (7), (8), and (9), it is possible to see that a high value of the 𝑆 

can be obtained by increasing [
𝑑𝑛(𝐸)

𝑑𝐸
], which in turn depends on the local behaviour 

of 𝐷(𝐸). 

Figure 3 shows two hypothetical electronic DOS diagrams. One in which the DOS 

varies rapidly near 𝐸𝑓 (Figure 3a), and one in which it does not (Figure 3b). In the 

general case, the 𝑆 in the Mott equation is a measure of the variation in 𝜎(𝐸) above 

and below the Fermi surface, specifically through the logarithmic derivative of 

𝜎(𝐸) with E. Based on Equation 8, the system in Figure 3a with a rapid change of 

DOS near the Fermi level is expected to have a larger TE power. 

 

 

Figure 3. Two hypothetical electronic DOS diagrams.  

a) rapid variation of slope near Fermi energy (𝐸𝑓); b) slow variation of slope near 𝐸𝑓 37. 

 

Another significant equation is the maximum attainable figure of merit, shown in 

Equation 10. 
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𝑍𝑚𝑎𝑥 ∝ 𝛾
𝑇3 2⁄ 𝜏𝑧√

𝑚𝑥𝑚𝑦

𝑚𝑧

𝜅𝐿
 𝑒(𝑟 + 1 2⁄ )                                                                            (10) 

 

where 𝛾, 𝑚𝑖, 𝜏𝑧, and 𝑟, are the degeneracy of band extrema, the effective mass of 

the carriers, the relaxation time of the carriers, and the scattering parameter, 

respectively. In particular, the degeneracy of band extrema (𝛾) is the number of 

valleys in the conduction band (n-type materials) or peaks in the valence band (p-

type materials). According to Equation (10), 𝛾  needs to be high, because the 

presence of many such valleys in the band structure could lead to increased 𝑍𝑇. 

This assumption is reasonable because each band extremum contributes a certain 

thermopower and 𝜎 if occupied by carriers. After all, the total 𝑃𝐹 for the material 

derives from the summation of contributions from all extrema. 

So, a detailed analysis of the electronic structure of a material can give information 

about the gap, the degeneracy of the conduction and valence band extrema, and 

even the effective mass parameters. 

As cited above, a further crucial issue in the improvement of TE performance 

consists in having at the same time a low 𝜅 and a high 𝜎. These parameters are 

correlated by the law of Wiedemann-Franz, shown in Equation (11). 

 

 
𝜅𝑒

𝜎
= 𝐿𝑇                                                                                                                            (11) 

 

where 𝐿  is the Lorenz number (~2.45 × 10−8 𝑊𝛺𝐾−2) that typically varies 

moderately for metals and degenerate semiconductors, Equation (11) substantially 

states that an increase of 𝜎 is always matched by a parallel increase of the 𝜅 due to 

electric carriers, no matter of the involved material. So, increasing the 𝜎 not only 

produces an increase in the 𝜅𝑒 but also usually decreases the thermopower; 

optimizing 𝑍𝑇 thus turns out to be a challenge.  

An effective way to maximize the 𝑍𝑇 is to act on the 𝜅𝐿, which is related to the 

transport of thermal energy carried by phonons and is the only parameter not 

directly determined by the electronic structure.  
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The 𝜅𝐿 depends on the crystal structure and on the lattice parameters of the material, 

as shown in Equation (12). 

 

𝜅𝐿 =
𝑘𝐵

3

ℎ3

𝑎4𝜌휃𝐷
3

𝑔2𝑇
                                                                                                               (12) 

 

where 𝑘𝐵 , ℎ, 𝑎, 휃𝐷 , and 𝑔 are, respectively, the Boltzmann constant, the Planck 

constant, the lattice parameter, the material density, the Debye temperature, and the 

acoustic phonon Grüneisen parameter, which is a measure of the anharmonic nature 

of lattice vibration. There are two main strategies to achieve low 𝜅𝐿values, namely 

the design of materials with low inherent 𝜅  and the enhancement of phonon 

scattering through the control of nano-microstructures 31. 

In conclusion, the strategies to be undertaken to increase 𝑍𝑇 by acting on 𝜅𝐿 can be 

many. For example, the use of compounds with complex crystal structures or strong 

structural anisotropy; the use of heavy atoms; the presence of inclusions, impurities, 

and defects.  
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1.2 Strategies for enhancing the performance of thermoelectric 

 

The efficiency of state-of–the-art TE materials remains nowadays inadequate to 

compete with conventional power generation and in fact, to achieve technological 

implementation, the novel TE materials should reach efficiencies three times larger 

than the presently obtained values 38,39. 

Attempts at maximizing the 𝑃𝐹  include the development of new classes of 

materials and the optimization of existing materials with certain 

approaches/strategies 40. 

The main strategy for optimizing the carrier concentration is doping, such as 

modulation doping, uniform doping, and gradient doping (Figure 4) 41. 

In modulation doping, charge carriers are spatially separated from their parent 

impurity atoms to reduce the influence of impurity scattering and thereby increase 

the mobility of the charge carriers 42. In the case of uniform doping, the carrier 

concentration is generally independent of temperature, so the best TE performance, 

cannot be guaranteed in the entire temperature range. One way to deal with this 

problem is to use gradient doping, for example, taking advantage of the low 𝜅 of 

layered materials in the out-layer direction. The migration of carriers between 

layers is improved in the out-layer direction by adjusting the symmetry of the 

crystal structure, thereby promoting electron tunnelling in the inter-layer direction 

41,43–45. However, with prolonged use, the initial carrier concentration gradient in 

the gradient material may decrease or disappear due to the homogenization effect 

induced by diffusion, thereby reducing the conversion efficiency. To solve this 

limitation, using the temperature dependence of the solubility of certain specific 

dopants and its gradient can be created in a single material 46. 

Therefore, for TE material systems with different characteristics, it is important to 

select an appropriate doping method. 
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Figure 4 . Schematic diagram of different doping methods.  

a) Undoped; b) Modulated doping; c) Uniform doping; d) Gradient doping 

 

Doping elements can enhance the carrier concentration in a TE material by 

modifying their electronic band structure. Consequently, the DOS is modified as 

the number of states per energy level is increased. The energy states close to the 

Fermi level within an order of 𝑘𝐵𝑇 can promote electron transport.  

Hence, an optimal carrier concentration, a higher 𝑆 , and a higher 𝑍𝑇 , can be 

obtained for semiconductors and semimetals. 

A heavily doped semiconductor exhibits a greater 𝑃𝐹 than its undoped counterpart 

47–53. 

Heat in a solid can be transported by different carriers, including phonons, 

electrons, magnons, etc. In particular, in the case of TE materials, most of the 

thermal energy is carried by phonons. 54,55. 

One strategy for achieving a low 𝜅𝐿 is to strengthen phonon scattering 56. 

Introducing lattice point defects into the matrix lattice is an effective way to reduce 

the 𝜅 of the lattice 𝜅𝐿. In this case, the phonons are more likely to be scattered by 

point defects rather than electrons, and thus have less impact on carrier mobility. 

It is well known that some lattice defects, like vacancies (Figure 5b), interstitials 

(Figure 5c), and antisite (Figure 5d) defects, are present in materials under various 
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growth conditions. The presence of these defects in the crystal lattice could affect 

the electronic and TE properties of materials 57. Thus, the influence of these defects 

must be considered when the material properties for various applications are 

investigated. 

 

 

Figure 5. Schematic diagram of lattice point defects.  

a) Pure structure, b) Vacancy defect; c) Interstitial defect; d) Antisite defect 

 

Figure 6 shows typical doping methods commonly used in TE materials research. 

In the case of single doping, the dopant can have the same valence as the regular 

element, resulting in lattice disorder, or it can be heterovalent, to control the carrier 

concentration. Cross-substitution, instead, refers to the pair-to-pair substitution of 

one or more elements from other groups in the periodic table while keeping the total 

number of valence electrons unchanged 58,59. 

 

 

Figure 6. Schematic diagram of typical doping methods.  

a) Single doping; b) Cross-substitution 41 

 

Introducing dislocations, which are typical line defects, is another particularly 

effective and practical method to reduce 𝜅𝐿.  
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Dislocations (Figure 7) and strain fields scatter mid-and high-frequency phonons, 

so dislocations can effectively reduce the free path of phonons 60,61. 

 

 

Figure 7. Schematic diagram of dislocation line defects. 

 

Furthermore, in polycrystalline materials, grain boundaries or phase boundaries can 

effectively scatter low-frequency phonons, and the scattering rate is inversely 

proportional to the grain size. Therefore, the effective method to scatter long-

wavelength phonons is to introduce micro-nano structures.  

Dimensionality plays a fundamental role in controlling the properties of materials.  

A new strategy for designing TE materials by controlling dimensionality was first 

discussed by Hicks and Dresselhaus 62,63. Transport properties in micro- and 

nanostructures differ from that in bulk three-dimensional materials. The 𝜅  of 

nanostructures like super-lattices, composed of nano-metric layers of various 

elements or substances, is weaker than in bulk materials. This is a positive aspect 

of TE properties 64,65. 

When the dimension of materials decreases and approaches nanometre length 

scales, it is possible to cause a marked change in the electronic DOS as shown in 

Figure 8 66,67. 

The origin of the enhancement of TE performance mainly comes from the improved 

𝑆 due to the enhanced electronic DOS. 
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Figure 8. Schematic illustration of the DOS for 3D, 2D, 1D, and 0D materials. 

 

To summarize, in a three-dimensional (3D) material, optimizing all TE parameters 

together (𝜎 , 𝑆 , and 𝜅 ) is a difficult challenge. Instead, in the case of lower 

dimensions (2D, 1D, and 0D), new possibilities exist to independently adjust them 

68. In addition, new interfaces are created, which can increase the phonon diffusion, 

leading to an increased value of 𝑍𝑇. 
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1.3 State of the art 

 

TE materials encompass a broad family of materials, like skutterudites, telluride-

based materials (PbTe, Bi2Te3, etc.), Si-Ge alloys, Half-Heusler alloys, and 

clathrates 69,37. Recently, it has also been shown that some polymers exhibit 

interesting properties as TE materials. 

Figure 9 shows a graphic relating to the materials most used in TE applications 70. 

 

 

Figure 9. Pie graphic of the different materials used in thermoelectric applications and 

their percentage contribution. 

 

1.3.1 Skutterudites 

 

The term "skutterudite" refers to the natural mineral CoAs3, which was first 

discovered in Skutterud, Norway.  

Skutterudites are a highly promising and deeply researched class of compounds 71. 

They crystallize in the CoAs3-type structure with the cubic space group 𝐼𝑚3̅, as 

shown in Figure 10. The general formula is MX3, where M is a transition metal (Co, 

Rh, or Ir) and X is a pnicogen element such as P, As, or Si. 

The Skutterudites are known for their high electron mobility and the high 𝑆 . 

However, they have high 𝜅 values.  
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Among various skutterudites, CoSb3 has received the widest attention as TE 

material due to its environmentally friendly composition, suitable band gap (0.2 

eV), and high carrier mobility. However, the relatively high 𝜅𝐿  (larger than 10 

W/mK at room temperature) had become the biggest obstacle to enhancing its TE 

performance 72–79. 

 

 

Figure 10. Cubic structure of CoSb3 skutterudite 

 

The insertion of lanthanide, actinide, alkaline earth elements, thallium, or group IV 

elements into the structure, determines a scattering mechanism of the acoustic 

phonons within the structure. The smaller and heavier the atom inserted into the 

lattice, the lower the resulting 𝜅 80. The investigation of these new skutterudites 

called filled skutterudites, has led to the observation of large 𝑍𝑇 values, such as 1.3 

at 800K for Ba0.08Yb0.14Eu0.10Co4Sb12 
81 and 1.7 at 850 K for 

Ba0.08La0.05Yb0.04Co4Sb12 
82. 
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1.3.2 Clathrates 

 

"Clathrate" is first used by Powell, coming from the Latin word “Clathratus”, which 

is the name of a species of compound with a cage structure. 

Like skutterudites, inorganic clathrates have a three-dimensional periodic open 

frame structure. Crystalline clathrates have the distinctive structural motifs of the 

three-dimensional host frameworks, which contain a variety of polyhedral cages, 

and encapsulate guest atoms, ions, or molecules. In these structures, encapsulated 

guests are not connected to their host frameworks by any strong chemical bonds. 

There are several ways to classify clathrates. Based on the coordination, this class 

of compound is subdivided into type I (Figure 11a), type II (Figure 11b), and type 

III with general formulas A8E46, A24E136, and A30E172, respectively, where A = Na, 

K, or Ba, and E = Al, Ga, In, Si, Ge, or Sn.  

 

 

Figure 11. Framework structures of two different type of clathrates. 

a) type I clathrate; b) type II clathrate 83 

 

The characteristic low 𝜅 for semiconductor clathrates is attributed to the phonon 

scattering caused by the guest atoms 84,85. However, a few studies have investigated 

clathrate structures, and all have reported 𝑍𝑇 < 1 86,87. 
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1.3.3 Half-Heusler alloy 

 

These compounds were discovered in 1903 by Fritz Heusler. Half-Heusler (HH) 

alloys constitute the intermetallic class of compounds with potential applications in 

high-temperature TE devices 88–92. HH alloys contain a MgAgAs-type cubic 

structure with three interpenetrating fcc sublattices, each occupied by X, Y, and Z 

atoms, as shown in Figure 12. Therefore, the general formula is XYZ, where X (Ti, 

Zr, Hf, V, Mn, or Nb) and Y (Fe, Co, Ni, or Pt) are transition metals and Z (Sn or 

Sb) is a main-group element 93,94. 

 

 

Figure 12. Crystal structure of the Half-Heusler type compounds. 

 

These compounds have a narrow band gap of the order of 0.1-0.2 eV at the Fermi 

level and have gained the great interest for their potential as TE materials 95. These 

materials are associated with large effective masses of lattice vibration associated 

with several characteristics, including large 𝑃𝐹 , large 𝑆  (250 μV/K), moderate 

electrical resistivity (1-10 𝜇Ωm), and high 𝜅 (10 W/m K) at room temperature 96. 

  



~ 34 ~ 

1.3.4 Telluride-based materials 

 

The first materials to be used for TE applications were semiconductors containing 

heavy metals and, in particular, materials based on tellurium. PbTe (Figure 13a) 

and Bi2Te3 (Figure 13b) are conventional state-of-the-art TE materials that have 

been used for the past 50 years 97.  

Te-based materials exhibit low 𝜅  (ca. 2.3 W/m K for PbTe and 1.7 W/m K for 

Bi2Te3) and a high 𝑆 of 500 μV/K at room temperature. 

PbTe is a promising TE material that can efficiently operate at medium 

temperatures. It crystallizes into the isomorphous cubic NaCl crystal structure with 

Pb atoms at the cationic sites and Te at the anionic sites. PbTe can be doped either 

with n-type or with p-type dopants, causing an increase in the 𝑆. Pb-rich PbTe is an 

n-type semiconductor, whereas Te-rich PbTe is a p-type semiconductor 98–102. 

Bi2Te3 is a low-temperature TE material first proposed in 1954. It crystallizes into 

a hexahedral-layered structure with five atomic layers Ti(1)-Bi-Te(2)-Bi-Ti(1) 

stacked by van der Waals (vdW) interaction along the c-axis of the unit cell. Bi2Te3 

displays unique properties such as a high 𝑆 (220 μV/K), good 𝜎 (400 S/cm), and 

low 𝜅 (1.5 W/m K) 103–107. 

 

Figure 13. Crystal structure of two materials based on tellurium. 

a) PbTe; b) Bi2Te3 
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1.3.5 Metal oxides 

 

An interesting class of compounds for TE applications is constituted by metal 

oxides 108,109. Their main advantage as TE materials is their suitability for high-

temperature applications. Another advantage is that metals are generally abundant 

in the earth's crust and cheap. 

High values of 𝜅, due to the strong bonding in the metal oxides and the small atomic 

mass of oxygen are counterbalanced by large carrier mobilities. 

It is possible to modify the electrical and 𝜅 in metal oxides by doping. By replacing 

the elements already present with atoms of different sizes but with the same 

oxidation state (isovalent dopants) it is possible to alter the size of the unit cell and 

the symmetry of the crystal and lower the 𝜅, while at the same time exerting a 

limited influence on the 𝜎. On the other hand, by doping with elements of similar 

size but with different oxidation numbers (aliovalent dopants), it is possible to 

convert insulating materials into semiconductors, metals and even superconductors 

110,111. 

 

1.3.6 Polymers  

 

Conventional TE devices are typically based on inorganic compounds, as they 

generally show better TE performance and higher stability compared with organic 

materials 112–117. 

However, inorganic semiconductor materials have some disadvantages, including 

rarity, toxicity, poor processability, a high cost of manufacturing, and cannot be 

used to collect the waste heat generated at a temperature below 150 degrees.  

Among the various categories of TE materials, a great deal of attention has recently 

been paid to organic TE materials, particularly since the discovery of conducting 

polymers. In this regard, polymers are very attractive because they are light, 

flexible, and suitable for room-temperature applications and because they generally 

require relatively simple manufacturing processes compared to semiconductor-

based TE 118–121. 
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Among the most used polymers, there are Polypyrrole (PPy), Polyaniline (PANI), 

Polythiophene (PT), Poly(3,4-ethylenedioxythiophene), Polyacetylene (PA), 

shown in Figure 14, and their derivatives.  

 

 

Figure 14. Chemical structures of representative polymers for thermoelectric 

applications. 
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1.4 Transition metal dichalcogenides 

 

Despite the vast literature on TE materials, the main drawback  of these compounds 

remains their poor efficiency. However, as mentioned in paragraph 1.2, in the case 

of lower dimensions (2D, 1D, and 0D), new possibilities exist to optimize all TE 

parameters 68. 

The same chemical compound can exhibit drastically different properties depending 

on whether it is arranged in a 0D, 1D, 2D, or 3D structure. Although crystalline 0D, 

1D, and 3D structures are well studied, 2D hasn't attracted much interest until 

recently. Since the initial discovery of graphene in 2004, the research interest in 

these materials has been growing explosively in the last decade’s 122–125. 

Nanoscale layered 2D materials are emerging for their unique optical 126,127, 

electronic 128, catalytic 129, and mechanical 130 properties.  

In this scenario, the 2D layered materials attract currently a great deal of interest as 

promising TE materials 131-1345 In the vast range of 2D materials, transition metal 

dichalcogenides (TMDC) with lamellar structures similar to that of graphite have 

received significant attention because some of them are semiconductors with 

sizable bandgaps 136 and are naturally abundant. 

The properties of bulk TMDCs are different, ranging from insulators like HfS2 to 

semiconductors like MoS2 and WS2, to semimetals like WTe2 and TiSe2, to real 

metals like NbS2 and VSe2 
136. 

The stoichiometry of these materials is MX2, where M is a central transition metal 

atom, and X is the chalcogen atom (S, Se, or Te), as shown in Figure 15. These 

materials are arranged in a sandwich-like structure consisting of covalently bonded 

X-M-X stacked along the c-direction and weakly stabilized by vdW interaction.  
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Figure 15. The transition metals (M) and the three chalcogen (X) elements 

that predominantly crystallize in those layered structures are highlighted in the periodic 

table 137. 

 

1.4.1 Titanium disulphide 

 

Among the TMDCs, titanium disulphide (TiS2) has aroused great interest in the 

field of environmentally friendly TE materials. TiS2 is a promising candidate as n-

type TE material due to its advantages including low environmental impact, 

chemical stability, mechanical stiffness, and the composition of earth-abundant 

elements Ti and S 138–142. 

The unit cell of TiS2 consists of one atom of Ti and two of S and crystallizes with 

the 1T type structure of Cd(OH)2 (space group 𝑃3̅𝑚1) with cell parameters a = b ≠ 

c. Inside the cell, the Ti coordinates are at (0,0,0), and the two atoms of S a (1/3, 

2/3, z) and (2/3, 1/3, -z) with z = 0.25 143. 

TiS2 is a layered structure consisting of a hexagonally packed layer of metal atoms 

sandwiched between two layers of chalcogen atoms, as shown in Figure 16. The 

intralayer M-X bonds are predominantly covalent, which contributes to the low 

resistivity and high 𝑆. On the contrary, the sandwich layers interact through weak 

vdW forces, which guarantees a low 𝜅 144. 
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Figure 16. Crystal structure of 𝑃3̅𝑚1 −TiS2 (blue: Ti, yellow: S)  

a) side view; b) top view 

 

Owing to the layered structure with a rather large interlayer gap, intercalation into 

TMDC is easily achieved for fundamental studies as well as for the technological 

application 145,146. 

 

1.4.2 Intercalation and Exfoliation Chemistry 

 

As layered materials are weakly bonded by vdW forces, can be cleaved easily to 

nanosheets to fulfil their full potential, just like a graphite crystal is easily cleaved 

to form graphene. The resulting monolayer of TiS2 is called Ti sulphene147. The 

exfoliation of these materials in monolayers or structures with few layers preserves 

their properties and adds other appealing properties thanks to the quantum effects 

of confinement 148,149. 

The exfoliation can be achieved by mechanical processing 150 or by intercalation of 

various organic or inorganic molecules followed by suspension of the easily 

exfoliated phase in a suitable solvent 151,152.  

Intercalation is a chemical process to insert foreign species at the crystal gap 153,154, 

as illustrated in Figure 17.  

Over the years, intercalation layered materials have received a lot of attention in the 

physical and electrochemical energy devices of condensed matter 155-157. The most 

well-known electrochemical energy device using intercalation is the Li-ion 
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battery158–160, in which Li-ions are intercalated at the vdW gaps reversibly for 

charging and discharging. 

 

 

Figure 17. Schematic diagram for intercalation of a guest into TMDC layer materials. 

 

Due to its layered structure, the TiS2 compound is also prone to host in the vdW 

gap between S-Ti-S sandwiches a wide range of guest species, like monoatomic 

cations, molecular ions, and organic molecules 161–163. This provides a way of 

improving the TE properties, including the increased phonons' scattering, and the 

consequent hindering of 𝜅 164. On the other hand, the fabrication of this type of 

heterostructure is expected to also affect the electronic transport properties, due to 

chemical interaction with the matrix and variation of carrier concentration 165. The 

𝑆 and the 𝜎 of the TiS2 layered compounds can then be optimized through the 

change in charge carrier concentration, so 𝑃𝐹  can be potentially increased in a 

specified temperature range. Also, intercalated layers in the structure can 

potentially create disorder reducing the 𝜅𝐿. The overall 𝑍𝑇 value of the material can 

be potentially increased using intercalation. 

 

1.4.3 Inorganic/organic hybrid superlattices 

 

In the wide range of possible hosts, the intercalation with organic molecules has 

recently been the subject of numerous studies 162,164,166–168. 

TE devices in past years have been mostly based on inorganic compounds, yet 

hybrid TE materials have recently attracted a great deal of attention. The 

construction of inorganic/organic hybrids provides a lot of advantages. These 
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materials combine inorganic 𝜎  with typically organic flexibility and thermal 

resistivity 169. 

Another interesting feature of hybrid materials is the possibility to recover electrical 

energy directly from low temperature, a crucial advantage over inorganic ones 170.  

The exploitation of hybrid inorganic-organic materials could largely widen the 

spectrum of everyday applications. TE devices fed by the heat produced during 

metabolic processes are today considered a promising energy source for wearable 

electronics, such as fitness trackers, smartwatches, and medical sensors 171–174. 

Furthermore, the construction of inorganic/organic hybris produces a lot of 

advantages in enhancing TE performance through the interlayers as well as the 

intralayer interactions. 

Electronic carriers and phonons are confined in an inorganic layer sandwiched by 

two insulating organic layers. In particular, the confinement of electrons generates 

an increase in the DOS caused by the increase in effective mass, consequently 

generating a large 𝑆 . Instead, the phononic confinement limits their two-

dimensional movement with a consequent decrease in 𝜅. 

The inorganic layers and organic layers in a hybrid superlattice could form chemical 

bonds that are different from the weak vdW bond existing in a pristine compound. 

This bond formation would affect both electron and phonon transport. 

In conclusion, electrostatic interactions between carrier electrons (or holes) in an 

inorganic layer and cations (or anions) in organic layers would affect electron 

transport. Long-range interactions between phonons in an inorganic layer and the 

dipole moment of polar molecules in organic layers would affect the phonon 

transport 175.  
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PART 2: INTERCALATION OF 2D 

CHALCOGENIDES BY INORGANIC SPECIES 

 

2. Electronic properties of 2D transition metal 

dichalcogenides intercalated with metal interlayers  

 

2.1 Introduction 

 

In this chapter I present the computational investigations about the electronic 

structure of TiS2 and MoS2, two layered dichalcogenides that are widely 

investigated as promising 2D structures for the development of new TE materials. 

The adopted strategy is, as discussed in section 1.4, that of enhancing the 2D 

properties of these structures by intercalation of inorganic or organic species in the 

vdW gap between S-Me-S sandwiches. In this chapter the intercalation with Li, Ca, 

Ag, and Cu is investigated. 

The organization of the work includes an initial phase aimed at TiS2 to find the best 

parameters to be inserted in the Quantum Espresso input file to optimize the use of 

computing resources. The study continues with the analysis concerning the 

intercalation of the different species, to predict and understand the performance of 

the materials and to identify the best candidates for the development of TE devices. 

In the next chapter this computational study is integrated by a detailed investigation 

of the structural disorder induced by metal ion intercalation in the pristine host 

structure of a representative (Li-intercalated MoS2) dichalcogenide.  

 

2.2 TiS2 

 

The titanium disulphide TiS2 is one of the transition metals dichalcogenides that 

crystallizes in the 1T-type CdI2 structure (space group P-3m1), with nearly ideal 

octahedral coordination of the sulphur atoms about the titanium. The bulk TiS2 
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consists of S-Ti-S sandwiches, separated in the z-direction by the vdW gap, as 

illustrated in Figure 18. 

 

 

Figure 18. Schematic atomic geometry of layered 1T-TiS2. 

 

The diffraction pattern of TiS2 (Sigma-Aldrich), reported in Figure 19, was 

acquired, and analysed to obtain the crystallographic parameters necessary to have 

a starting point for the subsequent simulations.  

The analysis was performed with the Rietveld method 176,177 using the cif file in the 

"Crystallography open database" (www.crystallography.net) as a reference for the 

fitting. 

 

 

Figure 19 XRD pattern of TiS2. 
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The diffraction pattern shows only the peaks relating to the (001) family of TiS2, 

while the peaks with Miller indices h and k different from zero are absent or of 

negligible intensity. 

Indeed, the fitting procedure has shown that the diffraction peaks have different 

relative intensities from those of the reference cif file. This inconsistency is caused 

by the presence of preferential orientations which, in turn, may be due to the 

preparation of the sample for measurement, which was placed on a slide and was 

pressed to obtain a flat surface, as required by the Bragg-Brentano geometry of the 

diffractometer. This procedure can cause, in the presence of highly anisotropic 

crystallites, a not completely random distribution of the orientation of the 

crystallites and the consequent systematic error in the intensity of the diffraction 

peaks. The Rietveld method made it possible to obtain the lattice parameters and 

the atomic positions of the atoms, shown in Tables 1 and 2. 

 

Table 1. Lattice parameters, angles, and volume of the TiS2 cell. 

a (Å) b (Å) c (Å) c/a α β γ 

3.4076 Å 3.4076 Å 5.6904 Å 1.9434 90º 90º 120º 

 

Table 2. Atomic positions of the atoms inside the TiS2 cell, in fractional coordinates. 

 x y z 

Ti 0.0000 0.0000 0.0000 

S 0.3333 0.6667 0.2500 

S 0.6667 0.3333 -0.2500 

 

2.2.1 Determination of pseudopotentials and functionals 

 

To determine the best combination of pseudopotentials (PAW or USPP) and 

functionals (LDA, PBE, or PBEsol) for TiS2, a preliminary study was performed 

using a vc-relax calculation. The selection criterion was to favour the combination 

that produced the lattice parameters closest to those evaluated by the Rietveld fitting 

procedure. 
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From the output file processed using XCrysDen, a program that allows you to 

visualize molecular and crystalline structures, it was possible to obtain volumes and 

lattice parameters returned by the calculation. These parameters were subsequently 

compared with the experimental ones reported in Table 2, calculating the 

percentage error, as shown by Equation 13. 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟 (𝑒%) =  
|𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒|

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
 𝑥100      (13) 

 

The detailed analysis relating to the lattice parameters c and a returned by the output 

file are present in Table 3, while the c/a ratio and the volume are reported in Table 

4. 

 

Table 3. Values of c, a, and the relative e% as the pseudopotential and functional vary. 

 c e% a e% 

PAW_LDA 5.387 5.33 % 3.31 2.84 % 

PAW_PBE 6.131 7.75 % 3.42 0.28 % 

PAW_PBEsol 5.76 1.20 % 3.32 2.49 % 

USPP_LDA 5.39 5.34 % 3.31 2.83 % 

USPP_PBE 6.13 7.73 % 3.42 0.26 % 

USPP_PBEsol 5.76 1.22 % 3.32 2.49 % 

 

Table 4. Values of c/a, volume (V), and the relative e% as the pseudopotential and 

functional vary. 

 c/a e% V e% 

PAW_LDA 1.63 2.56 % 51.14 10.63 % 

PAW_PBE 1.79 7.45 % 62.00 8.35 % 

PAW_PBEsol 1.73 3.79 % 55.06 3.78 % 

USPP_LDA 1.63 2.59 % 51.15 10.62 % 

USPP_PBE 1.79 7.44 % 61.97 8.30 % 

USPP_PBEsol 1.73 3.80 % 55.07 3.76 % 
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When a PBEsol functional is used, both pseudopotentials show lower percentage 

errors. As regards the choice of the pseudopotential, it is evident that they do not 

influence the parameters under examination. Since the PAW pseudopotential is 

potentially more accurate, the subsequent calculations were performed using 

PBEsol-type functionals and PAW pseudopotential. 

 

2.2.2 Determination of the Hubbard value for Ti 

 

The same study, seen in the previous case, was carried out to obtain the best 

Hubbard (U) value for Ti, varying it from 0 eV to 3 eV. The trend of the percentage 

errors as the Hubbard parameter varies is shown in Figure 20. 

 

 

Figure 20. Trend of the percentage errors as the Hubbard parameter. 

 

It is evident that lower e% correspond to U=3 eV for c, c/a, and V, therefore an in-

depth study was carried out for Hubbard values around U=3 eV, which is in the 

range 2.5 eV and 3.5 eV, as shown in Table 5. 

Considering the discordant trends of the lattice parameters a and c, the values of 

e% relating to the volume, and considering that the value of e% is minimal when 
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the Hubbard parameter is set at 2.6 eV, it can be stated that U=2.6 eV is the most 

suitable choice. 

 

Table 5. Values of c, a, c/a, volume (V), and relative e% varying Hubbard from 2.5 eV to 

3.5 eV. 

 c e% a e% c/a e% V e% 

2.5 5.55 2.5 3.442 1.01 1.612 3.47 56.927 0.52 

2.6 5.649 0.73 3.444 1.06 1.64 1.78 58.021 1.39 

2.7 5.649 0.72 3.448 1.18 1.639 1.87 58.154 1.63 

2.8 5.65 0.71 3.451 1.28 1.637 1.96 58.278 1.84 

2.9 5.651 0.69 3.455 1.38 1.636 2.04 58.404 2.06 

3.0 5.652 0.68 3.458 1.47 1.634 2.12 58.518 2.26 

3.1 5.66 0.54 3.46 1.54 1.636 2.05 58.677 2.54 

3.2 5.662 0.49 3.463 1.63 1.635 2.1 58.813 2.78 

3.3 5.674 0.29 3.466 1.71 1.637 1.97 59.027 3.15 

3.4 5.677 0.24 3.469 1.81 1.636 2.01 59.173 3.41 

3.5 5.678 0.21 3.473 1.91 1.635 2.08 59.303 3.63 

 

2.2.3 Determination of the Cutoff energy  

 

Among the fundamental parameters for a calculation using Quantum Espresso, 

there are Ecutwfc, which indicates the kinetic energy cutoff of wave functions, and 

Ecutrho, which means that of charge density.  

Ecutwfc is to set the number of plane waves used to calculate the DFT. If the value 

is high for the calculation of plane waves, the accuracy of the calculation is 

improved, but it takes a longer time to calculate it. Thus, setting the maximum 

kinetic energy cutoff to adjust the number of plane waves accurately finds the 

balance point between the number of plane waves and the calculation time. 
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To obtain the correct value of the ecutwfc parameter, which defines the cutoff 

energy for the wave function, a convergence test was performed. A convergence 

test is a way of optimizing the input script for a simulation to use limited 

computational resources efficiently. It is essential to find a proper initial setting for 

research to decide the accuracy and reliability of the simulation. 

The values relating to the total energy of the system, as a function of cutoff, are 

shown in Figure 21. 

The system reaches convergence when ecutwfc has a value of 50 Ry. Having chosen 

pseudopotentials of the PAW type, the energy value of ecutrho, which represents 

the cutoff for the charge density, is by default equal to 4 times the value of ecutwfc. 

 

 

Figure 21. Variation of the total energy of the system as the ecutwfc varies. 

 

2.2.4 Determination of the Smearing and degauss 

 

DFT codes calculate the ground state electronic density using a scf cycle. Smearing 

the electronic structure was proposed to deal with band sloshing and to reduce the 

number of k-points required by accelerating the convergence of the band energy 

calculation concerning k-point density. Band sloshing typically occurs when there 

are many states near the Fermi level, that alternately shift above and below the 
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Fermi level in SCF cycles, resulting in the charge moving back and forth, never 

settling 178,179. 

The most suitable smearing function was then determined, among Gaussian, Fermi-

Dirac, Marzari-Vanderbilt, and Methfessel-Paxton, to treat the occupation of the 

states in the TiS2. 

Scf calculations were performed and the variation of the total energy of the system 

was studied as the degauss parameter varies, which governs the Gaussian spread 

for the various smearing functions, as shown in Figure 22. 

 

 

Figure 22. Variation of energy as the value of the Gaussian spread (degauss) varies for 

the various smearing functions. 

 

From Figure 22 it is possible to see how Marzari-Vanderbilt and Methfessel-Paxton 

are less dependent on the degauss value than the Fermi-Dirac and Gaussian 

functions; this ensures a stable trend of the total energy of the system and therefore 

allows for faster calculations and safer convergence. 

To understand which of the two systems was the best, the values and percentage 

errors of cell parameters c and a, c/a, and volume (V) were studied for Marzari-

Vanderbilt and Methfessel-Paxton in the range of degauss parameters between 0.01 
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and 0.05, where the curves undergo a rapid increase. The results of this study are 

reported in Tables 6 and 7. 

 

Table 6. Values and percentage errors of c, a, c/a, and V for Marzari-Vanderbilt varying 

degauss between 0.01 and 0.05. 

 c e% a e% c/a e% V e% 

0.01 5.649 0.73 3.444 1.06 1.640 1.78 58.022 1.40 

0.02 5.567 2.17 3.435 0.82 1.620 2.96 56.906 0.55 

0.03 5.604 1.52 3.424 0.47 1.637 1.98 56.882 0.59 

0.04 5.623 1.18 3.414 0.18 1.647 1.36 56.753 0.82 

0.05 5.625 1.15 3.412 0.13 1.648 1.28 56.714 0.89 

 

Table 7. Values and percentage errors of c, a, c/a, and V for Methfessel-Paxton varying 

degauss between 0.01 and 0.05. 

 c e% a e% c/a e% V e% 

0.01 5.699 0.15 3.443 1.05 1.655 0.89 58.520 2.27 

0.02 5.652 0.67 3.433 0.75 1.646 1.41 57.696 0.83 

0.03 5.637 0.94 3.425 0.50 1.646 1.44 57.253 0.05 

0.04 5.644 0.81 3.418 0.30 1.651 1.11 57.095 0.22 

0.05 5.653 0.65 3.411 0.11 1.657 0.76 56.973 0.44 

 

From the data appears that the lowest percentage errors are obtained for Marzari-

Vanderbilt with degauss 0.01, 0.02, and 0.05 and Methfessel-Paxton with degauss 

0.01, 0.03, and 0.05. 

Subsequently, it was decided to carry out an in-depth study for both types of 

smearing. The band gaps relating to the G-G transition, shown in Table 8, were 

compared with the experimental band gap reported in the bibliography equal to 0.48 

± 0.2 eV 180. 
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Table 8. Band gap (eV) related to the G-G transition of TiS2 with the Marzari-Vanderbilt 

smearing function (mv) and Methfessel-Paxton smearing function (mp). 

 mv mp 

0.01 0.48 0.59 

0.02 0.58 0.53 

0.03 0.47 0.73 

0.04 0.62 0.60 

0.05 0.65 0.63 

 

The table shows that the band gaps closest to the experimental data are Marzari-

Vanderbilt with 0.01 and 0.03 degauss and Methfessel-Paxton with 0.02 degauss. 

Among these, Marzari-Vanderbilt with 0.01 degauss was chosen. The Methfessel-

Paxton approach can cause problems in procedures such as displaying the DOS, as 

it can result in negative occupancy values 181. 

 

2.2.5 Lattice parameters 

 

A study related to the lattice parameters was then performed. Using scf calculations 

the parameters celldm(1), which corresponds, in Bohr units, to the cell parameter 

a, and celldm(3), corresponding to the ratio c/a, were calculated. The total energy 

of the system as celldm(1) and celldm(3) vary is shown in Figures 23 and 24. 

 

 

Figure 23. Variation of the total energy of the system as celldm(1) varies. 
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Figure 24. Variation of the total energy of the system as celldm(3) varies. 

 

The outcome of this analysis was that the energy minima occurred at 6.46 Bohr 

(3.42 Å) for celldm(1) and 1.66 for celldm(3). 

Subsequently, a structural optimization was performed, through the vc-relax 

calculation, which produced a slight modification in the cell parameters and the 

fractional atomic coordinates. The latter values are shown in Table 9. 

 

Table 9. Atomic positions of TiS2 resulting from the vc-relax calculation. 

 x y z 

Ti 0.000 0.000 0.000 

S 0.333 0.667 0.251 

S 0.667 0.333 -0.251 
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2.2.6 Determination of the electronic structure 

 

With the XCrysDen program, it was possible, using the output file of the vc-relax 

calculation, to visualize the first Brillouin zone of the P-3m1 space group, as shown 

in Figure 25, to identify the k-points with high symmetry, shown in Table 10, and 

select the reciprocal space path in which to represent the energy bands of TiS2. 

 

 

Figure 25. First Brillouin zone of TiS2, points of high symmetry, and path for the 

visualization of the bands in k-space. 

 

Table 10. Coordinates of high symmetry k-points in the first Brillouin zone of TiS2. 

 Cartesian coordinates 

Г 0.000 0.000 0.000 

M 0.000 0.500 0.000 

K -0.333 0.667 0.000 

Г 0.000 0.000 0.000 

A 0.000 0.000 -0.500 

L 0.000 0.500 -0.500 

H -0.333 0.667 -0.500 

A 0.000 0.000 -0.500 

 

Finally, the electronic band structure and the DOS of TiS2 were constructed, as 

shown in Figure 26. 
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Figure 26. Band electronic structures, the total DOS of TiS2, and the projected DOS on 

the states specified in the legend. 

 

For both graphs, the ordinate axis shows the values of the difference between the 

band energy and the Fermi energy expressed in eV, while the abscissa axis for the 

graph on the left shows the sequence of k points, and for the graph on the right the 

DOS in relative scale. The absolute maximum of the valence band is in Γ, while the 

absolute minimum of the conduction band is at points L and M as shown in the 

graph relating to the electronic band structure. 

From the graph relating to the DOS, it is possible to observe that, as expected, the 

3p orbitals of sulphur prevail in the valence band while the 3d orbitals of titanium 

prevail in the conduction band. 
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2.3 Ti4S8 supercell 

 

The TiS2 supercell (Ti4S8), shown in Figure 27, was constructed by doubling the 

lattice parameters a and b, obtaining a 2x2x1 supercell. The celldm(1) and the 

celldm(3) assume the values 12.92 Bohr (6.83 Å) and 0.83 respectively. 

 

 

Figure 27. Ti4S8 supercell  

 

The electronic band structure and the DOS of Ti4S8 are shown in Figure 28. 

 

 

Figure 28. Band electronic structures, the total DOS of Ti4S8, and the projected DOS on 

the states specified in the legend. 
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Comparing Figure 28 with Figure 26 it is evident that the number of bands of the 

supercell is greater than that of the single cell of TiS2, a consequence of the fact that 

in the case of the supercell, there is a greater number of atoms. The band gaps of 

the two systems are similar, as well as the DOS. 

 

2.4 Intercalation of metals inside the Ti4S8 supercell 

 

The simulation of the doping of a periodic structure requires the introduction in the 

calculations of a supercell, which will be the larger the smaller the stoichiometric 

coefficient of the dopant. In the case of TiS2, the doping takes place by intercalation 

of the dopant species in the vdW gap between the S-Ti-S triple layers. In the 

supercell 2x2x1 it is possible to introduce a metal every four titans, obtaining a 

composition M0.25TiS2, shown in Figure 29a, or two intercalating metals every four 

titans, of composition M0.50TiS2, shown in Figure 29b. 

 

 

Figure 29. Structure of M0.25TiS2 (a) and M0.50TiS2 (b). 

 

2.4.1 Supercells of Li0.25TiS2 and Li0.50TiS2 

 

Lithium was intercalated between the layers of the 2x2x1 supercell of TiS2, in a 

ratio of 1:4 and 1:2 concerning titanium, to obtain supercells of Li0.25TiS2 and 

Li0.50TiS2 composition. 

For both structures, a study concerning the variation of the total energy with 

celldm(1) and celldm(3) was conducted. In the case of Li0.25TiS2 the celldm(1) and 
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the celldm(3) assume the values 12.93 Bohr and 0.84 respectively; for Li0.50TiS2 

the respective values are celldm(1)=12.92 Bohr and celldm(3)=0.83. The electronic 

structure and the related DOS of Li0.25TiS2 are shown in Figure 30. 

 

 

Figure 30. Band electronic structures, the total DOS of Li0.25TiS2, and projected DOS on 

the states specified in the legend. 

 

In the intercalated compound, unlike what occurs in TiS2, the Fermi level cuts some 

bands of the conduction region, so determining metallic conduction properties for 

Li0.25TiS2. The DOS graph also shows, as in the case of non-intercalated TiS2, that 

the 3p orbitals of sulphur prevail in the valence bands, while the 3d orbitals of 

titanium prevail in the conduction region. The variations that occur in the electronic 

structure of the intercalated compound concerning TiS2 is attributed to a charge 

transfer from lithium to TiS2, giving rise to Li+ upon intercalation, rather than to the 

formation of covalent Li-S bonds 182. 

By changing the composition, a similar study was conducted for the Li0.50TiS2 

supercell, which produced the results described below. The electronic structure and 

the related DOS of Li0.50TiS2 are shown in Figure 31. 
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Figure 31. Band electronic structures, the total DOS of Li0. 50TiS2, and projected DOS on 

the states specified in the legend. 

 

Comparison of Figure 31 with Figure 30 shows that some bands move further below 

the Fermi level. On the other hand, only minor changes can be recognized in the 

band structure and in the DOS distribution, confirming for Li0.50TiS2 the charge 

donation  of to the TiS2 matrix and the prevalence of S-3p orbitals in the region of 

the valence bands and of Ti-3d orbitals in the conduction region.  

 

2.4.2 Supercells of Ca0.25TiS2 and Ca0.50TiS2 

 

The same procedure applied to the previous supercells was rried out for Ca0.25TiS2 

and Ca0.50TiS2. In the case of Ca0.25TiS2 celldm(1)=12.92 Bohr and celldm(3)=0.90; 

for Ca0.50TiS2 these values are 13.00 Bohr and 0.90, respectively. 

The electronic structure and the DOS and pDOS of Ca0.25TiS2 are shown in Figure 

32. 
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Figure 32. Band electronic structures, the total DOS of Ca0.25TiS2, and projected DOS on 

the states specified in the legend. 

 

The analysis of the bands in Figure 32 and comparison with the electronic structure 

of pristine TiS2 (Figure 28) shows that the intercalated calcium alters the electronic 

structure of TiS2, as can be seen from the accumulation of bands beyond the energy 

of ~3 eV and from a sizeable lowering of the energy of states, leading to the 

intersection of some energy bands with the Fermi level. Once more, the DOS 

evidences a greater contribution of the 3s orbitals of sulphur in the region of the 

valence bands and of the 3d orbitals of titanium for the conduction ones; the 

contribution of the orbitals of calcium is not visible in the range considered. 

The next step was to consider the Ca0.50TiS2 supercell. The electronic structure and 

DOS and pDOS of Ca0.50TiS2 are shown in Figure 33. 
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Figure 33. Band electronic structures, the total DOS of Ca0. 50TiS2, and projected DOS 

on the states specified in the legend. 

 

The calculated bands accumulate towards the Fermi level, which cuts several bands; 

a small band gap can be recognized at the G-G transition. Overall, the DOS shows 

a high number and a continuity of occupied states at the Fermi level; also in this 

case, the 3d orbitals of titanium prevail in the valence bands and the 3p of sulphur 

in the conduction region. 

 

2.4.3 Supercells of Ag0.25TiS2 and Ag0.50TiS2 

 

In the case of Ag0.25TiS2 the celldm(1) and the celldm(3) assume the values 12.95 

Bohr and 0.86, respectively; for Ag0.50TiS2, celldm(1)=13.00 Bohr and celldm(3)= 

0.89. The electronic structure and the DOS of Ag0.25TiS2 are shown in Figure 34. 
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Figure 34. Band electronic structures, the total DOS of Ag0.25TiS2, and projected DOS on 

the states specified in the legend. 

 

The presence of silver drastically modifies the electronic structure of TiS2. From 

inspection of Figure 34 and comparison with Figure 28 it is observed that 

conduction bands accumulate beyond 3 eV and a general lowering of energies 

determine the intersection of some bands with the Fermi level; a small direct gap is 

present at point A. From the DOS relative to the valence bands, the contributions 

of the 3d orbitals of titanium, the 3p orbitals of sulphur, and the 4d orbitals of silver 

are all significant, while in the conduction bands the contribution of the 3d orbitals 

of Ti prevail. 

The next step was to consider the Ag0.50TiS2 supercell. The electronic structure and 

the DOS of Ag0.50TiS2 are shown in Figure 35. 
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Figure 35. Band electronic structures, the total DOS of Ag0. 50TiS2, and projected DOS on 

the states specified in the legend. 

 

Compared to the results relative to Ag0.25TiS2 (Figure 34), Figure 35 shows a greater 

number of bands and a shift of energy levels to lower values with respect to the 

Fermi level. Concerning the DOS, the contributions of the 3d orbitals of titanium, 

the 3p orbitals of sulphur, and the 4d orbitals of silver are significant in the valence 

bands. Also in this case, in the conduction region the contribution of the 3d orbital 

of Ti prevails and a small A-A gap can be observed in the valence energy region. 

 

2.4.4 Supercells of Cu0.25TiS2 and Cu0.50TiS2 

 

The celldm(1) and the celldm(3) values of Cu0.25TiS2 are 12.92 Bohr and 0.83 

respectively, while the corresponding parameters relative to Cu0.50TiS2 are 13.00 

and 0.83 Bohr. The band structure and the DOS of Cu0.25TiS2 are shown in Figure 

36. 
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Figure 36. Band electronic structures, the total DOS of Cu0.25TiS2, and projected DOS on 

the states specified in the legend. 

 

Also, for Cu0.25TiS2, as for the silver-intercalated samples, the Fermi level cuts the 

conduction bands. The pDOS evidence a prevalence of the 3d orbitals of titanium 

in the conduction band, while in the valence bands there is a prevalence of the 3p 

orbitals of sulphur. In the considered energy range, the contribution of copper is 

visible in the valence bands. The variation that the presence of copper causes in the 

electronic structure of TiS2 is attributed to a charge transfer from intercalated copper 

to TiS2 
183. 

The electronic structure and the DOS of Cu0.50TiS2 are shown in Figure 37. 



~ 64 ~ 

 

Figure 37. Band electronic structures, the total DOS of Cu0. 50TiS2, and projected DOS 

on the states specified in the legend. 

 

With respect to Cu0.25TiS2, in the reported energy range there are a greater number 

of bands and a slight lowering of energy levels. This latter rearrangement 

determines the overcome of the small gap that can be recognized at point A in 

Cu0.25TiS2 (Figure 36), so that the whole range of energies of Cu0.50TiS2 below the 

Fermi level is constituted by occupied states.  

 

2.4.5 Bader charges 

 

To quantitatively evaluate the charge transfer from intercalant metals to host TiS2, 

put forth in the above quoted analyses and in some literature papers 182,183, the 

electron densities (in the form of Bader charges) of pristine TiS2 and of the different 

intercalated compounds are reported in Table 11 for the Me0.25TiS2 stoichimetries 

and in Table 12 for the Me0.25TiS2 compositions. Actually, the Bader charge 

analysis substantiates a transfer of electronic charge to the inorganic scaffold which 

increases with the concentration of the intercalated metal.  
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Table 11. Bader charges of TiS2 and of the respective intercalation compounds with Li, Ca, 

Ag, and Cu with Me0.25TiS2 stoichiometry. 

 TiS2 Li0.25TiS2 Ca0.25TiS2 Ag0.25TiS2 Cu0.25TiS2 

Ti 10.26 10.27 10.31 10.26 10.30 

S 6.87 6.97 7.02 6.93 6.92 

Me - 2.13 8.52 10.54 10.47 

 

Table 12. Bader charges of TiS2 and of the respective intercalation compounds with Li, Ca, 

Ag, and Cu with Me0.50TiS2 stoichiometry. 

 TiS2 Li0.50TiS2 Ca0.50TiS2 Ag0.50TiS2 Cu0.50TiS2 

Ti 10.26 10.31 10.42 10.32 10.36 

S 6.87 7.064 7.11 6.95 6.95 

Me - 2.12 8.73 10.56 10.47 

 

2.4.6 Conclusions 

 

The presence of lithium and calcium in the vdW gap of TiS2 causes an energy shift 

of the electronic bands, which intersect the Fermi level and determine the metallic 

character of electronic conduction in the intercalated compounds. By increasing the 

concentration of intercalants, the energy bands are generally lowered with respect 

to the Fermi level, determining a metallic conduction character. 

Silver intercalation causes a drastic variation in the electronic structure of pristine 

TiS2. As the concentration of Ag increases, the bands of the conduction region tend 

to accumulate towards the Fermi level.  

The intercalation of Cu was also investigated and evidenced, like Ag, the 

intersection of the conduction bands with the Fermi level. As concerns in particular 

Cu0.50TiS2, the energy range below the Fermi energy is entirely covered by occupied 

states, so enhancing the metallic character of the intercalated compound. 

In comparison with the first and second group intercalants, the transition metals 

cause a definite variation of the electronic structure of TiS2. Lithium does not 

contribute to the density of electronic states of TiS2, while calcium contributes 

minimally with p-orbitals. Even if belonging to the same group, Cu and Ag behave 

slightly differently. Actually, comparison between Figures 35 and 37, relating 
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respectively to Ag0.50TiS2 and Cu0.50TiS2, show that, beside the above cited 

intersection between valence and conduction energy bands, leading to overcome 

energy gaps in the whole reported energy range, the contribution of the Cu-d 

orbitals to the total DOS is larger. 

The results obtained demonstrated that the insertion of metals in the vdW gap of 

TiS2 determines the metallic conduction character of the compounds under 

consideration. The evaluation of how much the concentration of charge carriers 

affects the ZT and PF parameters, remains a matter of further computational 

simulations and experimental determination. 

 

2.5 MoS2 and Li intercalation 

 

The crystal structure of molybdenum disulphide (MoS2) takes the form of a 

hexagonal plane of S atoms on either side of a hexagonal layer of Mo atoms, as 

shown in Figure 38. The sulphur planes stack on top of each other, determining a 

prismatic coordination of molybdenum. Referring to the projection of the Mo and 

S atoms onto the (a,b) basal plane, the sequence along c of the S and Mo layers can 

be represented as AbA BaB AbA and so on, where the upper-case letters are relative 

to sulphur and the lower-case to Mo. The structure is characterized by strong 

covalent bonds between the Mo and S atoms, and by weak vdW forces holding 

together the triple layers S-Mo-S. 
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Figure 38. Crystal structure of MoS2. 

 

To obtain the best value of the parameters to insert in the Quantum Espresso input 

file, an initial study like the one performed for TiS2 was performed. 

The value relating to the energy for the wave function (ecutwfc) was found to be 

equal to 60 Ry, while the cutoff for the charge density (ecutrho) was 480 Ry. The 

determined celldm(1) and the celldm(3) values are 5.78 Bohr and 4.21, respectively. 

A structural optimization, performed through the vc-relax calculation, produced a 

slight modification in the cell parameters and the fractional atomic coordinates. 

These latter values are shown in Table 13. 

 

Table 13. Atomic positions of MoS2 resulting from the vc-relax calculation. 

 x y z 

Mo 0.333 0.667 0.250 

Mo 0.667 0.333 0.750 

S 0.333 0.667 0.6266 

S 0.667 0.333 0.3734 

S 0.333 0.667 0.8734 

S 0.667 0.333 0.1266 

 

Table 14 details the reciprocal path used to represent the MoS2 energy bands. 
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Table 14. Coordinates of high symmetry k-points in the first Brillouin zone of MoS2. 

 Cartesian coordinates 

Г 0.000 0.000 0.000 

M 0.500 0.000 0.000 

K 0.333 0.333 0.000 

Г 0.000 0.000 0.000 

A 0.000 0.000 0.500 

L 0.500 0.000 0.500 

H 0.333 0.333 0.500 

A 0.000 0.000 0.500 

 

The electronic band structure and the relevant DOS are shown in Figure 39. The 

calculated indirect band gap is equal to 1.19 eV. 

 

Figure 39. Band electronic structures, the total DOS of MoS2, and the projected DOS on 

the states specified in the legend. 

 



~ 69 ~ 

The conduction band minimum lies midway between the Г and K points, while the 

valence band maximum is at Г.  

The DOS can be divided into two parts: below the Fermi energy, whre the 

equivalent contributions of S-3p and the Mo-4d orbitals can be recognized, and 

above the Fermi energy, where the main contribution is due to the 4d orbital of Mo. 

In the case of MoS2, the lithium intercalation simulation was carried out by allowing 

the insertion of Li in correspondence to each molybdenum. This model didn't 

request the introduction in the calculation of a supercell. In fact, it was considered 

the possibility that lithium intercalates every two S-Mo-S sandwiches, giving rise 

to the Li0.50MoS2 composition shown in Figure 40a, while the full intercalation, 

corresponding to the LiMoS2 stoichiometry, is shown in Figure 40b.  

 

 

Figure 40. Crystal structure of a) Li0.50MoS2 and b) LiMoS2. 

 

The lithium intercalation modifies the distance between the layers. For this reason, 

for both structures, a study concerning the energy convergence of celldm(1) and 

celldm(3) parameters was conducted. In both cases the celldm(1) assumes the value 

5.78 Bohr, while celldm(3) resulted as 4.51 in Li0.50MoS2 (Figure 41a) and 4.71 in 

LiMoS2 (Figure 41b).  
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a 

 

b 

 

Figure 41. Variation of the total energy of the system as celldm(3) varies.  

a) Li0.50MoS2; b) LiMoS2 

 

The electronic structure of Li0.50MoS2 is reported in Figure 42. 
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Figure 42. Band electronic structures of Li0.50MoS2. 

 

As shown in Figure 42, the Fermi level intersects the conduction energy region, 

unlike what occurs in pristine MoS2, so determining the metallic conduction 

character of Li0.50MoS2.  

A similar study was conducted for LiMoS2, producing the results described below. 

The electronic structure of LiMoS2 is shown in Figure 43. 
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Figure 43. Band electronic structures of LiMoS2. 

 

Compared to the previous case, the only difference is the greater shift of the bands 

below the Fermi level. Like in the TiS2 intercalated compounds, the variations that 

occur in the electronic structure of Li0.50MoS2 and LiMoS2 may be due to a charge 

transfer from lithium to MoS2. 
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3. Modelling the structural disorder in trigonal-

prismatic coordinated transition metal 

dichalcogenides  

 

3.1 Introduction 

 

In this chapter it is investigated the disorder introduced in the structure of pristine 

MoS2 because of the intercalation of lithium in the vdW gap between the S-Mo-S 

sandwiches. This insertion has obvious effects in varying the density of carriers and 

as discussed in section 2.5, the conduction properties of the material, that change 

from semiconductive to metallic. However, the presence of lithium has a further 

interesting effect, that is the introduction of structural disorder hindering the phonon 

transport and limiting the 𝜅𝐿. Then, the chapter is devoted to a detailed analysis of 

the structural disorder in lithium-intercalated MoS2. 

Trigonal-prismatic coordinated TMDC are formed from stacked (chalcogen)-

(transition metal)-(chalcogen) triple layers, where the chemical bond is covalent 

within the triple layers, while vdW forces are effective between the layers. Bonding 

is at the origin of the great interest of these compounds, as 2D materials are involved 

in applications ranging from catalysis, electronics, photoelectronic, sensors, 

batteries, and thermoelectricity. In this chapter the issue is addressed of modelling 

the structural disorder in multilayer TMDCs. The structural model takes into 

account stacking faults, correlated displacement of atoms, and average crystallite 

size/shape and is assessed by simulation of the XRD pattern and fitting to the 

experimental data relative to a powdered sample of MoS2 exfoliated and restacked 

via lithiation. From fitting, an average size of about 50 Å, nearly spherical 

crystallites, and a definite probability of deviation from the fully eclipsed atomic 

arrangement present in the ordered structure, are determined. The increased 

interlayer distance and correlated intralayer and interlayer atomic displacement is 

attributed to the presence of lithium intercalated in the vdW gap between triple 

layers (Li/Mo molar ratio of about 0.06). The model holds for the whole class of 
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trigonal-prismatic coordinated TMDCs and is suitably flexible to take into account 

different preparation routes.  

The literature on the structure of disordered systems is rooted in the early decades 

of the last century 184–186 but has received a great enhancement in the recent time 

frame from the recognition of the peculiar functional properties deriving from 

electronic confinement in 2D materials 187. This renewed interest started with the 

pioneering paper on graphene by Novoselov et al. 188 which was followed by a huge 

scientific production, but involves today a plethora of different compounds 

characterized by a strong bond inside 2D structural units and by a weak interaction 

between them. Among this latter class, triple-layer TMDCs, constituted of a 

transition metal sheet (mostly from groups 4-7 and in particular Ti, Nb, Ta, Mo, W, 

Re) sandwiched between two chalcogen layers (S, Se, Te) and kept bound by 

covalent metal-chalcogen interactions are involved in applications ranging from 

catalysis, electronics, photoelectronic, sensors, batteries, thermoelectricity 188-190. 

The 2D nature of these compounds can be exploited by suitable ways of preparing 

monolayer films, obtained by top-down procedures such as mechanical or liquid-

phase exfoliation, or by bottom-up techniques, such as CVD or PVD. 

The structure and defectivity of mono- or few-layer TMDC films were mostly 

investigated by spectroscopy, microscopy, and computational approaches 191–195. A 

few papers report on structural analyses carried out by simulation of the total XRD 

powder pattern 196,197; in particular, Pakharukova et al. 198 stress that the presence 

of a noticeable concentration of structural defects determines a significant size 

underestimation with respect to electron microscopy approaches. 

Multilayer TMDCs can be obtained by various bottom-up procedures, mostly 

chemical 199–202, but also by top-down routes such as mechanical grinding of bulk 

samples or exfoliation-restacking. In the latter technique, the exfoliation step can 

be achieved by mechanical processing 203, or by intercalation of various organic or 

inorganic moieties in the vdW gap between the 2D TMDC bricks followed by 

suspension of the easily exfoliated phase in a suitable solvent; the successive 

restacking step can be achieved by drying the suspension and eventually baking 197. 

The outcome of most of these procedures consists of a disordered stacking of the 

2D metal-chalcogen slabs. Also, electrochemical 204 or vacuum heating 
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deintercalation can be a source of stacking disorder. A recent comprehensive review 

of the synthesis and characterization of nanostructured TMDCs is given by 

Phalswal et al. 205.  

Spectroscopies and microscopies are exploited for the characterization of multilayer 

TMDCs as well, but several studies involving the careful analysis of diffraction 

patterns are also documented and give valuable and detailed information about the 

actual atomic arrangement of the investigated samples. In particular, are worth of 

citation: i. the early papers by Frindt and coworkers 196,206–208, which report EXAFS 

experimental analyses and numerical simulations of the XRD patterns of single, 

few layers and restacked MoS2 and WS2 samples, and ii. the atomic pair distribution 

analyses (PDF) performed on MoS2 and WS2 by different groups over a wide time 

span 209–213. 

An overview of this literature shows that, according to the preparation routes and 

the exploited experimental techniques, different atomic arrangements are described, 

ranging from: i. metastable octahedral coordination in monolayers whereas the bulk 

specimens are trigonal-prismatic; ii. fullerene-like or multiwalled nanotubes 

keeping the local sheet arrangement of planar structures; iii. turbostratic stacking; 

iv. zig-zag chains of metal-metal bonds; v. stacking faults. A mixture of different 

sources of the disorder is often allowed. 

This chapter, in particular, is focussed on trigonal-prismatic coordination in 

multilayered TMDCs, having as intensively investigated compounds MoS2 and 

WS2. The approach consists of the formulation of a general structural model, 

described in the next Section 3.3, accounting for structural disorder and size 

distribution; the simulation of the diffraction pattern and its fitting to experimental 

data (in Section 3.5). As an experimental counterpart (details on sample preparation 

and characterization techniques are given in Section 3.4), a specific sample of MoS2 

is investigated, obtained by dibutyl lithium reaction with ground commercial MoS2, 

followed by exfoliation-restacking of 2D triple-layer units. In Section 3.6. the 

significance of some features of the model is discussed; Sections 3.7 and 3.8 deal 

with structural aspects described in the literature, and in particular with turbostratic 

(in Section 3.7) and octahedral arrangement (in Section 3.8). 

3.2 The model 
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The description of the structural model of MoS2 encompasses i. the stacking 

sequences of the S-Mo-S sandwiches; ii. the uncertainty in the relative position of 

atoms belonging to the same layer and different nth-neighbouring layers; iii. shape 

and size distribution of the crystallites; iv. simulation and fitting of the powder 

pattern. 

 

3.2.1 Stacking sequences 

 

The model assumes that the structural units of MoS2 are S-Mo-S sandwiches 

stacked in disordered sequences, fulfilling the constraint of close packing between 

facing sulphur layers and keeping the same average spacing between the triple 

layers, irrespective of the close packing sequence. The coordination polyhedral are 

edge-sharing MoS6 trigonal prisms, as depicted in Figure 44. The stacking of these 

units gives rise to the three-dimensional MoS2 structure. 

 

 

Figure 44. Two-dimensional network of edge-sharing MoS6 trigonal prisms. 

 

Figure 45 shows the available positions of sulphur and molybdenum with respect 

to the (a,b) axes of the reference hexagonal frame. According to the trigonal-

prismatic coordination, the sulphur-molybdenum-sulphur atomic layers can 

respectively occupy, with reference to the cell depicted in Figure 45, the positions 

AbA, AcA, BaB, BcB, CaC, CbC, where the capital letters refer to sulphur and 

lower-case to molybdenum. 
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Figure 45. (a,b) section of the MoS2 hexagonal frame. The allowed Mo and S projections 

onto the (a,b) plane are indicated; for the sake of clarity, the metal sites are cited in the 

text with lower-case lettering. 

 

The ideal bulk structure of MoS2 (P63/mmc) corresponds to the sequence AbA-

BaB-... (i.e. AA’ sequence,  according to the formalism corresponding to fully 

eclipsed atoms 214–216), but the AbA-BcB-CaC... polytype (i.e. space group R3m  

217), with partially staggered atoms (i.e. AB sequence 215) is also described.  

Due to the vdW weak interaction between neighboring layers, different synthetic 

routes result in similar diffraction patterns characterized by faulted stacking of the 

chalcogen-metal-chalcogen layers. This disorder has been associated to 

modification of electronic structure and to fine tuning of functional properties in a 

number of published papers. 

The modelization of stacking faults was carried out within the formalism of 

Kakinoki & Komura 218, i.e. considering the stacking of the triple layers as a 

Markov chain, where the n-th step influences in a probabilistic sense the (n+1)-th 

event. Making reference to the position of metals and chalcogens drawn in Figure 

45, the relevant stochastic matrix is defined in Equation 14  
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𝐏 =

[
 
 
 
 
 
 

       𝐴𝑏𝐴   𝐵𝑐𝐵    𝐶𝑎𝐶   𝐴𝑐𝐴    𝐵𝑎𝐵   𝐶𝑏𝐶
𝐴𝑏𝐴      0         𝛼         𝛽         0         𝛾         𝛿         
𝐵𝑐𝐵      𝛽         0         𝛼         𝛿         0         𝛾         
𝐶𝑎𝐶      𝛼         𝛽         0         𝛾         𝛿         0         
𝐴𝑐𝐴      0         𝛿         𝛾         0         𝛽         𝛼         
𝐵𝑎𝐵      𝛾         0         𝛿         𝛼         0         𝛽         
𝐶𝑏𝐶      𝛿         𝛾         0         𝛽         𝛼         0         ]

 
 
 
 
 
 

                                            (14) 

 

where ∑ 𝑃𝑖𝑗𝑗 = 1, so that the four parameters of Equation (14) are constrained with, 

for instance, 𝛿 = 1 − (𝛼 + 𝛽 + 𝛾).  The case =1 corresponds to the ordered 

structure in the P63/mmc space group. 

The intensity equation worked out by Kakinoki & Komura 218 was modified to get 

the spherical average in the reciprocal space suitable to be fitted to the experimental 

data: 

 

𝐼𝑘𝑙𝑚(𝑞) = ∑𝑓𝑖 𝑝𝑖𝑗
𝑚 𝜇(𝐭𝑘𝑙𝑚

𝑖𝑗
)
𝑠𝑖𝑛2𝜋𝑞|𝐭𝑘𝑙𝑚

𝑖𝑗
|

2𝜋𝑞|𝐭𝑘𝑙𝑚
𝑖𝑗

|
                                                             (15)

𝑖,𝑗

 

 

where: 

- the sums over i and j run over the six events heading the rows and columns 

of Equation (14). 

- 𝑝𝑖𝑗
𝑚 are the elements of the m-th power of 𝐏, (𝐏)𝑚, which is still stochastic. 

- 𝑓𝑖 are the frequencies of existence of the i-th event, bound by the linear and 

homogeneous system ∑ 𝑓𝑗𝑃𝑗𝑖𝑗 = 𝑓𝑖; by symmetry, 𝑓𝑖=1/6. 

- 𝐭𝑘𝑙𝑚
𝑖𝑗

= 𝑘𝐚 + 𝑙𝐛 + 𝑚𝐜 are the distance vectors between an atom belonging to 

the i-th type triple layer and an atom belonging to the j-th, m steps ahead in 

the c direction; then, the index m is relative to the vertical component of the 

interatomic vector, while the indexes kl scan the horizontal component 

parallel to the (a,b) plane. 

- 𝜇(𝐭𝑘𝑙𝑚
𝑖𝑗

) is the multiplicity of the 𝐭𝑘𝑙𝑚
𝑖𝑗

 interatomic distance, calculated as 

1

𝑣
∫ 𝐝𝐫𝜙(𝐫 + 𝐭𝑘𝑙𝑚

𝑖𝑗
)

𝑉
𝜙(𝐫) 219, where v is the volume of the triple layer unit 

cell, V  is the volume common to the shape function 𝜙(𝐫) (𝜙(𝐫) = 1 inside 
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the crystallite, 𝜙(𝐫) = 0 outside), taking into account that chalcogens are 

twice the number of metals. 

- 𝐼𝑘𝑙𝑚(𝑞) represents the contribution to the total intensity coming from the 

interference, averaged over all the allowed i, j couples of layers, of two atoms 

joined by the distance vector 𝐭𝑘𝑙𝑚
𝑖𝑗

. 

- the overall scattering intensity (vide infra) is given by the sum of all terms 

like Equation (15), weighted by the respective atomic factors of the atoms 

joined by the 𝐭𝑘𝑙𝑚
𝑖𝑗

 interatomic distance. 

 

3.2.2 Size/shape 

 

The possible shape anisotropy of the crystallites was taken into account assuming 

that the shape function 𝜙(𝐫) is relative to a spheroid 219, that is, an ellipsoid with 

two different axes, 𝑟∥ parallel to the (a,b) plane and 𝑟⊥ parallel to c. The model 

allows also for size distribution, if all the crystallites have the same shape, but for a 

proportionality factor; it is assumed that the size distribution is governed by a 

simple exponential law, so that the distance multiplicity is given by the weighted 

sum of terms corresponding to spheroidal crystallites from a minimum to a 

maximum size: 

 

𝜇𝐴𝑉(𝐫) =
1

휂
∑ 𝑅𝑖

2𝑒𝑥𝑝[−𝜉𝑅𝑖]𝜇𝑖(𝐫)
𝜈

𝑖=1
                                                                       (16) 

 

where 𝑅𝑖 =
𝑖

𝜈
[𝑟∥,𝑚𝑎𝑥

2 ⋅ 𝑟⊥,𝑚𝑎𝑥]
1/3

,  𝜇𝑖(𝐫)  is the distance multiplicity of the i-th 

allowed spheroid size, corresponding to  𝑟∥,𝑖 = (𝑖/𝜈) ⋅ 𝑟∥,𝑚𝑎𝑥  and 𝑟⊥,𝑖 = (𝑖/𝜈) ⋅

𝑟⊥,𝑚𝑎𝑥, and 휂 = ∑ 𝑅𝑖
2𝑒𝑥𝑝[−𝜉𝑅𝑖]

𝜈
𝑖=1 ;  is the number of allowed spheroid sizes, and 

r represents the generic distance between atoms. Explicit mathematical form for r 

and i is given above, in Section 3.3.1. 

Size and stacking sequences are decoupled, that is, it is assumed that the 

probabilities defined in Equation (15) hold on the average for the whole sample, no 

matter of the size of crystallites. 
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3.2.3 Uncertainty in the relative position of atoms 

 

As will be shown in the next section, the experimental evidence seems to suggest 

that the relative position of atoms is affected by an uncertainty and that this 

uncertainty propagates as a function of the distance; then, a correlated displacement 

of atoms from the ideal crystallographic positions is effective. The formalism, 

initially worked out by Hosemann 186 for polymeric materials and called “ideal 

paracrystal”, was applied also to inorganic samples 220,221. According to the theory, 

the mutual position of atom is not given by a delta function, but rather by a gaussian 

distribution, the width of which increases linearly with the distance between atoms:  

 

𝜑𝐭𝑘𝑙𝑚
(|𝐫|) = 𝜎𝐭𝑘𝑙𝑚

−3 (2𝜋)−3/2𝑒𝑥𝑝[−|𝐫|2/2𝜎𝐭𝑘𝑙𝑚

2 ]                                                       (17) 

 

The model allows for the possibility that the intra-layer distribution could be 

different from the inter-layer one: 

 

𝜎𝐭𝑘𝑙𝑚
= 𝜎∥ ⋅ |𝐭𝑘𝑙𝑚|/|𝐭0|,   𝑚 = 0                                                                               (18𝑎) 

𝜎𝐭𝑘𝑙𝑚
= 𝜎⊥ ⋅ |𝐭𝑘𝑙𝑚|/|𝐭0|,   𝑚 ≠ 0                                                                               (18𝑏) 

 

where |t0| is a unit reference length. 

The Fourier transform of (26):  

 

Φ𝐭𝑘𝑙𝑚
(|𝐪|) = 𝑒𝑥𝑝[−|𝐪|2𝜎𝐭𝑘𝑙𝑚

2 ]                                                                                    (18) 

 

enters as a multiplication factor in the intensity terms defined in Equation (15) 219-

224. 
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3.2.4 The overall model intensity I(q)  

 

The assembly of all the above-described features yields the total model intensity:  

 

𝐼(𝑞) = ∑휁𝜅휁𝜆 ∑∑ 𝑓𝑖  𝑝𝑖𝑗
𝑚Φ𝐭𝑘𝑙𝑚

𝑖𝑗,𝜅𝜆(𝑞) 𝜇𝐴𝑉(𝐭𝑘𝑙𝑚
𝑖𝑗,𝜅𝜆

)
𝑠𝑖𝑛2𝜋𝑞|𝐭𝑘𝑙𝑚

𝑖𝑗,𝜅𝜆
|

2𝜋𝑞|𝐭𝑘𝑙𝑚
𝑖𝑗,𝜅𝜆

|
𝑘𝑙𝑚

                    (19) 

𝑖,𝑗𝜅𝜆

 

 

The sum over  runs over the different couples of atoms, Mo-Mo, S-S and S-Mo, 

considering the 2:1 stoichiometric ratio between sulphur and molybdenum; to avoid 

confusion with frequencies, the scattering factors are indicated with 휁 instead of the 

traditional f.  

 

3.2.5 Powder pattern simulation and fitting  

 

The accelerated sum of the Debye series was finely treated by Cervellino et al. 225 

to carry out the simulation of the powder pattern of ordered crystallites. In this 

chapter the approach of Cervellino et al. was adopted, but for a necessary 

modification to deal with the case of one-dimensional disorder. So, the above 

quoted accelerated convergence procedure was “sliced” in two dimensional sums 

of the type of Equation (15), each one corresponding to a fixed m-index value or, 

otherwise stated, to a given height jump. Despite this unavoidable complication, the 

CPU time was definitely viable. The fitting procedure was carried out by the 

package Minuit 226. 

 

3.3 Experimental  

 

A commercial MoS2 sample (Alfa Aesar, 98%, -325 mesh) was milled in a high 

energy planetary mill (Fritsch, Poulverisette 6) using zirconia beads as grinding 

media and deionized water (Milli-Q) as solvent. The milling cycle includes 36 

repetitions of 30 min for a total milling time of 18 hours. The milling speed was 

kept at 400 rpm, using a powder to beads volume ratio of 1:15. The obtained powder 
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was centrifugated at 6000 RPM for 20 min and vacuum dried at 160°C. The dried 

powder was sieved at 100µm to obtain the ground-dried sample.This ground-dried 

sample did not show the presence of secondary phases, while a definite reduction 

of the preferred orientation present in the fresh sample and a size reduction of about 

50%, leading to an average size of 40 nm, were observed by X-ray diffraction 

(XRD). 8 mmol of the sample then reacted with 15 mL of a 1.6M solution of n-

butyllithium in hexane under nitrogen atmosphere at room temperature for one 

week (molar ratio Li/Mo = 3), and the lithiated product was washed with hexane 

and dried under vacuum. The lithium content was determined with flame emission 

spectroscopy both directly on the solid (dissolved with hot concentrated sulphuric 

acid and hydrogen peroxide), and by difference from the washing solution, giving 

an effective Li/Mo molar ratio of about 0.06 in the lithiated solid. 

To eliminate residual preferential orientations, which mostly enhance the (00l) 

reflections, the sample was mixed with amorphous silica powder. Different 

blendings were tested, until the diffraction intensity ratios between the (00l) and the 

(hkl) reflections reached a steady value at a weight dilution of 1:10. The XRD 

pattern was recorded with a Rigaku Miniflex 600 diffractometer equipped with a Si 

strip detector using Ni-filtered CuK radiation and an incident slit of 1.25° on the 

primary beam. 

 

3.4 Results 

 

Figure 46 shows the result of the fitting of the model to the experimental pattern, 

and Table 15 reports the values and the uncertainties of the structural parameters 

described in Section 3.3. 
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Figure 46. Fitting of the structural model to the XRD data of the exfoliated-restacked 

MoS2 sample. Experimental, black; calculated, red; background, yellow; model, blue; 

residual, brown. The halo at 22° 2 is due to the amorphous silica diluent. 

 

Table 15. Refined parameters and uncertainties relative to the fitting of the model to the 

XRD data of the exfoliated-restacked sample of MoS2. The goodness of fit was evaluated 

as 𝑅𝑃 = 100 [∑ (𝑦𝑜𝑏𝑠,𝑖 − 𝑦𝑐𝑎𝑙𝑐,𝑖)
2

𝑖 /∑ (𝑦𝑜𝑏𝑠,𝑖 − 𝑦𝑏𝑎𝑐𝑘,𝑖)
2

𝑖 ]
1/2

= 12.6 

 †  †  † 𝜎∥ (Å) § 𝜎⊥ (Å) §  (Å) ◊ 𝑟∥ (Å) ◊ 𝑟⊥(Å) ◊ a (Å) # c (Å) # 

0.37(1) 0.16(1) 0.36(3) 0.0023(2) 0.0037(3) 0.057(1) 142(5) 151(3) 3.162(1) 6.190(2) 

 †Defined in Equation (14).  is not a fitting parameter, as it is bound to the condition that the sum 

of the rows of a stochastic matrix equals 1. 

§ 
Defined in Equations (17), (18a), (18b). 

◊ 
Defined in Equation (16). 

#
Hexagonal cell constants. 

 

A non-negligible expansion of the interlayer spacing with respect to bulk MoS2 

amounting to 0.03 Å, according to the figure of 6.16 Å reported by Petkov et al. 227, 

is likely related to residual intercalated lithium (with a Li/Mo molar ratio about 
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0.06) in the vdW gap after the baking-restacking process. The inter- and intra-layer 

correlated displacement could also be ascribed to this intercalation, due to the 

reduction of Mo4+ and/or to local change of local Mo coordination 209,227. The    

parameters reported in Table 15 confirm that the structure of the investigated 

sample is heavily affected by stacking disorder. The deviation from the value =1, 

corresponding to the ordered sequence of fully eclipsed atoms, points to a partially 

staggered atomic arrangement in the restacked sample. The average size is 

calculated as 𝑅𝐴𝑉(𝐫) =
1

𝜂
∑ 𝑅𝑖

3𝑒𝑥𝑝[−𝜉𝑅𝑖]
𝜈
𝑖=1 , yielding RAV = 51±1 Å. Within the 

errors of 𝑟∥ and 𝑟⊥ reported in Table 15, the crystallites are roughly isometric.  

 

3.5 Is the model oversized? 

 

This section addresses the issue relative to the significance of all the features of the 

model and, in particular, the question whether the model is “oversized” as concerns 

the treatment of structural disorder. Figure 47 shows the simulated patterns relative 

to: i. the lattice constants and the shape/size parameters reported in Table 15, no 

disorder, with Miller indexes labels; ii. the same as item i. plus the stacking faults 

parameters gathered from Table 15; iii. the same as item i. plus the correlated 

displacement disorder quantified by the parameters reported in Table 15; iv. the 

fitting to the data with only correlated displacement disorder; v. the fitted pattern 

already drawn in Figure 46.  
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Figure 47. Simulated patterns for exfoliated-restacked MoS2. From top to bottom: 

ordered (black trace), stacking faults only (red), correlated displacement only (green), 

best fit to the data with correlated displacement only (orange), fitting with both types of 

disorder (i.e. stacking faults and correlated displacement, blue). 

 

Inspection of Figure 47 confirms 228 that stacking faults do not produce broadening 

of the peaks with Miller indexes (00l), (hk0) and of the reflections with h+k=3n. 

On the other hand, the correlated displacement uncertainty determines a progressive 

broadening of the diffraction peaks, increasing with the modulus of the scattering 

vector q. It is evident that the selective damping of the diffraction peaks induced by 

stacking faults produce the definite blurring of high intensity peaks, such as the 
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(102), (103) and (105), which isn’t so effectively obtained by the action of 

correlated displacement only. To further support this analysis, the fitting run 

assuming no stacking faults and only correlated displacement was also carried out, 

to check the possibility that allowing for stacking faults could underestimate the 

correlated displacement distribution. The fitting, clearly unsatisfactory, confirms 

that, within the proposed model, both stacking faults and correlated displacement 

should be allowed.  

 

3.6 Turbostratic arrangement 

 

A limiting case of stacking disorder in TMDCs layered structures is turbostratic 

stacking, proposed since the early papers by Frindt and coworkers 196,197 as a 

possible tridimensional arrangement, in analogy with turbostratic graphite. In an 

ideal turbostratic TMDC structure the S-TM-S layers are piled up parallel, but with 

a completely random relative position. The Frindt group simulations for restacked 

MoS2 were sound, even if not completely suitable for the reported experimental 

data. Later, the turbostratic arrangement was taken into consideration by Mangelsen 

et al. 210 for WS2 and by Bekx-Schürmann et al. 201 for MoS2. These authors carried 

out a PDF analysis of the respective XRD data, allowing for stacking faults and 

small random displacements of the S-TM-S sandwiches parallel and perpendicular 

to the basal planes, concluding that both sources of disorder are necessary for a 

suitable fitting to the data. The question of turbostratic disorder in restacked WS2 

was addressed also by Petkov et al. 209 showing, by PDF analysis, that the 

nanostructured material undergoes a prismatic-trigonal to distorted-octahedral 

rearrangement of the tungsten coordination, giving rise to locally different S-W 

distances; based on this analysis, the turbostratic disorder was ruled out and a 

distortion within the S-TM-S sandwiches was allowed. Petkov and coworkers also 

observed that a similar analysis can be hardly extended to MoS2, due to the higher 

instability of the metastable octahedral coordination in this compound.  

It is clear that the finer details of preparation can result in quite different samples, 

and, in this respect, all the above cited analyses are based on specific experimental 

evidence coming also from spectroscopic data in addition to diffraction techniques. 
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Figure 48 reports the XRD simulation using the lattice parameters from Bekx-

Schürmann et al. 201 and assuming, like these authors, a finite-width distribution in 

the mutual position of ideal trigonal-prismatic coordinated triple layers. Stacking 

faults were modulated by trial and error, in order to get a calculated pattern similar 

to those reported in Fig. 5 of that paper (Bekx-Schürmann et al. 201). The most 

evident discrepancy with the reported data can be observed for the (118) peak, at 

about 87°  (at 10.76°  using =0.20728 Å), which is not blurred by stacking 

faults and only partially by interlayer correlated displacement. Consequently, it is 

argued that intralayer disorder is effective. It is also worth noting that, with respect 

to the fitting parameters reported in Table 15, the same overall pattern shape is 

obtained with ==0.27, =0.2 and then by reducing, with respect to the refined 

parameters relative to our sample, the probability of the AbA-BaB sequence 

corresponding to fully eclipsed atoms along c. This trend is even more remarkable 

in the second simulation reported in Figure 48, showing the case ==0.33, =0.0, 

and yielding a profile like the one reported in Fig.3b of the paper by Yang & Frindt 

197. 

 

 

Figure 48. Simulated patterns of MoS2 with two combinations of disorder parameters. 1) 

==0.27, =0.2 (black trace); 2) ==0.33, =0.0 (blue trace). In both cases, a=3.155 

Å, c=6.4 Å. 
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3.7 Octahedral arrangement 

 

The octahedral coordination of Mo in MoS2 was observed as a consequence of 

intercalation with different guests 227–231 or as a result of special preparation 

techniques 232–234; the variety of reported structural details is likely related to 

preparation routes and to materials composition.  

The possibility of octahedral coordination is investigated in this study by allowing 

two kinds of S-Mo-S sandwiches with, respectively, prismatic, and octahedral 

coordination, each one characterized by its own thickness and then by two different 

spacings, |cP| and |cO|, along the direction perpendicular to the S-Mo-S layers. The 

12x12 transition matrix, analogue of P in Equation (15), taking into account the 

prismatic-prismatic (AbA-AbA like), the octahedral-octahedral (AbC_AbC), the 

prismatic-octahedral (AbA-AbC) and the octahedral-prismatic (AbC-AbA) 

sequences, is shown in Equation (16).  

 

       𝐏 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐴𝑏𝐶 𝐵𝑐𝐵 𝐶𝑎𝐶 𝐴𝑐𝐴 𝐵𝑎𝐵 𝐶𝑏𝐶 𝐴𝑏𝐶 𝐵𝑐𝐴 𝐶𝑎𝐵 𝐴𝑐𝐵 𝐵𝑎𝐶 𝐶𝑏𝐴
𝐴𝑏𝐶 0 𝛼 𝛽 0 𝛾 𝛿 0 휂 휂 0 휂 휂
𝐵𝑐𝐵 𝛽 0 𝛼 𝛿 0 𝛾 휂 0 휂 휂 0 휂
𝐶𝑎𝐶 𝛼 𝛽 0 𝛾 𝛿 0 휂 휂 0 휂 휂 0
𝐴𝑐𝐴 0 𝛿 𝛾 0 𝛽 𝛼 0 휂 휂 0 휂 휂
𝐵𝑎𝐵 𝛾 0 𝛿 𝛼 0 𝛽 휂 0 휂 휂 0 휂
𝐶𝑏𝐶 𝛿 𝛾 0 𝛽 𝛼 0 휂 휂 0 휂 휂 0
𝐴𝑏𝐶 휀 휀 0 휀 휀 0 𝜙 𝜒 0 𝜓 𝜔 0
𝐵𝑐𝐴 0 휀 휀 0 휀 휀 0 𝜙 𝜒 0 𝜓 𝜔
𝐶𝑎𝐵 휀 0 휀 휀 0 휀 𝜒 0 𝜙 𝜔 0 𝜓
𝐴𝑐𝐵 휀 0 휀 휀 0 휀 𝜓 0 𝜔 𝜙 0 𝜒
𝐵𝑎𝐶 휀 휀 0 휀 휀 0 𝜔 𝜓 0 𝜒 𝜙 0
𝐶𝑏𝐴 0 휀 휀 0 휀 휀 0 𝜔 𝜓 0 𝜒 𝜙 ]

 
 
 
 
 
 
 
 
 
 
 
 
 

(16) 

 

It is clear that the overall number of involved probability parameters is too large for 

a significative refinement and therefore a drastic shortcut was imposed by assuming 

that the prismatic-octahedral and octahedral-prismatic sequences are governed by a 

unique parameter (respectively indicated as  and  in Equation 16). The different 

spacings, |cP| and |cO|, involve that the vertical distance between two S-Mo-S layers 

is a function of the height jump (that is, of the integer m in the interatomic distance 

vector 𝐭𝑘𝑙𝑚 = 𝑘𝐚 + 𝑙𝐛 + 𝑚𝐜) and of the path between the terminal layers 43; due to 

the huge number of intermediate steps combinations, for large m this vertical 
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distance tends asymptotically to 𝑚|�̅�| = 𝑚|𝑓𝑃𝐜𝑃 + (1 − 𝑓𝑃)𝐜𝑂|, where 𝑓𝑃  is the 

fraction of prismatic layers, no matter of the type of terminal layers. 

Fitting of this “prismatic-octahedral” model yields an only marginal improvement, 

with a decrease of the goodness-of-fit parameter to RP=11.9 with respect to the 

above quoted RP=12.6. The refined parameters |𝐜𝑃| = 6.193(1)  and |𝐜𝑂| =

6.189(3) are fairly similar, while the fraction 𝑓𝑃 =0.8499(2) denotes, as expected, 

a large predominance of prismatic coordination. Figure 49 reports the obs-calc 

patterns and Figure 50 the simulated pattern obtained by excluding the effect of 

correlated disorder. Some further comments about the occurrence of interatomic 

distance uncertainty are supported by the simulations reported in Figure 51. 

 

Figure 49. Fitting of the prismatic-octahedral model to the XRD data of the exfoliated-

restacked MoS2 sample. Experimental, black; calculated, red; background, yellow; 

model, blue; residual, brown.  
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Figure 50. Simulation of the prismatic-octahedral model to the XRD data of the 

exfoliated-restacked MoS2 sample. Experimental, black; calculated, red; background, 

yellow; model, blue; residual, brown. The correlated interatomic distance uncertainty is 

eliminated. 

 

Figure 50 shows that the presence of two different S-Mo-S thicknesses is not the 

main source of interatomic distance uncertainty with consequent blurring of the 

high-angle lines. This evidence was confirmed by simulations involving a small 

(fP=0.5) frequency of prismatic layers and a quite large  difference between 

prismatic and octahedral thicknesses (|cP|=6.19 Å and |cO|=6.23 Å): Figure 51 

shows that the components of the total XRD pattern corresponding to different 

height jumps between m-neighbouring sandwiches (that is, the value of the integer 

m in the interatomic distance vector 𝐭𝑘𝑙𝑚 = 𝑘𝐚 + 𝑙𝐛 + 𝑚𝐜) remain sharp despite 

the large difference between the prismatic and octahedral thicknesses if the 

interatomic distance correlated uncertainty is not considered (blue traces) whereas, 

if this source of disorder is considered (red traces), the blurring of the intensity 
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components increases as a function of the scattering angle and of the distance  (i.e. 

at increasing m) between the S-Mo-S sandwiches. On the contrary, the effect of 

blurring the high-angle lines determined by the presence of two different 

thicknesses decreases at increasing m, because at high m values the spacing between 

m-neighbouring layers tends asymptotically to the unique 𝑚|�̅�| = 𝑚|𝑓𝑃𝐜𝑃 + (1 −

𝑓𝑃)𝐜𝑂| value, no matter of the terminal layers.  

 

 

Figure 51. Components of the total XRD pattern corresponding to different height jumps 

(see text) between S-Mo-S sandwiches. Blue traces, no interatomic distance correlated 

uncertaint;, red traces, with correlated uncertainty. For m=0 (self-scattering of the S-

Mo-S units) the distinct contributions of prismatic and octahedral sandwiches are drawn. 
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For a critical appraisal of the prismatic-octahedral model the following items should 

be considered: 

- the assumption that the S-Mo-S sandwiches are thoroughly prismatic or 

octahedral is clearly very strong and, taking into account that the octahedral 

arrangement is locally induced by the intercalated lithium ions (see, e.g., 209), 

should be related to a lithium segregation in some of the vdW gaps, rather 

than a sparse distribution of lithiums; 

- this latter distribution of intercalant, producing local perturbations in the S-

Mo-S sandwiches, looks like more realistic, and could also explain why 

correlated atomic displacements (see Figure 50) are still necessary to get a 

good fitting; 

- partial substitution of sulphur with oxygen, producing MoS2-xOx 

compositions, can be obtained by different synthesis routes involving heath 

treatments in oxygen-rich environment 235,236. For relatively thick (~6 µm) 

films 235, the so-obtained materials showed reduced cell constants with 

respect to pure MoS2 and noticeable structural disorder as well. However, 

considering the presence of residual lithium detected by the chemical analysis 

and the restacking procedure carried out under vacuum, it seems feasible to 

attribute the observed correlated displacement to the reduction of Mo by 

intercalated Li 227,237, giving rise to local octahedral rearrangement of 

molybdenum coordination and to a structural distortion propagating to the 

neighboring structural units; 

- overall, it can be concluded that the model presented in Sections 3.3 and 3.5 

is able to give a detailed picture of the average structure of the investigated 

material. The prismatic-octahedral model described in this section does not 

produce a significative improvement while, for a thorough structural 

characterization, integration of the XRD long-range analysis with local 

techniques such as PDF and/or XAS should be suitable. 
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3.8 Conclusions 

 

The XRD patterns reported in literature and relative to nanosized trigonal-prismatic 

coordinated TMDCs seem to agree that the main sources of structural disorder are 

both intralayer and interlayer, while ideal Turbostratic disorder should be ruled out. 

The “prismatic” model presented in this chapter treats the correlated displacement 

of atoms within the formalism of the “ideal paracrystal” 186. Accordingly, the width 

of the Gaussian distribution governing the mutual displacement of atoms is a linear 

function of the distance. It is likely that this uncertainty, even if roughly effective 

in accounting for the quoted experimental evidence, could be more finely 

modelized, in particular by allowing for different coordination, such as the distorted 

octahedral proposed by Petkov and coworkers 209, which could be at the origin of a 

correlated displacement ranging beyond the first neighbors. In the case of the 

sample investigated by us, residual lithium surviving in the structure after baking-

restacking of monolayer dispersion could influence either the local metal 

coordination, or the stacking sequence of triple layers, or both. Also, the “prismatic-

octahedral” model described in Section 3.8 needs correlated displacement to get a 

good fitting to the data. This fact, and the only marginal improvement obtained with 

respect to the “prismatic” model, induced us to conclude that, rather than sequences 

of all-prismatic and all-octahedral sandwiches, intercalated lithium ions determine 

the above quoted perturbation of the prismatic coordination of molybdenum.  

Stacking faults are anyhow necessary to get satisfactory data fittings. This kind of 

disorder has been recognized by several other authors (just to cite the most recent 

papers: Niefind et al. 200; Bekx-Schürmann et al. 201; Sanikop & Sudakar 202) but, 

to my knowledge, this is the first attempt to quantify it on statistical grounds. The 

model described in Section 3.3 can be useful for the structural analysis of prismatic 

TMDCs such as WS2 and the respective selenides of Mo and W. The extension to 

octahedral TMDCs is also straightforward. 
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PART 3: INTERCALATION OF 2D 

CHALCOGENIDES BY ORGANIC MOIETIES 

 

4. Long-term stability of TiS2-alkylamine hybrid 

materials 

 

4.1 Introduction 

 

One of the most interesting prospect applications of hybrid inorganic-organic TE 

materials is probably the harvesting of the metaboli c heat produced by the human 

body to feed energy into portative devices such as computers, mobile phones, 

monitors of vital functions and so on. A necessary requisite for the involved TE 

materials is the flexibility, to suitably shape the energy harvester to the body. This 

characteristic is typically achieved by hybrid TE materials. On the other hand, 

issues relative to the synthesis routes and the long-term stability of these materials 

should also be taken into consideration.  

Intercalation compounds of TMDCs, where neutral organic molecules (NOM) are 

inserted in a regular or less ordered fashion, have been the subject of numerous 

studies 162-163,165-166. However, many relevant aspects, such as stoichiometry, 

chemical stability, thermal inertness, polymorphic occurrence, or the nature of 

MX2-NOM bonding, are still not completely clarified.  

Among layered TMDCs, titanium disulfide is a promising candidate for n-type 

thermoelectrics owing to some remarkable properties: it is chemically stable, 

mechanically manageable 238, environmentally benign and, most relevant for 

availability and  cheapness, contains earth-abundant elements (Ti and S). In this 

chapter it is shown that amine intercalated-TiS2 prepared by a simple 

mechanochemical process is prone to chemical decomposition due to sulphur 

exsolution, and that the presence of molecular oxygen is likely to mediate the 

decomposition reaction. In particular, it is proposed by computational analysis of 

the possible reaction pathways that Ti-N adducts are formed because of amine 
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groups substituting for S vacancies on the internal surfaces of the S-Ti-S layers and 

that the reaction with ambient oxygen leads to the formation of an undesired S8 

crystalline phase.  

 

4.2 Materials and Methods 

 

4.2.1 Synthesis 

 

TiS2 powder (99.8% metals basis, Alfa Aesar, Haverhill, MA, USA) and liquid n-

hexylamine (99%, Sigma-Aldrich, St. Louis, MO, USA, labeled as HA in the 

following), combined in a 1:4 molar ratio, were mixed in an agate mortar and 

manually ground with a pestle for 30 min (Figure 52). This synthesis was found to 

be highly reproducible. After grinding, the volume of the powders expanded 

significantly, indicating that the intercalation was effective, with an evident color 

change from black to shiny brown. The intercalated hybrid is labeled as TiS2/HA 

below. The pertinent chemical reaction then reads: 

 

TiS2 (s) + x [n-C6H13NH2 (l)] ⟶ TiS2(C6H13NH2)x (s)  with x ≈ 1              (17) 

 

This material was found to be unstable if exposed for a prolonged time to 

environmental conditions. Indeed, after 12 months storage without specific 

precautions, TiS2/HA had gone through macroscopic changes. For this reason, the 

effect of aging on this sample was further investigated. Two batches of freshly 

prepared TiS2/HA were left for 1 week in different environments: one in air and the 

other in inert atmosphere (N2), both in the dark and at room temperature. 
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Figure 52. Scheme of the intercalation process through mechanochemical synthesis. 

 

4.2.2 Experimental Characterization 

 

X-ray powder diffraction (XRD) data were acquired in Bragg–Brentano geometry 

on a Rigaku Miniflex 600 (Tokyo, Japan) or on a Bruker D8 Advance 

diffractometer (Billerica, MA, USA), both working in vertical scan using Ni-

filtered Cu Kα radiation. XRD traces were analyzed with Topas 239, for peak hunting 

whole pattern profile analyses, in the structureless (Le Bail) or Rietveld modes (see 

Figures 53-55 for the full description of such analyses). 

 

 

Figure 53. Rietveld refinement of the pristine TiS2 material. Y-axis is in square root scale. 

All experimental peaks belong to the titanium disulphide structure. XRD modeling 

required the insertion of a strong textural component, with the preferential orientation 

parameter r001 = 0.42 (in March-Dollase desctiption,). 
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Figure 54. Structureless 1D Le Bail refinement of TiS2/HA hybrid with 00l peaks only. Y-

axis is in square root scale. These experimental peaks are typical of an inflated titanium 

disulphide structure, with a significantly large interlayer spacing (23.0 Å, vs. 5.7 Å of the 

original TiS2 powders). Two additional peaks (vertical lines at 4.35-5.14°) are attributed 

to minor contaminants characterized by different packings of HA molecules in the 

interlayer space, or, more likely, to a slightly lower amount of intercalated HA moieties. 

 

 

Figure 55. Structureless 1D Le Bail refinement of TiS2/HA (N2). Y-axis is in square root 

scale. No significant differences with respect to TiS2/HA. are evident. As explained in the 

main text, the spurious peak highlighted by the blue trace is attributed to different HA 

packing (or content). 

 

Thermogravimetric traces under nitrogen were acquired from room temperature to 

700 °C using a TA Q500 thermogravimetric analyzer (New Castle, DE, USA) with 

a Pt sample holder. Micro-Raman spectra were recorded on a Horiba Raman 

Evolution spectrometer employing a confocal microscope with 50× long working 

distance and a laser with an excitation wavelength of 633 nm. Imaging by scanning 

electron microscopy (SEM) was performed in secondary electron mode using FEI 

Versa 3D (Lincoln, NE, USA) using a 10 kV acceleration voltage. 
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4.2.3 Computational Methods 

 

Periodic ab initio DFT + U calculations were carried out with the PWscf package 

in the Quantum ESPRESSO 6.7 suite 240. TiS2 hybrids were modeled starting from 

the P-3m1 trigonal parent structure and enlarging the c lattice parameter to 

accommodate amines. All structures were fully relaxed, and energies were 

calculated using a k-space sampling over a dense 8 × 8 × 4 grid. The 

pseudopotentials and kinetic energy and density cut-offs were taken from the 

standard solid-state pseudopotential efficiency library (SSSP) 241,242. All 

calculations were performed using the generalized gradient approximation 243 and 

the PBEsol exchange-correlation functional 244. The value of Hubbard U parameter 

for the Ti atom was set to 3 eV 245. The vdW interlayer interactions were considered 

using Grimme’s D2 dispersion correction 246,247. 

 

4.3 Results and Discussion 

 

The macroscopic evidence of materials swelling during synthesis clearly indicated 

that hexylamine could be rapidly incorporated into TiS2 by a simple 

mechanochemical synthetic method. This unsophisticated method was indeed 

quantitative and could be repeated many times with the same outcome, providing 

robust information on its reproducibility. The structural changes were easily 

followed by acquiring XRD data from the final product. In this sense, XRD was 

first used in its qualitative (i.e., fingerprinting) mode, and when later used in a 

quantitative way, it allowed the determination of the axial d-spacings of the 

intercalated materials and for assessing either the presence of contaminant residues 

or the (unexpected) formation of elemental sulphur upon sample degradation. 

Specifically, in the pristine TiS2 solid, where Ti4+ ions are sandwiched between two 

sulfide layers, the 001 peak, corresponding to the stacking periodicity, falls near 

15.7° (i.e., 5.69 Å). After 30 min grinding, when the macroscopic alterations 

exhibited by the powders (liquid amine absorbed, volume increment, and color 

change) indicated that the intercalation of hexylamine into TiS2 occurred, XRD was 

used to monitor the changes in the interlayer distance between adjacent S-Ti-S 
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sheets. In the TiS2/HA species, the 001 peak in the XRD pattern (the strongest one 

in the traces shown in Figure 56) shifted from 15.7° to 4.1°. This implies an 

enormously increased (4×) separation between layers (21.6 Å) compared with that 

found on the pristine TiS2 (5.69 Å), confirming HA intercalation. 

It is worth noting that the stacking sequence in polymorphs and polytypes of 

intercalated TiS2 can be different and is normally addressed by the occurrence of 

superstructure peaks, here not observed. However, since diffraction peaks were 

detected along only one reciprocal space rod (00l), this technique may be fully blind 

to polymorphs occasionally sharing the same d-spacing along c. Thus, it cannot be 

excluded that the TiS2 layers in the intercalated hybrids are slightly offset in the xy 

plane. 

Appraisal of c-axis expansion (ca. 15.9 Å) can safely allow to conclude that HA 

was embedded into the TiS2 lattice, forming a bilayer structure. Since the estimated 

length of a single HA molecule, in its common all-trans conformation, H-bonded 

to S and vdW radii-corrected, is ca. 11.5 Å, the limited increase of the c-axis value 

suggests that the intercalated molecules possess a measurable inclination in the 

vdW gap of TiS2, being 44° the estimated angle: sin−1(15.9/(2 × 11.5)) = 43.7° 

(Figure 57). The DFT computational analysis provided geometry optimization of 

the HA location and orientation, eventually leading to an inclination of 40.0°, in 

very good agreement with the purely geometrical consideration set above. Density 

and geometrical considerations also indicate that 100% filling of the interlayer 

separation requires a stoichiometric TiS2/HA formulation (one amine per TiS2 unit 

formula), which, inter alia, would provide a cross-section area of ca. 20.0 Å2, like 

that found in the orthorhombic all-trans polyethylene crystal phase 248. 
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Figure 56. XRD patterns of (a) pristine TiS2 and (b) TiS2/HA. 
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Figure 57. Left: Crystal structure of pristine TiS2. Right: Proposed crystal structure of 

TiS2/HA, containing one HA molecule per TiS2 formula unit. 

Thermogravimetric studies (TGA) were performed to estimate the quantity of 

hexylamine in the inorganic matrix, through calculation of the molar coverage 

fraction (as mol/mol TiS2), defined in Equation 18 

 

 
∆%𝑜𝑟𝑔 × 𝑀𝑀(𝑇𝑖𝑆2)

𝑀𝑀(𝐻𝐴) × (100 − ∆%𝑜𝑟𝑔)
                                                                                   (18) 

 

where ∆%𝑜𝑟𝑔is the weight loss at 250 °C due to the organic moieties, and MM are 

the molar masses. 

The weight loss of pristine TiS2 was 3.36%, which was subtracted from ∆%𝑜𝑟𝑔. To 

obtain a reproducible result, the sample was prepared and subjected to TGA 

analysis thrice. 

The average weight loss of the organic component was 43.06 ± 0.26%. Then, the 

exact stoichiometry of the intercalated system sample was TiS2(HA)0.833, not far 

from the TiS2(HA) formula used as a model for the DFT simulations (vide infra). 

After 12 months of aging in the dark at environmental conditions, the XRD pattern 

of powders of TiS2/HA evidenced the limited stability of this intercalated material. 

Moreover, the formation of new crystalline phases was clearly observed. Indeed, 

jointly with residual TiS2/HA, elemental sulphur was formed in its low-

temperature/low-pressure orthorhombic polymorph (Fddd space group 249). The 

complete Le Bail/single peak and Rietveld refinement plot for such sample, which 

contains TiS2/HA, an unknown contaminant and crystalline sulphur, is shown in 

Figure 58. 
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Figure 58. XRD pattern of twelve months-aged TiS2/HA, showing the partial degradation 

of the intercalated material with the formation of crystalline sulphur. 

Data modelling of the polyphasic of the polyphasic TiS2/HA sample was performed by a 

hybrid approach comprising Rietveld refinement of rhombic sulphur and 1D structureless 

Le Bail refinement of the TiS2/HA species. Blue trace: observed data; red trace, simulated 

pattern. Difference plot (in grey) and peaks markers, for sulphur and 00l reflections 

belonging to the TiS2/HA crystal phase (blue ticks), are drawn at the bottom. The three 

spurious peaks highlighted by the blue vertical lines are attributed to different HA 

packing (or content) and/or to unknown contaminants. 

 

A puzzling and open question, however, remains: what is the fate of titanium 

atoms? As anticipated, sulphur exsolution is accompanied by the formation of an 

unknown and partially crystalline contaminant (see blue vertical lines in Figure 58). 

The few uninterpreted diffraction peaks do not match any titania polymorph, nor 

could they be related to any other reasonable reaction product, such as those 

presented in the computational study discussed below, with the obvious substitution 

of NH3-n residues with CH3(CH2)5NH2-n ones (n = 0, 1, 2). Additionally, the large 

incoherent scattering raising the overall background level suggests that non-

crystalline components are present (amorphous titania and its congeners 250, to 

mention a few). 

Further evidence of sulphur demixing is given by Raman spectroscopy. Figure 59 

shows the Raman spectra of three samples: pristine TiS2 and TiS2/HA (in the 200–

500 cm−1 range) and aged TiS2/HA (20–500 cm−1). As expected, the Raman 

spectrum of the as-prepared TiS2/HA is very similar to that of pristine TiS2, while 

the aged TiS2/HA hybrid exhibits many more signals due to sulphur exsolution. 
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Figure 59. Micro-Raman spectra of (a) pristine TiS2; (b) TiS2/HA; (c) aged TiS2/HA. In 

panels (a) and (b), the deconvolution of the Raman peaks with two components is shown. 

 

The phonon modes at the Γ-point of the reciprocal space can be probed by Raman 

and IR spectroscopies. The primitive cell of TiS2 consists of two chalcogen atoms 

and one metal atom with trigonal prismatic coordination, with the optical normal 

modes of vibration A1g, Eg (Raman active), A2u, and Eu (IR active). The 

experimental Raman spectrum was then interpreted through simulation of the active 

modes (Table 16). 
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Table 16. Vibrational modes of TiS2 calculated by DFT+U simulations. 

Mode Raman shift (cm-1) 

Eu 162.45 

Eg 233.10 

A1g 321.23 

A2u 361.10 

 

The calculated Raman shifts are in very good agreement with the experimental 

ones. In particular, the Raman-active mode out of the plane (𝐴1𝑔) is measured at 

326.9 cm−1 for the pristine system, and 322.7 cm−1 for the intercalated one, 

confirming that the simulation captures well the electronic structure of the layered 

compound. A high-energy shoulder peak located at ~360 cm−1, labelled Sh in the 

literature, is evident in the Raman spectra as an additional component (shown in 

Figure 60, TiS2 and TiS2/HA). Although this peak position matches the calculated 

frequency of the 𝐴2𝑢 mode, it cannot be ascribed to this vibrational mode, the 

symmetry of which (A2u) makes it only IR active. The physical origin of this 

shoulder has been subject to several interpretations in the literature, but no 

consensus has been reached to date 251–253. Significantly, the presence of 

intercalated HA between the Ti-S layers does not affect the vibration modes in the 

measured range (see Figure 60). 

 

 

Figure 60. Comparison between the Micro-Raman spectra of pristine TiS2 (black) and of 

the intercalated TiS2/HA hybrid (blue). 
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An interesting aspect of the change brought about by the intercalation process is the 

morphological evolution of the sample with time, evident at both the macroscopic 

and the microscopic scales. As Figure 61 shows, pristine TiS2 is a fine and dry black 

powder, while TiS2/HA is a brown sticky powder, probably because of residual (not 

intercalated) hexylamine. Due to progressive material degradation, after 2 months, 

TiS2/HA turns almost grey, and 1 year later, a yellow powder is found instead. The 

morphology of TiS2, freshly prepared and aged (in air) TiS2/HA hybrids, was also 

investigated using SEM imaging (Figure 62). 

The SEM images of the intercalated compounds (both fresh and aged) show a 

substantial modification of the TiS2 morphology. In pristine TiS2, the lamellar shape 

of the crystals is evident, but it fully disappears in the freshly prepared TiS2/HA 

hybrid, demonstrating that the mechanical treatment induces a severe 

morphological change, where a simple topotactic HA insertion does not maintain 

crystal size and shapes, it being accompanied by a complete lamellar disruption. 

Estimation of the average crystal domain lengths (along c) from the peak 

broadening of XRD data confirms that from micrometer-sized TiS2 crystals, 

coherent domains of average size as low as 40 nm are formed in TiS2/HA. On the 

other hand, there is no substantial microscopic modification upon aging, despite the 

occurrence of sulphur exsolution (with coherent isotropic domains of about 50 nm) 

and partial sample degradation. The hybrid structure, obtained by intercalation of 

the HA within the TiS2 lattice, remains stable even after partial sulphur elimination. 

The hypothesis is confirmed by the XRD pattern reported above in Figure 58, as 

the persistence of the 001 peak of the intercalated compound is the dominating 

signal also upon material aging. 

To pinpoint the driving force behind the decomposition of TiS2/HA, and a possible 

mechanism for sulphur exsolution, the enthalpy variations were calculated relative 

to several possible reactions (ΔHr, as E(products) - E(reactants)) with the DFT + U scheme 

described above. As is standard practice in this kind of simulations, the difference 

in total energy of products and reactants is taken as an approximation of the 

enthalpy of reaction. 
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Figure 61. Macroscopic morphological and colour changes of TiS2/HA. 

 

 

Figure 62. SEM images of a) pristine TiS2; b) fresh TiS2/HA; c) aged TiS2/HA. 

 

Initially, different sulphur-deficient TiS2 superstructures were modelled. Three 

progressively larger supercells were constructed, with a corresponding dilution of 

sulphur vacancies. These ideal structures are synoptically depicted in Figure 63. As 

shown in Table 17, the enthalpic cost for the formation of a sulphur vacancy 

decreases as the cell size increases, but in all cases, the formation of such vacant 

sites is never energetically favoured per se. Using a simple linear extrapolation of 

the ΔHr with 1/n plot (for the TinSm formulation), the energy required to form an 

infinitely diluted (neutral) S-vacancy in TiS2 at the bulk limit can be estimated to 

be ca. 2.2 eV. 
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Ti4S7 Ti9S17 

 

Ti16S31 

Figure 63. Top view of the different TiS2 supercells used in the DFT modelling, all with 

periodic sulphur vacant sites. 

 

Table 17. Formation of sulphur defects in TiS2 at different concentrations (down to 0.03 

at%). Extrapolation to an infinitely diluted vacant site leads to 2.2 eV, which is the energy 

required to eliminate one single (neutral) S atom from bulk TiS2. 

Reaction ΔHr (eV) 

Ti4S8 → Ti4S7 + S 3.14 

Ti9S18 → Ti9S17 + S 2.71 

Ti16S32 → Ti16S31 + S 2.43 

 

Once the stability of pristine TiS2 was quantitatively confirmed, to understand and 

interpret the experimentally observed spontaneous intercalation of HA, two 

consecutive steps were considered: (i) the formation of the TiS2/HA hybrid and (ii) 

sulphur exsolution therefrom. To reduce computational costs, the intercalation, 

within TiS2, of simple amine molecules (using ammonia and methylamine instead 

of HA) (Table 18) was investigated, using an idealized coverage of one nitrogen 

atom per four titanium ions (see Figure 64). The calculations were then based on 
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2×2 TiS2 supercells with a single-side N-substitution. The intercalation reaction was 

mediated by moisture as amines or ammonia were used as aqueous solutions. 

 

 

Ti4S8NH3 Ti4S8CH3NH2 

Figure 64. [001] view of NH3 and CH3NH2 molecules adsorbed onto a TiS2 slab 

containing 16 metal atoms. Nitrogen atoms interacts vertically with the Ti atoms of the 

TiS2 surface, with N…Ti distances of around 2.25 Å. 

 

Table 18. Reaction energy of TiS2 intercalation compounds with either aqueous ammonia 

or aqueous methylamine. 

Reaction ΔHr (eV) 

Ti4S8 + NH4
+ + OH- → Ti4S8NH3 + H2O -2.93 

Ti4S8 + CH3NH3
+ + OH- → Ti4S8CH3NH2 + H2O -1.75 

 

That the intercalation reaction, observed experimentally for hexylamine, is 

energetically favoured is here confirmed by the simulated reaction energies, which 

are negative for both ammonia and methylamine cases. Once these adducts are 

formed, one sulphur atom is lost and nitrogen from the amine replaces it, with the 

formation of a Ti-N interaction. The fact that the NH3 molecule interacts favourably 

with Ti, replacing S in its position, suggests that the Ti-N bond formation may drive 

S exsolution. For this reason, a few different possible reactions were tested, all 

involving the formation of defective TiS2 slabs where amine groups carrying one 

to three H atoms actively interact with open Ti sites near a sulphur vacancy. Some 

of these complexes are shown in the case of ammonia (Figure 65), where the S atom 

is replaced by N. A similar situation is obtained in the case of methylamine. 
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Ti4S7NH3 Ti4S7NH2 

 

Ti4S7NH 

Figure 65. Top view of the nitrogen-containing Ti-S slabs formed by the loss of S atoms, 

substituted by ammonia molecules. In the last panel, all H atoms are eclipsed by N atoms, 

as N-H bonds lie perpendicular to the plane of drawing. 

 

The last row in Table 19 indicates that the substitution of S by N is probably 

mediated by the action of molecular oxygen. In other words, the intercalated 

TiS2/amine compounds seem to undergo sulphide oxidation to elemental sulphur, 

accompanied by a structural change in which Ti-N bonds are formed. In particular, 

the imido Ti4S7NH structure, where N is bound to three Ti sites, appears to be the 

most stable. Such μ3-NH coordination geometry on three Ti ions should not 

surprise, as it was found in a number of polynuclear organometallic complexes and, 

more paradigmatically, also in the highly symmetric [Ti(NH)(Cp*)]4 cubane (Cp* 

= tetramethyltrimethylsilylcyclopentadiene) 254. 
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Table 19. Reaction energy of the formation of Ti-N bonds arising from the exsolution of S 

and its substitution with the (deprotonated) ammonia molecules. 

Reaction ΔHr (eV) 

Ti4S8NH3 → Ti4S7NH3 + S 1.51 

Ti4S8NH3 → Ti4S7NH2 + S + ½ H2 1.47 

Ti4S8NH3 → Ti4S7NH + S + H2 1.76 

Ti4S8NH3 + ½ O2 → Ti4S7NH + S + H2O -0.83 

 

However, it should be noted that all four reactions reported in Table 19 are in 

principle consistent with the available experimental evidence (exsolution of 

crystalline sulphur). The impossibility of verifying experimentally which is the true 

path to sulphur elimination (which likely occurs very locally without the formation 

of a clearly distinguishable crystalline phase) makes uncertain the nature, 

stoichiometry, and structure of the newly formed Ti/S/N product. 

In order to quantitatively assess the effective charge transfer between N and Ti, the 

electron densities (in the form of Bader charges 255,256) of pristine TiS2 and different 

Ti-N complex supercells were compared (Table 20). By comparing bound 

structures with varying amounts of H atoms, it is seen that the Ti-N charge transfer 

is more and more effective as the amine group loses hydrogen atoms and forms 

stronger bonds with titanium: the Ti electron density decreases, and the N/H 

electron density increases. 

 

Table 20. Bader charges of TiS2 supercell and the Ti-N supercells formed via sulphur 

exsolution and substitution with nitrogen. The number of electrons explicitly included in 

the calculation is indicated for each element. 

 Ti4S8 Ti4S7NH3 Ti4S7NH2 Ti4S7NH 

Ti (10) 10.23 10.27 10.20 10.13 

S (8) 6.89 6.99 6.95 6.92 

N (7) - 6.30 6.39 6.43 

H (1) - 0.55 0.58 0.59 

Total Ti/S 96.00 90.05 89.46 88.97 

Total ammonia - 7.95 7.54 7.03 

Total 96.00 98.00 97.00 96.00 
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To experimentally test the hypothesis that the structural change (and material 

decomposition) of TiS2/HA was a consequence of exposure to molecular oxygen, a 

newly prepared batch of TiS2/HA was kept under inert atmosphere, while another 

batch was kept in air for comparison (both in the dark and at room temperature, for 

1 week). Figure 66 compares the XRD patterns of these two samples. The absence 

of crystalline sulphur in the case of TiS2/HA kept in inert atmosphere is the 

experimental confirmation of the proposed reaction pathway, where O2 actively 

participates in sulphur elimination. 

 

 

Figure 66. XRD patterns of TiS2/HA (N2) (top) and TiS2/HA (air) (bottom), showing that 

sulphur exsolution only occurs by exposure to molecular oxygen. 

 

4.4 Conclusions 

 

This chapter reports about the experimental evidence of limited stability in ambient 

conditions of hexylamine-intercalated titanium disulphide, a material that has 

recently attracted interest for prospected TE applications. X-ray powder diffraction 

and Raman spectroscopy clearly show the formation of crystalline sulphur at the 

expense of the layered TiS2/hexylamine compound. Different degradation 

mechanisms were tested by ab initio periodic DFT calculations on a TiS2/NH3 

model system, suggesting that TiS2 reacts with molecular oxygen, resulting in Ti-

N adducts, where N resides in lieu of S vacancies, with the subsequent formation 
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of elemental sulphur and water. A comparison of the aging of TiS2/HA in the 

presence or the absence of oxygen further corroborates the proposed mechanism 

since prolonged storage in inert atmosphere does not result in the degradation of the 

intercalated material. Since the reported findings point to a limited stability in air 

of such hybrid systems, appropriate actions taken to minimize exposure to oxygen 

in practical applications should be devised for TMDCs to be used in environmental 

conditions. While this appears to be a severe limitation for their wide usage, similar 

issues have been recently solved for oxygen- and moisture-labile hybrid materials 

(lead halide perovskites, above all 257), which are deposited within thin layers of 

nonpermeable, and optically transparent, plastic films. 
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5. Ab-initio transport properties calculation of the hybrid 

superlattices hexylamine-TiS2 and adamantylamine-

TiS2  

 

5.1 Introduction 

 

This chapter tackles the issue of the design of new hybrid inorganic-organic TE 

materials based on the TiS2 inorganic scaffold. In the existing scientific literature, 

the only organic moieties taken into account for insertion in TiS2 are the family of 

linear amines. On the other hand, the flexibility of the hybrid compounds and the 

(hopefully good) TE functional properties could be achieved, at least in principle, 

with different intercalating organic molecules. So, this chapter reports on the 

computational simulations relative to hexylamine (HA) intercalated TiS2 and of 

another hybrid TiS2-based material, obtained by intercalation in the TiS2 scaffold 

of adamantylamine (ADA), a molecule that, like HA, has a terminal amine group 

and a similar overall hindrance but, with respect to HA, displays a more compact 

shape that, in particular, involves a limited variability of orientation with respect to 

the structure of the inorganic host. 

The electronic properties of TiS2, a layered solid constituted by the stacking of 

covalently bound S-T-S slabs weakly interacting with vdW forces, and of TiS2 

intercalated with hexylamine (TiS2/HA) have been studied using density functional 

methods. The simulations of the transport properties agree with the available 

experimental data for pristine TiS2 and TiS2/HA. The computational approach is 

then extended, mutatis mutandis, to the prediction of the TE behaviour of TiS2 

intercalated with adamantylamine (TiS2/ADA), a hybrid organic-inorganic 

compound not yet synthesized. Based on the electronic properties of a range of 

swelled TiS2 structures obtained by artificially expanding the width of the vdW gap 

between the S-Ti-S slabs, it is argued that the improvement of TE performance of 

TiS2 could be achieved by a wide variety of organic intercalated moieties. 

Among the environmentally friendly ways of producing electricity, TE technology 

is attracting growing interest in recovering waste heat from various sources of a 
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thermal gradient, but also for the opportunity to collect the heat produced by the 

human body. In fact, TE devices powered by the heat produced during metabolic 

processes are now considered a promising source of energy for wearable 

electronics, such as fitness trackers, smartwatches, and medical sensors.  

The performance of a TE material is evaluated through the 𝑍𝑇 =  𝑆2σ𝑇𝜅−1, where 

T is the temperature. The power factor (𝑃𝐹 = 𝑆2σ) characterizes the electron 

energy conversion capability, while κ characterizes heat leakage. Then, an ideal TE 

material must exhibit high 𝜎, high 𝑆, and low 𝜅 258. It is difficult to combine all 

these features together, as the total thermal conductivity 𝜅 = 𝜅𝑒 + 𝜅𝑙 is bound to 

the electronic conductivity 𝜅𝑒 by the Wiedemann-Franz law 𝜅𝑒 = 𝜎𝐿𝑇, where L is 

the Lorenz number. Therefore, the research on new TE materials tackles the 

somewhat puzzling issue of minimizing κ and keeping a suitable electronic 

conductivity, a goal that is pursued by acting on the lattice component 𝜅𝑙 of 𝜅. At 

present, good, and reliable performances are achieved at low and medium 

temperatures by devices based on Bi2Te3, displaying ZT values around 1 at 400 K 

106. On the other hand, several high-performance TE materials present drawbacks 

such as toxicity, scarcity, and high price, that should be overcome by broadening 

the possible composition range 279. In this context, other layered chalcogenides 259, 

and in particular TiS2-based compounds, have attracted the interest of researchers 

for almost ten years now 137,140,161,165-166,260-262. TiS2 has a layered structure 

consisting of covalently bonded S-Ti-S sandwiches stacked along the c-direction 

(Figure 67a) and weakly stabilized by vdW interaction. Among the various known 

polymorphs of TiS2, differing in the sequence of relative displacements of the S-Ti-

S sandwiches, in this chapter it is taken into consideration the one crystallizing in 

trigonal space group P-3m1 depicted in Figure 67, that is experimentally observed 

in commercially available TiS2. 
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Figure 67. Crystal structure of trigonal TiS2 (blue: Ti, yellow: S) with a=3.407 Å and c= 

5.6989 Å 264 a) side view; b) top view. 

 

The experimental studies on pristine TiS2 need to control the stoichiometry very 

carefully during the synthesis, since self-intercalated Ti(1+x)S2 structures can be 

easily formed, with an injection of n-carriers in the conduction band 264. The layered 

structure of TiS2 is also prone to host in the vdW gap between S-Ti-S sandwiches a 

wide range of guest species, including monoatomic cations, molecular ions, and 

organic molecules, thus enhancing phonon scattering processes and hampering 

𝜅163, which is ultimately beneficial for TE use. On the other hand, the fabrication 

of this type of heterostructures is expected to also affect the electronic transport 

properties, due to chemical interaction with the matrix and variation of carrier 

concentration164.  

The literature relative to ab initio studies on pristine TiS2 is mainly concerned with 

the analysis of the electronic and vibrational properties, also in comparison with the 

fourth group sulphides and with the Ti chalcogenides 265–267. In particular, the 

debate about the nature of TiS2, whether it is a semimetal or semiconductor, is still 

lively 268,269. As regards TiS2 intercalation, the literature is quite limited, and 

concerns mainly metal cation intercalated TiS2 
270,271. Computational analyses of 

TiS2 intercalated with organic moieties are lacking and limited to one single 

investigation on molecular dynamics simulations of phonon transport 272. This study 

is focussed on organic-intercalated TiS2, with the aim of elucidating by ab initio 

DFT calculations the electronic structure and transport properties of two hybrid 

compounds: i. hexylamine-intercalated TiS2 (TiS2/HA), already experimentally 

proposed as a hybrid TE material 162,165-166,267 and ii. adamantylamine-intercalated 
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TiS2 (TiS2/ADA), yet to be synthesized (Figure 68). 

 

Figure 68. Model TiS2-based hybrid compounds: a) TiS2/HA and b) TiS2/ADA. 

 

ADA and HA are both aliphatic amines. The NH2 group is linked to a secondary 

carbon in the case of HA, and to a tertiary carbon in ADA, which makes the latter 

slightly more basic. The substantial difference between the two molecules lies in 

their structural and geometric features. Previous studies have shown different 

possible arrangements of linear alkylamines when they are intercalated in layer 

structures 273,274. For example, the paper by Wan et al.166 describes two different 

configurations. The first with two organic molecules incorporated into the vdW gap 

of TiS2, and the second with the organic molecule lying parallel to the basal plane 

of the TiS2 layer. Such variance in the orientation of the organic molecule may lead 

to poor homogeneity and stability of the resulting material. On the contrary, ADA, 

thanks to its compact structure and shape, has significantly lower orientational 

variability and could be an ideal block to be incorporated into layered host 

materials, giving rise to stable hybrid multifunctional nanostructures. 

In the following, the study carried out on a single geometric configuration of 

TiS2/HA is reported and compared with the hypothesized structure of TiS2/ADA, 
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to verify how the structural features of the intercalant (size and geometry) affect the 

electronic and transport properties. 

The simulations related to the thermoelectric properties part were performed at the 

Theoretical Chemistry Department of Technische Universität Dresden. 

 

5.2 Methods 

 

The DFT + U calculations were carried out by using the ab initio simulation package 

VASP 275 for the computational analysis of TiS2 electronic properties. All 

calculations were performed using the generalized gradient approximation 245 and 

the PBEsol exchange-correlation. The degauss parameter, the positions of atoms, 

and the Hubbard parameter 245 were optimized to increase simulation efficiency and 

improve subsequent calculations. The value of Hubbard U correction for the Ti 

atom was set to 3 eV. The plane-wave cut-off energy was set to 500 eV, and a 

denser Monkhorst-Pack (MP) 276 k-point meshes 9x9x1 was adopted. Based on the 

band structure calculation, the TE transport coefficients (i.e., S, σ, and 𝜅𝑒) were 

calculated with the BoltzTraP code 277, assuming an isotropic electron relaxation 

time of 2.6×10-14 s 278,279. The algorithm by Tang et al. 255 was used for Bader charge 

density decomposition. 

 

5.3 Results and discussion 

 

5.3.1 Bulk TiS2 

 

The bulk TiS2 lattice constants were optimized and resulted in good agreement with 

experimental data, as shown in Table 21 263. The band structure and the DOS are 

plotted in the energy range −6.0 to 6.0 eV along the paths joining the high-symmetry 

k-points drawn in Figure 69. The presence of an indirect bandgap of 0.1 eV can be 

observed between the valence band (VB) maximum at Г (indicated with G in Figure 

70), and the conduction band (CB) minimum at L. This bandgap value agrees with 

the predicted semiconductor nature of TiS2 
265-266,268-269. In the DOS, the peak at 
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−4.7 eV is ascribed to the S 3p state and the sharp peak at −2.9 eV results from the 

localized Ti 3d-S 3p hybridization. The peaks in the range 0.8-3.0 eV above the 

Fermi energy are mainly of Ti 3d character. Then, the 3p orbitals of sulphur are 

predominant in the VB, while in the CB the 3d orbitals of titanium prevail. 

 

Table 21. Difference between the cell parameters obtained and the literature's parameters. 

 Lattice parameter (Å) Error (%) 

a 3.3973 -0.3 

c 5.6056 -1.6 

 

Г 0.00000  0.00000  0.00000 

 

 

M 0.00000  0.50000  0.00000 

K -0.33333  0.66667  0.00000 

Г 0.00000  0.00000  0.00000 

A 0.00000  0.00000  -0.50000 

L 0.00000  0.50000  -0.50000 

H -0.33333  0.66667  -0.50000 

A 0.00000  0.00000  -0.50000 

Figure 69. First Brillouin zone of the P-3m1 space group with high-symmetry points. 

 

 

Figure 70. Electronic band structure and (right panel) pDOS of bulk TiS2. 

With regards to the transport properties, the 𝑆, the σ of TiS2 as n-type semiconductor 

266 and the 𝑃𝐹 were calculated with BoltzTrap as function of carrier concentration 
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at 300 K (Figure 3). As can be easily expected, the σ increases steadily with carrier 

concentration, while the 𝑆 has the highest value of |S| at a carrier concentration of 

1020 cm-3. A fair compromise between S and σ can be set around 1021 cm-3 and this 

trade-off is confirmed in Figure 71, showing that PF has a maximum between 1020 

and 1021 cm-3. At a carrier concentration of 1020 cm-3 and at a temperature of 300 

K, we obtain S = −158.7 μV/K, σ = 4.2×104 S/m, 𝜅𝑒 = 0.38 W/mK and PF = 1.06 

mW/mK2.  

 

Figure 71. Calculated thermoelectric parameters of bulk TiS2 vs. carrier concentration 

(logarithmic scale): a) electrical conductivity; b) n-type Seebeck coefficient; c) power 

factor. 

Figure 72a reports the calculated 𝜅𝑒 as a function of carrier concentration, while in 

Figure 4b the corresponding ZT values are drawn. Considering a 𝜅𝐿 of about 4.3 

W/mK 271, the resulting estimated ZT = 0.2 is in line with experimental 
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determinations. Guilmeau et al. 280 predicted smaller values for 𝑆  and 

conductivities, resulting however, by compensation, in a very similar ZT. Although 

the comparison with experimental data should be taken very cautiously, as the 

stoichiometry of TiS2 is hard to control precisely during the syntheses, and self-

intercalated Ti can influence the measured TE parameters 133, these figures can be 

considered in fair agreement with literature values 271  

 

 

Figure 72. a) Calculated electron thermal conductivity 𝜅𝑒 vs carrier concentration 

(logarithmic scale) in bulk TiS2; b) figure of merit ZT. 

 

The TE parameters were also calculated along the ab-plane and cross-plane 

directions. The ratio between the two directions shows moderate anisotropy, 

S(xx)/S(zz) = 1.56 (S(xx) = −194 V/K), σ(xx)/σ(zz) = 1.08 and κ(xx)/κ(zz) = 1.16 at 300 K, 

related to the anisotropy of the chemical bonding in the structure. However, as 

pointed out by Glebko et al. 266, this connection should be interpreted cautiously in 

case of moderate anisotropy. The above quoted S(xx) value is in fair agreement with 

Glebko’s. As for experimental determinations, the literature presents a wide spread 

of values 137,259, for which the above comment about the control of Ti stoichiometry 

in the synthesis routes of TiS2 could also be effective.  
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In conclusion, the level of theory adopted for the simulation of the bulk TiS2 band 

structure appears to be in reliable agreement with the recent literature and therefore 

was extended to the computations relative to the hybrid TiS2-intercalated 

compounds. 

 

5.3.2 Cell expansion and intercalation with hexylamine and 

adamantylamine 

 

Intercalation of organic and inorganic species in the TiS2 vdW gap, as discussed 

mainly in the literature, can strongly modify the TE properties of layered materials. 

This effect depends on the kind of intercalating species. For example, it is well-

acknowledged that metal cation intercalation injects electrons into the conduction 

band. However, no matter the intercalant, an increase in structural defects and 

enhanced scattering processes are understood to be beneficial for reducing 𝜅 . 

Organic molecules inserted in the vdW gap of TiS2 could, ideally, limit the 𝜅𝐿 

component and leave the electronic conductivity unchanged parallel to the ab plane.  

As a preliminary approach to the computational analysis of TiS2 hybrids, the study 

of the electronic structure of TiS2 at increasing distance between the layers was 

carried out. In the simulations, lattice constant a was fixed to the optimized 3.3973 

Å value determined for bulk TiS2, and the lattice constant c was increased with a 

step =2 Å (c = 5.6056 Å. + n). The bandgap steadily increases from the bulk 

value of 0.1 eV to 0.23 eV for n=8, while the  and A BZ points collapse (Figure 

73a) as each 2D layer is increasingly isolated. Simultaneously, the branches along 

the paths MK and ALH, parallel to the ab plane, tend to become symmetric; this 

change in the band structure is already visible at a lattice parameter of 9.6 Å (Figure 

73b), demonstrating that the interaction between S-Ti-S sandwiches is easily 

quenched already at a relatively small swelling level. These results are consistent 

with the band structure calculations for other nanosheet materials 281,282. Due to 

quantum confinement 283,284, in the interval (−0.4 to 0.4) eV the monolayer-like 

DOS features of the swelled structure are much sharper than those of the bulk 

(Figure 74); simultaneously, swelling produces a drastic increase of anisotropy at 

300 K, as shown in Figure 75.  
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Figure 73. a) Electronic band structure along the paths depicted in Figure 69 and (right 

panel) DOS of swelled TiS2 (c=21.6 Å); b) Energy bands at a spacing c=9.6 Å between 

the S-Ti-S sandwiches. 
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Figure 74. Bulk and swelled TiS2 DOS close to the Fermi level. 

 

 

Figure 75. Relationship trends of σ(xx)/σ(zz) and κ(xx)/κ(zz) as a function of increasing lattice 

constant c (Å). 
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The artificially increased distance between the layers has its counterpart in the 

analysis of what happens when a similar widening of the interlayer gap is 

accomplished by the intercalation of an organic species. Aiming at evaluating 

organic candidates for TiS2 intercalation, the band structure, and the TE parameters, 

as a function of carrier concentration at 300 K, were calculated for two intercalated 

compounds: TiS2/HA taken as a reference, and TiS2/ADA as a potential new TiS2-

based hybrid material. 

An atomic structure for TiS2/HA has been hypothesized in only one paper 162. After 

intercalation, the spacing between TiS2 layers increases, slightly less than twice the 

length of HA, indicating a bilayer sheet of slightly slanted intercalated hexylamine 

molecules.  

This evidence was experimentally confirmed by acquiring XRD data from the final 

TiS2/HA product, with the HA slope of 40.0° and a layer spacing of approximately 

22 Å 285. This structural scheme was adopted in the simulations, with the N-C bond 

perpendicular to the S-Ti-S layer, HA parallel to an axis and the angle with the (a,b) 

plane determined by the zig-zag sequence of carbon atoms. 

The energy of the intercalated compound was calculated when gradually increasing 

the lattice constant c with a step =1 Å (c = 18.6056 + n), finding a minimum 

value at c = 21.6 Å. A similar approach was adopted for TiS2/ADA, with the 

minimum energy at c = 22.6 Å. 

A 2x2x1 TiS2 supercell (labeled Ti4S8 in the following) was then considered as a 

compromise between realistic stoichiometry and computing time. Both organic 

molecules are Lewis bases (electron donors), but the respective steric hindrance and 

the different chemical composition could play a role in the variation of the 

properties of the system.  

Figure 76a shows the band structure of Ti4S8, as a reference for Ti4S8/HA and 

Ti4S8/ADA (Figure 76b-c). In these latter cases, it can be noticed that new bands 

arise, slightly below the Fermi level, due to the respective intercalants. 
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Figure 76. Electronic band structure of: a) the 2x2x1 supercell of TiS2 (labelled as Ti4S8) 

with c=21.6Å. b) the TiS2 supercell intercalated with hexylamine (Ti4S8/HA) and c) with 

adamantylamine (Ti4S8/ADA). Bands due to the intercalated organic molecule below the 

Fermi level are marked in red. 

 

The pDOS of Ti4S8/HA and Ti4S8/ADA are plotted in Figure 77. In both intercalated 

compounds the states from −2.5 eV to −6 eV is formed by the hybridization of C 

2p, N 2p, H 1s, S 3p, and Ti 3d. Around the Fermi energy a noticeable contribution 

of orbitals deriving from the organic molecules can be observed, in correspondence 

of the new branches in the band structures. In the case of Ti4S8/HA, the sharp peaks 

around −0.3 eV and −0.7 eV are due to the hybridization of N 2p, Ti 3d, and S 3p, 

while for Ti4S8/ADA the peak around −0.2 eV is attributed to the hybridization of 

N 2p and C 2p. From 0 eV to 4 eV above the Fermi level, all peaks are 

predominantly composed of Ti 3d state, like in bulk TiS2. Then, the 2p orbitals of 

nitrogen and carbon and 1s orbital of hydrogen lead to substantial variation in the 

VB, while in the CB the 3d orbitals of titanium are still prevailing.  

In Figure 78 the band structures of Ti4S8/HA and Ti4S8/ADA are compared with 

those of Ti4S8 and with the HA and ADA components alone, whose respective 
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pDOS within 1 eV of the Fermi level are also plotted in Figure 79a-b. It can be 

recognized that, as a result of the interaction with the inorganic scaffold, the energy 

bands of the intercalated molecules are modified, and in particular that the top VB 

energy levels are split, as also evidenced by the comparison between the zoomed 

DOS patterns reported in Figures 77b,d and those of the organic components 

(Figure 79a-b).  

Moreover, by comparing the band structure of pristine TiS2 and the free organic 

molecule, with the intercalated compound (Figure 78), new bands not belonging to 

the two separate components are visible between 2 and 3.5 eV, and they could be 

the product of the interaction between the two components. 

 

a)  
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b)  

c)  
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d)  

Figure 77. a-c) DOS of Ti4S8/HA and Ti4S8/ADA; b-d) enlargement of the previous plots 

close to the Fermi level. 
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Figure 78. a) Electronic bands of, respectively, Ti4S8, HA molecules packed with the same 

structure as in the intercalated compound, Ti4S8/HA; b) electronic bands of Ti4S8, ADA 

molecules packed with the same structure as in the intercalated compound, Ti4S8/ADA. 

 

  

Figure 79. pDOS of a) HA, and b) ADA, close to the Fermi level. 

 

To further assess the interaction between the organic moieties and the inorganic 

scaffold, Bader charges (reported in Table 22) were computed, as well as the 

formation energies of the components and of the intercalated compounds. The 
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energy balance for the intercalation reaction is equal to −2.1 eV for Ti4S8/ADA and 

to −0.9 eV for Ti4S8/HA (see Table 22). The energetically favoured intercalation 

reaction, experimentally observed for hexylamine, is then confirmed by the 

simulated reaction energies. The simulation also demonstrates the possibility of 

intercalation of adamantylamine, with an even larger formation energy per 

molecule.  

 

Table 22. Bader charges and formation energies (eV) of Ti4S8, HA and ADA, and of the 

respective intercalation compounds. 

 Ti4S8 HA Ti4S8/HA ADA Ti4S8/ADA 

Ti 10.23 - 10.21 - 10.23 

S 6.89 - 6.91 - 6.90 

C - 4.00 3.99 3.98 3.98 

H - 0.92 0.92 0.94 0.94 

N - 6.11 6.14 6.14 6.14 

Total inorganic 96.00 - 96.12 - 96.11 

Total organic - 88.0000 87.8748 124.0000 123.8846 

Total - - 184.0000 - 220.0000 

E (eV) -9104.61 -3982.60 -13088.10 -6017.75 -15124.44 

 

Figure 80 shows the comparison between the electronic charge difference maps of 

Ti4S8/HA and Ti4S8/ADA (respect organic molecules packed with the same 

structure as in the intercalated compound and respect the slab) along the sections 

(010) highlighted in the drawings. 

A simple hypothesis for the intercalated complex formation is based on the charge 

transfer between the organic molecules and disulphide layers 238,164. The analysis of 

the Bader charges and the analysis of the electronic charge difference maps, 

reported in Figure 78, show that there is a transfer of electronic charge from the 

organic molecule to the inorganic scaffold. In particular, the Bader charges 

demonstrate a simultaneous decrease in the charge of the organic molecule (−0.14% 

in the case of Ti4S8/HA) and an increase in the charge of the inorganic layer 

(+0.13%).  
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Looking at the Figure 80, in Ti4S8/HA a collective drift of the electron density is 

observed towards the S-Ti-S sandwich, resulting in a depletion of electrons in the 

opposite ends of facing molecules, for Ti4S8/ADA the charge rearrangement 

involves a different pattern of polarization, leading to a diffuse framework of 

electrostatic interactions between electron-enriched and electron-depleted regions. 

A donation of electronic charge takes place from the intercalators to the inorganic 

scaffold, as hypothesized in the literature 238,164, accompanied by the population of 

the Ti 3d orbital by the nitrogen lone pair and the drift of electronic charge from the 

hydrocarbon tails of HA and ADA towards the amine head. In fact, inspection of 

Figure 78 alows to recognize a different behaviour of the Ti close to the organic 

molecule compared to those more distant. Furthermore, in the case of Ti4S8/HA, a 

union between the electronic clouds of nitrogen and titanium can be noted. Even 

the sulphurs close to the organic molecules show a different electronic 

rearrangement compared to the more distant ones. 

This difference between the charge distributions could be closely related to the 

different distance between N and slab, which is smaller in the case of the 

intercalated with HA than in the intercalated with ADA (Table 23), a consequence 

of a different interaction between the two organic molecules and their respective 

slabs, probably deriving from different steric effects. 

 

a) 

 



~ 132 ~ 

b) 

 

Figure 80. Electronic charge difference maps in the (010) sections of a) Ti4S8/HA and b) 

Ti4S8/ADA compared to molecules packed with the same structure as in the intercalated 

compound and the inorganic slab.  

 

Table 23. Distance between N and slab. 

 Ti-N (Å) Ti-S (Å) 

Ti4S8/HA 4.57 2.55 

Ti4S8/ADA 5.65 3.66 

 

Table 24 reports the relevant TE parameters of bulk TiS2 and of the intercalated 

compounds at a carrier concentration of 1020 cm-3 and at a temperature of 300K. 

 

Table 24. Thermoelectric parameters of Ti4S8, Ti4S8/HA and Ti4S8/ADA. 

 Ti4S8 Ti4S8/HA Ti4S8/ADA 

S (μV/K) -158.7 -135.8 -140.9 

σ (S/m) 4.2×104 2.4×104 2.7×104 

𝜿𝒆 (W/m • K) 0.38 0.182 0.184 

PF (mW/m • K2) 1.152 0.443 0.536 

ZT 0.835 0.730 0.874 

 

A decrease in 𝜎 and electronic contribution of 𝜅 results from intercalation, while 

the 𝑆 at the carrier concentration of 1020 cm-3 does not vary significantly. The on-
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plane and off-plane electrical and electron-thermal conductivities (Table 25) 

confirm that the organic intercalants strongly affect the transport properties of TiS2 

normal to the plane of the Ti-S slabs. In particular, both intercalants lower the σ and 

κ z-components compared to bulk TiS2 as a result of the quantum confinement 

effect 286. 

 

Table 25. xx and zz components of the electrical conductivity and electron-thermal 

conductivity of Ti4S8 and intercalated compounds. 

 σ(xx) (S/m) σ(zz)(S/m) κ(xx) (W/mK) κ(zz) (W/mK) 

Ti4S8 4.3×104 4×104 1.456 1.274 

Ti4S8/HA 1.4×104 1.3×102 0.416 2.6×10-4 

Ti4S8/ADA 9.3×103 5.2×101 0.455 2.3×10-4 

 

Tables 26 and 27 report the 𝑆, the 𝜎, and the PF as a function of the concentration 

of charge carriers for, respectively, TiS2 intercalated with hexylamine and with 

adamantylamine; in Figure 81 the respective ZTs are plotted as a function of carrier 

concentration. A marginally better performance of ADA could be recognized, 

within the assumptions of the proposed computational models. 

 

Table 26. Predicted n-type Seebeck coefficient, electrical conductivity, and electron 

thermal conductivity of Ti4S8/HA as a function of carrier concentration. 

Carrier concentration (cm-3) S (μV/K) σ (S/m) 𝜿𝒆 (W/mK) 

1×1018 −48.2 3.2×103 0.111 

4×1018 −100.8 3.2×103 0.103 

1×1019 −173.8 3.4×103 0.086 

4.4×1019 −183 1.1×104 0.098 

1×1020 −135.8 2.4×104 0.182 

4.8×1020 −72.2 9.8×104 0.726 

1×1021 −45.4 2×105 1.324 
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Table 27. Predicted n-type Seebeck coefficient, electrical conductivity, and electron 

thermal conductivity of Ti4S8/ADA as a function of carrier concentration. 

Carrier concentration (cm-3) S (μV/K) σ (S/m) 𝜿𝒆 (W/mK) 

1×1018 −143.6 2.5×103 0.090 

4×1018 −185 3.3×103 0.085 

1×1019 −218 4.5×103 0.084 

4.4×1019 −190.6 1×104 0.082 

1×1020 −140.9 2.7×104 0.184 

4.8×1020 −73.9 1.25×105 0.845 

1×1021 −22.2 2.6×105 1.748 

 

 

Figure 81. Calculated ZT as a function of carrier concentration of a) Ti4S8/HA and b) 

Ti4S8/ADA. 

 

5.4 Conclusions 

 

From the analysis of the electronic structure, it can be argued that the intercalation 

of differently shaped amines in the vdW gap of TiS2 is effective in enhancing the 

2D character and the anisotropic transport properties of hybrid intercalate with 

respect to pristine TiS2. The comparison between HA and ADA shows a similar 
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behavior between the two amines, maybe somewhat better for ADA, in boosting 

the anisotropy of the properties of TiS2. This latter conclusion holds within the 

framework of the Boltzmann transport theory and should be confirmed by actual 

measurements on real samples, but the simulations point to the possibility that the 

portfolio of organic intercalants of TiS2 could be much richer than the mere HA 

described in literature. Considering that the anisotropic 2D properties of TiS2 are 

already achieved at relatively small interlayer distances, interesting TE 

performance could be attained also with smaller molecules than HA and ADA. 

Among the large population of possible candidates, the isotropic shape of the 

intercalant could be suitable for achieving a spacing between the S-Ti-S sandwiches 

independent on the intercalant concentration, and therefore a better control on the 

TE properties.   

The hypothesis put forth in literature 238,164, that TiS2 intercalation is favoured by 

the Lewis base nature of the intercalant is substantiated in this thesis, demonstrating 

that electron donation of both ADA and HA molecules to the host inorganic scaffold 

is effective. Based on the Bader charge analysis and on the reported maps of charge 

density sections, it is proposed that the interaction mechanism involves the transfer 

of electronic charge from the intercalant Lewis base to TiS2 and its accumulation 

of electronic charge on Ti, with the consequent establishment of an electrostatic 

host-guest interaction. 
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SUMMARY AND CONCLUSION 

 

This PhD project was involved in the design, preparation, and characterization of 

materials for the development of new TE devices. Today, most of the research 

efforts in this field are addressed to the improvement of materials which already 

exhibit good TE parameters. The strategies to achieve this goal are described in the 

first chapter of this thesis and substantially deal with the task of overcoming, let’s 

say, the Wiedemann-Franz law’s curse; that is, the task of improving 𝜎  while 

keeping low thermal transport. My thesis work was inserted in this line of research; 

the reference compounds were the layered chalcogenides TiS2 and MoS2, which 

have interesting TE properties due to their 2D atomic structure, involving strongly 

anisotropic transport properties. The basic idea was that of improving, by 

intercalation of inorganic or organic moieties, the 𝜎 perpendicular to the S-Me-S 

sandwiches, while keeping low the 𝜅  thanks to the 2D nature of the matrix, 

eventually enhanced by the structural defectivity induced by intercalation. 

So, PART II of this thesis was dedicated to the study of the insertion of metal ions 

in the vdW gap between the S-Me-S triple layers. The computational simulations 

involved the analysis of the electronic structure of TiS2 intercalated with two 

transition metals, Cu and Ag, and two s-block metals, Li and Ca. It was 

demonstrated that all these metals modify the 𝜎 of the intercalated compounds, that 

is changed, to a different extent, to metallic character. The preparation of a real 

sample was limited to the lithium intercalation of MoS2. For this compound a 

detailed structural analysis was carried out, demonstrating that lithium intercalation 

produces both stacking faults in the sequence of S-Mo-S triple layers, and intralayer 

disorder that was successfully modelled by assuming a correlated distribution in the 

mutual position of atoms within the S-Mo-S sandwiches. The possibility that the 

structural disorder involved also sequences of octahedral-coordinated whole layers 

was also addressed, and its feasibility discussed. 

PART III of my dissertation is concerned with the idea of producing hybrid 

inorganic-organic compounds having (hopefully) the good characteristics  of both 

the organic (flexibility, low 𝜅 , wide availability) and inorganic (high 𝜎 , 

chemical/mechanical stability) components. In particular, PART III was concerned 
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the simulation of the intercalation of two amines,  hexylamine and adamantylamine, 

in the vdW gap of TiS2. The insertion of hexylamine in TiS2 is described in the 

literature and the resulting compound is claimed to show very interesting TE 

properties; on the other hand, its electronic structure was only partially investigated. 

As a counterpart of this well-acquainted compound, the intercalation of ADA, 

having a more compact shape but a similar height as HA, was also studied. Notably, 

the hybrid ADA-TiS2 was not yet synthesized and then the reported simulations 

constitute a hint for the synthesis of a new TE material. The simulated TE 

parameters of the two inorganic-organic materials were substantially similar, 

allowing to foresee those various organic moieties, maybe also showing electronic 

conductivity, could be tested for intercalation in layered chalcogenides. A 

fundamental aspect for the technological implementation of inorganic-organic 

materials, that is the long-term range stability, was also investigated. Different 

degradation mechanisms were tested by ab initio periodic DFT calculations on a 

TiS2/NH3 model system, suggesting that TiS2 reacts with molecular oxygen, 

resulting in Ti-N adducts, where N resides in lieu of S vacancies, with the 

subsequent formation of elemental sulphur and water. A comparison of the aging 

of TiS2/HA in the presence or the absence of oxygen further corroborated the 

proposed mechanism since prolonged storage in inert atmosphere did not result in 

the degradation of the intercalated material, while sulphur evolution was detected 

with different techniques for the sample stored in air. 

In conclusion, this thesis focused some crucial points for the development of a new 

generation of TE materials, but much work is still necessary for further 

developments. As concerns my research activity, I just mention the experimental 

counterpart, involving syntheses and functional characterization, of the metal-

intercalated chalcogenides, the investigations about the stability of hybrid 

compounds, and the widely open field of intercalation of organic moieties into 2D 

layered chalcogenides. 
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APPENDICES 

 

A. Characterization techniques 

 

A.1. X-ray diffraction (XRD) 

 

X-ray diffraction (XRD) is a non-destructive technique for the characterization of 

crystalline materials. For a crystalline sample, XRD analysis provides a complete 

three-dimensional picture of information about composition, structure, phases, 

interatomic distances, and other structural parameters such as size and crystallinity. 

The constructive interference of a monochromatic beam of X-rays scattered at 

specific angles from each set of lattice planes in a sample produces x-ray diffraction 

peaks. The intensities of these peaks are determined by the distribution of the atoms 

into the lattice. Consequently, the X-ray diffraction pattern is the fingerprint of a 

material. The measured angles can be converted back to get information about the 

underlying lattice periodicity based on Equation (S1): 

 

𝑑 =
𝜆

2𝑠𝑒𝑛(𝜗)
                                                                                                               (S1) 

 

where λ(Å) is the X-ray wavelength, d(Å) is the spacing between lattice planes, and 

2θ is the angle of diffraction 287. 

 

A.2. Scanning Electron Microscopy (SEM) 

 

Scanning Electron Microscopy (SEM) is a technique for image generation that, 

thanks to its operational simplicity, short imaging time, and nanoscale spatial 

resolution, is now prevalent in many fields of industry and research 288.  

The technique makes use of the interactions between electrons and the atoms of the 

analysed sample. An electrical voltage accelerates the electrons emitted by the 

source and magnetic lenses are used to focus the beam. Depending on the texture 
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and composition of the sample, electrons interact differently with it. They can be 

reflected on the surface or can ionize atoms producing secondary electrons; both 

secondary and backscattered electrons can be detected to reconstruct the final image 

of the sample. SEM images represent the morphology of a sample and can also 

yield, thanks to the large depth of field of the technique, quasi-three-dimensional 

views of the sample surface; then, SEM is used to obtain a high-resolution picture 

of surface features. Moreover, the spectroscopic analysis of X-rays produced by the 

interaction between the incoming electron beam and the sample (carried out by an  

Energy Dispersive X-Ray Analyzer (EDX or EDA)) allows to obtain information 

about the distribution of different chemical elements within the sample 289.  

 

A.3. Micro-Raman Spectroscopy 

 

Raman spectroscopy is a spectroscopic non-destructive technique for probing the 

structure and properties of a wide variety of organic and inorganic materials. This 

spectroscopy is based on the inelastic scattering of a monochromatic beam that 

provides a structural fingerprint related to vibrational modes of molecules, 

rotational and other low-frequency modes of systems 289-291. 

Micro-Raman spectroscopy (µRS) involves acquiring spatially resolved Raman 

spectra by combining the conventional Raman spectrometer with a microscopic 

tool, typically an optical microscope 292. Spectral information obtained using 

conventional Raman spectroscopy is spatially averaged over a large area (~ 1mm2) 

whereas micro-Raman enables the collection of spectral information with 

submicron lateral and vertical resolution. 

With the introduction of commercial micro-Raman instrumentation, this technique 

has emerged as a powerful and handy analytical tool for the characterization of a 

wide number of nanostructures over the last decades. 
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B. Computational approach 

 

To design and discover novel TE materials with high TE performance, 

computational simulations have nowadays a significant role in projecting syntheses 

and understanding results. It is possible to predict some useful properties of solids 

through the simulation of electronic structure by ab initio quantum mechanics, 

using a molecular mechanics approach, or a combination of both (semiempirical 

methods). The choice of the method depends on the system being analysed and the 

computational resources available. In particular, ab initio methods start from 

fundamental physical principles to calculate the electronic structure of solids and 

the properties associated with them. For the study of systems with many electrons, 

density functional theory (DFT) is often used, which can satisfactorily describe the 

structure and energy of the orbitals in the case of TMDCs 293,294. 

 

B.1. Density functional theory (DFT) 

 

Nowadays, DFT is a powerful tool for computations of the quantum state of atoms, 

molecules, and solids and of ab-initio molecular dynamics.  

In 1927, after the foundation of quantum mechanics, Thomas and Fermi conceived 

the first approximate version of the density functional theory 268,296. Later, using the 

foundations of quantum mechanics, Hohenberg, Kohn, and Sham developed the 

quantum ground-state density functional theory, which opened a wide door to 

applications for realistic physical systems 297,298. Since then, density functional 

theory has grown enormously and has become one of the main tools of theoretical 

physics and molecular chemistry. 

In a microscopic system, electron-nuclei, electron-electron, nuclei-nuclei, and 

electron correlations interaction are described via the Schrödinger equation. The 

Born-Oppenheimer approximation 299,300 assumes that the nuclei of the atoms, 

molecules, or solids remain fixed and generate a static external potential in which 

the electrons move. The wave function of a system consisting of N electrons 

depends, in the Born-Oppenheimer approximation, on 3N spatial coordinates and 

N spin coordinates. By integrating the square modulus of the wave function on the 
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N spin coordinates and 3N-3 spatial coordinates, the electron density function is 

obtained, which therefore depends on a triad of spatial coordinates, as shown in 

Equation (S2). 

 

𝜌(𝑟) = 𝑁 ∫𝑑𝑟2 …𝑑𝑟𝑁𝑑𝛼1 …𝑑𝛼𝑁∗(𝑟, 𝑟2 …𝑟𝑁;  𝛼1 …𝛼𝑁)(𝑟, 𝑟2 …𝑟𝑁;  𝛼1 …𝛼𝑁)  (S2) 

 

The basic idea of the DFT theory is to refer to the electron density, which is a 

physically observable quantity, rather than to the polyelectronic wave function, 

which is an object difficult to manage from a computational point of view. The 

turning point in this direction was induced by the publication of Hohenberg and 

Kohn's paper, in which the two theorems were proved 297: 

 

Theorem 1: Given the electron density function (r) relative to the fundamental 

level of a gas of interacting electrons in an external potential v(r), a uniqueness 

relation holds,  up to an additive constant, between (r) and the potential v(r). 

Therefore, since the Hamiltonian is determined by v(r), there exists a functional 

𝐸𝑉[]=𝐸0 which uniquely associates the energy value at the fundamental level with 

the electron density. 

Theorem 2: A universal functional 𝐸𝑉[] exists, valid for any number of particles 

and for any external potential, whose minimization gives the correct ground state 

energy value in correspondence with the correct electron density function of the 

fundamental level. 

 

In the article cited above, Hohenberg and Kohn define the energy functional using 

Equation (S3): 

 

𝐸𝑉[] =  ∫𝑣(𝑟)(𝑟)𝑑𝑟 + 𝐹[]                                                                                 (S3) 

 

The functional F[] can be defined as the sum of a Coulomb term J[], as shown 

in Equation (S4), and of another universal functional G[] which includes the 

contributions of exchange, correlation, and kinetic energy. 
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𝐽[] =  ∬
(𝑟1)(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2                                                                                       (S4) 

 

The fundamental work of Hohenberg and Kohn was followed by the study of Kohn 

and Sham 298, who defined the functional G[], as shown in the Equation (S5), and 

outlined the procedure for electron density calculation. 

 

𝐺[] =  𝑇𝑆[] + 𝐸𝑥𝑐[]                                                                                                 (S5) 

 

𝑇𝑆[] represents the kinetic energy term of non-interacting electrons' gas, while 

𝐸𝑥𝑐[] contains the terms of correlation and exchange of an interacting system of 

electrons. 

If (r) is a function that varies slowly enough to be considered locally uniform, the 

functional is defined by Equation (S6). 

 

𝐸𝑥𝑐[] =  ∫ (𝑟)휀𝑥𝑐[(𝑟)]𝑑𝑟                                                                                      (S6) 

 

where 휀𝑥𝑐[(𝑟)] is the exchange and correlation energy per electron of an electron 

gas of uniform density (r). 

 

B.1.1. Exchange-correlation functionals 

 

The central problem of the DFT method is the definition of functionals which 

adequately describe the exchange-correlation term, 𝐸𝑥𝑐[]. 

As reported in the previous section, Kohn and Sham proposed for this contribution 

the functional defined in Equation (S6), based on the assumption that locally the 

function could be assumed as the electron density of a uniform electron charge 

distribution. Starting from the previous equation, this functional can then be defined 

using Equation (S7). 

 

𝐸𝑥𝑐
𝐿𝐷𝐴[] =  ∫ (𝑟)휀𝑥𝑐[(𝑟)]𝑑𝑟                                                                                   (S7) 
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Where LDA is Local Density Approximation 301.Since this approximation has often 

proved inadequate for the study of molecular systems, the Generalized Gradient 

Approximation (GGA) was introduced 244.  

In the GGA functionals type, in addition to the electron density dependence, also 

the dependency on its gradient is introduced.  

One of the problems of LDA and GGA is that these functionals tend to overestimate 

the magnitude of the exchange energy (𝐸𝑥) of electrons with parallel spins and with 

a significant overlap of orbitals in the same region of space.  

A possible way to overcome this issue could be the use of hybrid functionals. In 

this case, the trade term is the weighted sum of a Hartree-Fock trade contribution 

and a trade-correlation DFT term, as shown by Equation (S8). 

 

𝐸𝑥𝑐 = 𝑓𝐸𝑥
𝐻𝐹 + (1 − 𝑓)𝐸𝑥𝑐

𝐷𝐹𝑇                                                                                         (S8) 

 

where f is an empirically established coefficient. A functional that provides precise 

results, similar to more empirical functionals, is the PBE functional (Perdew-Burke-

Ernzerhof), which is based on the GGA approximation 302. A modification is the 

PBEsol functional, designed to improve some solid properties such as bond lengths 

and lattice parameters 245,303. 

 

B.1.2. Hubbard's correction 

 

The approximate exchange-correlation functionals used in modern DFT fail for 

systems having atoms whose ground state has a partially occupied electronic 

structure and strongly localized orbitals (d or f type). In these cases, it may be 

sufficient to perform a DFT+U calculation. Hubbard's "U" correction 

accommodates the strong Coulomb interaction of localized electrons and consists 

of an additive 𝐸𝑈  term added to the local and semi-local density functionals, as 

shown in Equation (S9), derived from the Hubbard Hamiltonian 246. 

 

𝐸𝐷𝐹𝑇+𝑈 = 𝐸𝐷𝐹𝑇 + 𝐸𝑈                                                                                                    (S9) 
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B.2. Quantum ESPRESSO 

 

Structural optimizations and energy calculations for this work of thesis were 

performed using the Quantum ESPRESSO (QE) open-source code suite, developed 

by P. Giannozzi et al in 2001 241,304, which implements various methods and 

algorithms aimed at realistic modelling of materials based on density functional 

theory (DFT). The method is based on density functional theory, density functional 

perturbation theory, and many-body perturbation theory, in the realm of the plane-

wave pseudo-potential and projector-augmented-wave approaches.  

Quantum espresso owes its popularity, beside the fact that it is distributed for free, 

to the wide variety of properties of the matter that can simulate, and to its 

performance. With QE it is possible to perform different tasks, including ground-

state calculations, structural optimization, electrochemistry and special boundary 

conditions, spectroscopic properties, and quantum transport. Quantum Espresso can 

be used for any crystalline or supercell structure, both for metals and for insulators. 

Atomic nuclei can be treated by pseudopotentials of different types: conserving 

Pseudopotential (NCPP), ultrasoft (USPP), or projector augmented wave (PAW). 

Also available are several exchange-correlation functionals relating to the local 

density approximation (LDA) or the generalized gradient approximation (GGA) or 

advanced functionals introducing Hubbard corrections (U), some meta-GGAs, and 

hybrid functionals. QE is organized into several code packages including PWscf 

(Plane-Wave Self-Consistent Field), that consist in a set of programs for electronic 

structure calculations. The PWscf routines include projwfc.x for calculating the 

density of the occupied states, bands.x for calculating the electronic band structure, 

and pw.x which allows to make various calculations. Moreover, it is possible to 

perform an optimization relative to the atomic positions and lattice cell parameters 

through the vc-relax calculation, through the Broyden-Fletcher-Goldfarb-Shanno 

(BFGS) algorithm, or in damped dynamics 305. Such codes are built around periodic 

boundary conditions, which allow a simple treatment of infinite crystalline systems. 
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Another package present in Quantum Espresso is PHonon, which implements the 

density functional perturbation theory (DFPT) for the calculation of phonons in 

crystals, based on the information calculated by PWscf. 

 

B.3. VASP 

 

Within this thesis, the VASP package was also used to realize some of our DFT 

calculations. The Vienna Ab initio Simulation Package (VASP) is a computer 

program for atomic scale materials modelling from first principles 306-308. Periodic 

systems can be built with VASP from unit cells repeated in 3D space. VASP is a 

package for performing ab initio quantum mechanical calculations using either 

Vanderbilt pseudopotentials, or the projector augmented wave method and a plane 

wave basis set. The basic methodology is density functional theory (DFT), but the 

code also allows the use of post-DFT corrections such as hybrid functionals mixing 

DFT and Hartree-Fock exchange, many-body perturbation theory, and dynamical 

electronic correlations. 

VASP has four principal input files (POSCAR, POTCAR, INCAR, KPOINT) and 

three main output files (CONTCAR, OUTCAR, OSZICAR). POSCAR contains the 

starting lattice geometry and ionic positions. POTCAR is a list of pseudopotentials 

for each atom in the system. INCAR is the central input file, which includes the 

majority of keywords for the calculations, like the cut-off energy, the smearing 

parameters, the convergence parameters, etc. KPOINT file indicates the coordinates 

and weights of k-points in the Brillouin zone for sampling. In our case, an automatic 

k-mesh was used. The CONTCAR file is written and renewed after each ionic step. 

It contains lattice geometry and ionic positions after optimization. It has a similar 

format as the POSCAR file and is normally written in direct coordinates. The 

OUTCAR file is the main output file of VASP and includes most output data of the 

calculation. The OSZICAR file is a simplified version of the OUTCAR file which 

sums up the information in one line for each electronic step. In this file, iteration 

count, total energy, and change of total energy can be easily found. 
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B.4. BoltzTrap 

 

To study thermoelectricity, it is crucial to be able to calculate the transport 

properties of a system. The BoltzTrap code allows one to compute these transport 

coefficients with little computational effort 277. This code uses Fourier expansions 

to solve the Boltzmann equation in the relaxation time approximation. Band 

structure interpolation is used to compute the derivatives required to evaluate the 

transport properties. In BoltzTraP, the relaxation time can be considered 

independent of temperature and energy. However, it is also possible to implement 

energy- and temperature-dependent relaxation times corresponding to specific 

electron scattering processes and thus to calculate their relative transport properties. 
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