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ABSTRACT

Energy is an essential requirement, which has a growing demand due to the growth
of population and the world transformation into electronic. More than 70% of energy
resources are fossil-fuel based which has an environmental impact due to the CO2
emissions. Energy hubs for Fossil-fuel to electric energy conversion, controlled CO2
emissions processing units, and energy storage system are key factors for a smooth
transition to green energy without lack of energy supplies, where electrical energy storage
systems (ESS) are key enablers to achieve that. One of the effective components which
determines the ESS efficiency is the electrode material. Two-dimensional (2D) materials
have opened new avenues for the fabrication of ultrathin, transparent, and flexible
functional devices. However, the conventional inorganic graphene analogues are either
semiconductors or insulators with low electronic conductivity, hindering their use as
supercapacitor electrode materials, which require high conductivity and large surface area.
Recently, 2D charge density wave (CDW) materials, such as 2D chalcogenides, have
attracted extensive attention as high performance functional nanomaterials in sensors,
energy conversion, and spintronic devices. Herein, TaS2 is investigated as a potential CDW
material for supercapacitors. A detailed convergence study is performed for TaS2 and
similar (vad der Waals) vdW material (TaSe2, MoS2, MoSe2, WS2, and WSe2) to land on
the optimum ionic convergence algorithm for the rest of the study. Conjugate gradient was
found converging with all the materials and in agreement with the experimental values in
literature more than RMM-DIIS algorithm. Moreover, an equivalent line search-based
convergence algorithm (Three Paraments Simultaneous Convergence Algorithm) is
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developed and applied to TaS2 as a quality assurance for the achieved results. On other
hand the quantum capacitance (CQ) of the different TaS2 polymorphs (1T, 2H, and 3R) was
estimated using density functional theory calculations for different number of TaS2 layers
and alkali-metal ion (Li, Na and K) intercalants. The results demonstrate the potential of
2H- and 3R- polymorphs as efficient negative electrode materials for supercapacitor
devices. The intercalation of K and Na ions in1T-TaS2 led to an increase in the CQ with the
intercalation of Li ion resulting in a decrease in the CQ. On contrary, Li ion was found to
be the best intercalant for the 2H-TaS2 phase (highest CQ), while K ion intercalation was
the best for the 3R-TaS2 phase. Moreover, increasing the number of layers of the1T-TaS2
resulted in the highest CQ. On contrary, CQ increases upon decreasing the number of layers
of 2H-TaS2. Both 1T-MoS2 and 2H-TaS2 can be combined to construct a highly performing
supercapacitor device as the positive and negative electrodes, respectively.
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Chapter 1

Introduction and Scope of Work

1.1 Energy Demand and Imprint:

Energy now is a basic and essential requirement for our daily life. The world energy
demand is continuously increasing with time, which is mainly due to the growth of
population and the transformation of the world into an electronic one. However, the recent
technologies are heading towards optimizing the power usage of the different electronic
devices but based on statistics energy consumption jumped to more than twice in the last
fifty years [1]. More than 70% of the current energy resources are fossil fuels based, which
have an associated environmental imprint such as CO2 emissions [Figure 1-1a and 1-1b].
This CO2 emission is a major cause of the climate changes and global warming threatening
the life on the planet [2]. Energy cycle on the big picture can be simplified to three major
phases: energy generation (Conversion, harvesting, or extraction), storage, and
consumption [Figure 1-1c]. Those phases can be manipulated by the high-end inventions
to control the consumption efficiency, the energy delivery as well as the side effects. The
second phase (Energy storage is playing a big role in that) can be realized through two
common ways [3]: (1) Energy storage in the form of fuels, (2) Electrical (electronic) energy
storage systems (ESS) such as batteries (e.g., alkali-metal ion and lead acid batteries) and
supercapacitors (ultra or electrochemical capacitors) [4]. Those ESSs have the potential to
achieve the following [5]: (1) energy optimal use (storing energy in the excess energy times
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to be used later in the lack of energy times), (2) more horizontal energy distribution (emery
delivery to the frontier areas), and (3) smooth energy transition into green energy with
minimal environmental imprints and without drop in energy supplies. This can be done
through a more centralized energy conversion stations, which allows for a more efficient
energy convergence and more controlled emissions (and waste) treatment through a highend control units attached to those hubs.

1.2 Electrical Energy Storage Systems (ESS)

As discussed, in section 1.1 batteries and supercapacitors are two major types of ESSs,
where Li-ion battery (LiIB) represents the states of the art technology for the ongoing
rechargeable batteries devices industry [6, 7]. On the Supercapacitors (Ultra or
Electrochemical capacitors) mainly store charges either at double layer (EDL) or
electrochemical diffusive layer, depending on the electrochemical diffusion response [8 –
10]. ESS efficiency is determined by three main factors [8]: 1) Energy Density (Amount
of energy that can be stored in the ESS device), 2) Power density, which controls the charge
transfer rate (how fast the ESS devices charge and discharge), and 3) Cyclic stability, which
controls the device durability (efficiency versus number of charge discharge cycles).
Currently LiIBs (and rechargeable batteries in general) are offering high energy density,
moderate cycle stability, and moderate-to-low power density. Supercapacitors (Ultracapacitors) recently attracted a lot of attention as energy storage media due to their highpower density, cyclic stability, and less charging time [11]. However, their energy density

3

Figure 1-1 Energy Related Statistics (a) Global energy consumption [1], (b) CO2 emissions
associated with fossil fuel burning and cement production [2], and (c) simplified energy
cycle.
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is still low compared to Li-ion batteries which limits their application in many fields [8,
11, 12]. Consequently, there is a current serge to enhance their energy density. This can be
done through optimizing the common ESS components, such as electrode material,
electrolyte, and separator [13, 14]. To enrich the ability of the ESS to store charges, a
careful selection of those constitutes is needed [15]. ESS electrode material is one of the
key factors responsible for the overall performance of the EES devices, which recently
have been a research subject to identify the best materials the achieve the optimum energy
storage devices [13, 14].

1.3 Scope of Work

Herein in this thesis I focus my investigation on studying the potentiality of Tantalum
disulfide (TaS2) as a potential ESS electrode material using first principles (mainly DFT
simulations), which is rarely reported in the literature to the best of my knowledge. This
work starts by demonstrating the importance of considering the Van der Waals (vdW)
forces on the relaxed structure, especially the interlayer spacing of TaS2. Moreover, the
convergence challenges (divergence of some algorithms) associated with enabling the vdW
in the 1T polytype of 6 transition meal dichalcogenides (TMDs: TaS2, TaSe2, MoS2,
MoSe2, WS2 and WSe2) and their impact on the electronic density of states (DOS) of such
TMDs have been investigated.

5

Figure 1-2: Specific Energy vs Specific Power for different Electrical Energy
Storage Systems [2.8]

Consequently, a newly designed algorithm (Three perturbed parameters
convergence study algorithm (TPSCA) was introduced, which is an extension of the
conventional single parameter convergence algorithm [16] to explain why some of the
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currently used algorithms suffer from such divergence problem and to highlight the relation
between each parameter and the converged structure (distribution of the formation energy
as a function of main affecting of parameters). This vdW detailed convergence study is
followed by an in-depth focused on the TaS2 convergence and quantum capacitance. These
are modelled and analyzed for different number of layers (1-3 layers), different polymorphs
(1T- TaS2, 2H- TaS2, and 3R-TaS2), where the previously mentioned combination is
simulated against different alkali-metal (AM) ion diffusion (Lithium Li, Sodium Na, and
Potassium K) with fixed concertation. Eventually a concertation simulation with two AMs
(Li and Na) is performed for 2H-TaS2.

Chapter 2: Discusses the computation method, history of Density functional theory (DFT)
development and applications, van der Waals (vdW) correction, vdW 2D materials and
quantum capacitance.

Chapter 3:

Discusses the relevant literature published regarding the 2D material

investigation and application and the concept of quantum capacitance.

Chapter 4: Gives a detailed description of the used computational methodologies,
software, and parameters as well as the workflow and the sequence of simulations.

Chapter 5: Covers the obtained results (atomic structure, algorithm convergence review,
Density of States (DOS), and quantum capacitance estimated for each experiment, for TaS2
polytypes, thickness (Number of layers), different intercalation with fixed concentration,
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and the impact of concentration. This is followed by qualitative and quantitative
interpretation of the obtained results and the potential application in ESS devices.

Chapter 6: Summarizes the work done and the obtained results, the limitations of the used
workflow, and future suggestions, and recommendations.
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Chapter 2

Background

2.1 Density Functional Theory (DFT)

2.1.1 DFT Development

Density functional theory (DFT) became a very popular tool in computational
material science methods, which positivity contributed to the materials science from guess
and check and the experimental based techniques to add also a simulation and theoretical
predictions as well as a deep nano-level insight into pre-existing experimental work [1, 2],
herein, a brief history about DFT is presented. Early 19th century, quantum mechanics
become more popular (especially after Stern-Gerlach experiment), which gave a broader
vision to justify much more phenomena than classical physics. Quantum mechanics basis
represented in Schrodinger’s equation and the other quantum mechanics postulates proved
a high accuracy for the well-defined quantum mechanical systems and small atomic
number atoms such as Hydrogen (which has exact solution) and Helium He (which has an
analytical solution). Here is the time independent Schrodinger equation (Equation 1).

Ĥ Ψi(r,R) = Ei Ψi(r,R)

(1)

where Ĥ is the Hamiltonian of the system, Ψi(r,R) is the wave function, and εi is energy
eigen value of the system. On the other hand, there were major limitations related to the
practicality of the application in case of large, complicated, and interacted systems. Hatree
introduced his preliminary form of the mean field theory in 1928 considering the electrons
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in the system interacting with a field consisting of rest of electrons, which has an addition
by Salter in 1930 to reshape the wavefunction in the form of Slater determinant [3-5] and
developing the Hartee Fock (HF) method in 1930. Around sixties came another major
milestone by Hohenberg and Kohn, followed by Kohn and Sham, which is the developing
the DFT, counting on the fact that electron density is the controlling player for the whole
process, landing to the K-S equation (Equation 2) [6, 7]. DFT allowed for considering
larger systems and more efficient simulations, which have been in a continuous
development for the sake of enhancing the accuracy and efficiency until this moment.

1

𝜌(𝒓′ )

[− 2 ∇2 + 𝑣(𝒓) + ∫ |𝒓−𝒓′ | 𝑑𝑟 + 𝜂𝑥𝑐 [𝜌(𝒓′ )]] 𝜓𝑖 (𝒓) = 𝜀𝑖 𝜓𝑖 (𝒓)

(2)

where 𝑣(𝒓) is the attractive Coulomb potential between the electron and the nuclei, 𝜼xc(r)
is the density of Exc (the exchange and correlation energy) with respect to q, and 𝝍i(r) is
the Kohn-Sham orbitals, which are analogous to the wave function in Schrodinger
equation. DFT allows for energy calculations of different compounds and structures,
optimizing structures and estimating the electronic density of states (DOS), which is very
useful for extracting a lot of quantum related properties from the system under
investigation, such as electron diffusivity, transport, conductivity resistivity and quantum
capacitance.

2.1.2 van der Walls (vdW) Correction

van der Waals (vdW) attraction is a quantum mechanical phenomenon due to the
electrodynamical collation between charge fluctuations of two systems. Several efforts
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have been reported to enhance the DFT predictability (section 3.1) of the vdW materials
simulations, such as the second version of vdW DFT (vdW-DF2) with non-local piece of
correlation energy, see Eq. 3 [8]:
𝐸[𝑛] = ∫ 𝑑 3 𝒓 ∫ 𝑑 3 𝒓′ 𝑛(𝒓) 𝛷(𝒓, 𝒓′)

(3)

where the kernel Φ(𝒓, 𝒓′) is given as a function of R f(r) and R f(r’), where R=|r−r’| and
f(r) is a function of n(r) and its gradient.

2.2 2D van der Walls (vdW) materials

Recently 2D materials are proved to be very efficient electrode material in ESS for
the ease of charge carrier transport and their charges storage ability. Transition metal
dichalcogenides (TMDs) are class of 2D materials (usually called graphene-like materials),
which exhibit the same 2D layered structure stacked together under the influence of van
der Waals (vdW) forces. This class of materials have XM2 chemical composition, where
X is an atom belongs to transition metal elements group (e.g., Mo, Ta, W), and M is an
atom belongs to chalcogenides elements group (e.g., S, Se, Te). TMDs are commonly
present in three phases (polymorphs): 1T (Trigonal), 2H (Hexagonal), and 3R
(Rhombohedral) [9 - 12]. Those TMDs are usually outperforming when existing in the
ultra-thin few layers [13, 14]. Two of the most common polytypes are the 1T (Octahedral
- (P3m1, #164)) and the 2H (trigonal prismatic - hexagonal 4 space group P63=mmc32
(#194)) polytypes [15, 16]. The atomic structural arrangement is a major factor controlling
the electronic density of states (DOS) distribution, thus determining the electrochemical,
optical, and thermodynamical properties. As an example, the atomic structure of TMDs
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can be controlled by applying an external electric field, which helps controlling their
properties [17, 18]. Therefore, it is very crucial to investigate the electronic structure of
TMDs. However, the accurate determination of such properties is contingent upon the
identification of algorithms that enable the most accurate relaxed structures, especially in
the z-direction (interlayer spacing), which is a major controlling factor of electronic
properties [16]. Interlayer spacing should give a qualitative description of the
diffusion/intercalation of other materials within the layers of those TMDs. Correction for
vdW forces during the first principles simulation of such TMDs is shown to be crucial to
achieve accurate relaxed structure and DOS, such as MoS2 [19] and Pd-rGO [20] as well
as the band gap determination of different TMDs [21]. Some of the TMDs are charge
density wave (CDW) materials, which exhibit unique characteristics, superconductivity,
and other properties under certain thermodynamic conditions such as TaS2 [13, 22-28].

2.3 Quantum Capacitance and Formation Energy Calculation

Since this work is mainly about energy storage systems, the main focus will be on
the quantum capacitance (CQ). Quantum capacitance started to be further investigated
starting from eighties after proving that its term needs to be considered for certain systems
to achieve accurate results and understanding of the specific capacitance of the materials
[29]. CQ is a key factor to determine the overall capacitance and storage mechanism in the
2D materials. Several theoretical and first principles efforts are there to study the CQ of
graphene [30] as well as MoS2 [19, 31, 32] and experimental for graphene [28, 33 – 35],
MoS2, WS2, and TaS2 [23, 36, 37]. In this work, a CQ estimation is performed based on the
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simulated DOS and Fermi statistics, where the DOS dependance on the applied gate
voltage (expressed as shift in Fermi level) is transferred to the Fermi function to extrapolate
the calculations for room temperature under different applied gate voltage using equations
3 & 4 [38-42]:

𝐶𝑄 =

𝑑𝑄
𝑑𝑉

∞

= 𝑒 2 ∫−∞ 𝐷𝑂𝑆 𝐹𝑇 (𝐸) 𝑑𝐸

𝑑𝑓

(3)

𝐸

𝐹𝑇 (𝐸) = 𝑑𝐸 = 4 𝐾𝐵 𝑇 𝑆𝑒𝑐ℎ2 (2𝐾

𝐵

𝑇

)

(4)

where FT(E) is thermal broadening function which is the Fermi (f) function derivative with
respect to E, E is the system energy relative to the Fermi level which is determined as a
function of the applied gate voltage, T is the temperature in Kelvin (300K is used as a room
temperature for the calculations), and KB is Boltzmann constant. It is worth mentioning
that the used assumption of transferring the DOS and the external applied voltage
dependance to the thermal broadening function FT and extending it to room temperature
using Fermi statistics is valid if there is no abrupt phase change with the temperature and
the external voltage is low bias (in this study the gate voltage is +/- 0.6V). Further
discussion regarding those points will be presented in chapter 6. For formation energy (Ef)
calculations, I used the formula (Equation 5) proposed in the literature, which compares
between the pristine TMD energy versus the TMD with intercalant energy [43].
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𝐸𝑓 = ( 𝐸(𝑇𝑎𝑆2 ) − 𝐸(𝑋𝑐.𝑐𝑐 𝑇𝑎𝑆2 ) − 𝑚 𝐸(𝑋) )/𝑛

(5)

where E(TaS2) is the pristine TaS2 total energy, E(Xc.cc - TaS2) is alkali metal X with
concentration c.cc TaS2 total energy, m is the number of alkali-metal (intercalant –
Li/Na/K) atoms, E(X) is the isolated alkali metal atom energy, and n is the number of TaS2
molecules.
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Chapter 3

Relevant Literature Review
The use of 2D materials in various applications is a fast-growing field, due to the

unlimited number of inventions and developments. Especially, after the graphene
discovery (single layer experimental realization) in 2004 by Andre Geim and Kostya
Novoselov, who used a rather simple method for graphene single layer separation from
graphite and awarded Noble prize in 2010 for their discovery [1]. This discovery allowed
for ultrathin electronic devices and interest for not only graphene but also graphene like
materials such as hexagonal type boron nitride (h-BN) and transition metal dichalcogenides
[2, 3]. This opens the road for vdW materials research both experimentally and
theoretically (especially computational and first principles studies). To get an accurate
outcome of the computational simulations, vdW enabling was crucial. The subsequent
sections review vdW correction application history from DFT point of view, followed by
a review of the experimental and theoretical (mainly computational) studies performed for
2D materials, TMDs, quantum capacitance, and TaS2.

3.1 TMDs Convergence and vdW Correction

As discussed earlier, the accurate determination of the electronic and optical
properties is contingent upon the identification of algorithms that enable the identification
of the most accurate relaxed structures, especially in the z-direction (interlayer spacing),
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which is a major controlling factor of the electronic properties of devices [4], as well as a
qualitative sense of the diffusion/intercalation of the other materials within the layers of
those TMDs. Considering (or activation) of vdW forces during the first principles
simulation of such TMDs is shown to be crucial to achieve accurate relaxed structure and
DOS such as DOS shift and shape distortion associated with not considering vdW in case
of MoS2 (Figure 3-1) reported by Biby et al. [5] and Pd-rGO [6] as well as the band gap
determination of different TMDs [7]. In 2004, the first general geometry van der Waals
(vdW) density functional study was reported [8]. A series of efforts were done to enhance
the accuracy [9-11] within the framework of Kohn-Sham density functional theory (DFT).
Full correction can be achieved by high-level methods such as quantum Monte Carlo
simulation (QMC) [12], coupled-cluster singles and doubles with perturbative triples
[CCSD(T)] [13], and adiabatic-connection fluctuation dissipation theorem within the
random-phase approximation (RPA) [14], Those approaches are only feasible for limited
size systems and for quality assurance purposes due to their high computational run time.
On the other hand, the popular approaches include the DFTþD series [15, 16], TkatchenkoScheffler (TS) methods [17–19], the Rutgers-Chalmers vdW-DF family [16 - 19], as well
as the VV10 [20] and the rVV10 [21] methods. The vdW density functionals (vdW-DFs,
VV10, and rVV10) are more flexible and popular as they require only the electron density
and its first derivative as inputs (in principle they are applicable to any chemical
environment). In these methods, the total exchange-correlation (xc) energy consists of the
semi-local xc and nonlocal correlation components. A mixed correction algorithm is
investigated and reported to give an accurate relaxed structure and binding energy [22].
family is used for this work. However, the vdW correction is still a research subject, where
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Figure 3-1 MoS2 DOS and CQ estimation with and without enabling vdW [5] (A) DOS of
3 layers 1T MoS2, (B) CQ of 3 layers 1T MoS2, (C) DOS of 3 Layers 2H MoS2, (D) CQ of
3 layers 2H MoS2, (E) DOS of 3 layers 3R MoS2, and (F) CQ of 3 layers 3R MoS2.
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the second version of DF is used for this work. However this approach has not been
investigated thoroughly, specifically the effect of enabling vdW correction on the ionic
conversion algorithms as well as the relaxed structure was not reported, which is done as a
part of this thesis.

3.2 Quantum Capacitance Investigation and vdW Material as ESS Electrodes

In 1988 classical quantum capacitance was used to model the quantum capacitance
for 2D electron gas cloud [23]. This was a key to understand the storage mechanism in
some systems (e.g., 2D materials). Number of theoretical and first-principles efforts were
developed to study the quantum capacitance in those systems. Vatamanu et al. investigated
the influence of the electrode structure on the total capacitance of the open structure
electrode/electrolyte systems using combined ab initio DFT and classical molecular
dynamics (MD) simulation approach for graphene to tailor a metallic graphene-based
electrode and increase its quantum capacitance [24]. Wood et al. studied graphene
electrode system (first principles study), reporting poor screening for single graphene layer
and enhanced performance predictions for the multilayer counterpart [25]. On the other
hand, TMDs have their own first-principles studies especially for MoS2, WS2, and VS2.
Chepkasov et al. reported alkali metal intercalation effect in MoS2 bilayer with different
concretions and prediction for the preference of self-assembly [26]. Biby et al. studied the
interplay of the number of layers, enabling vdW and alkali metal intercalation on the
overall quantum capacitance of the different polymorphs of MoS2 [5]. Mortazavi et al.
studied MoS2 as an anode for Na-ion batteries (SiB), reporting that the strong binding of
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Na with MoS2 is favorable against Na cluster formation, phase transformation from
hexagonal to tetragonal phase and moderately fast mobility [27]. On the experimental side,
Xia et al. reported the use of an electrochemical gate and ionic liquid reduces the Debye
ionic screening length to a few angstroms, which makes the quantum capacitance a
dominant component of the measured capacitance, providing a simple theory with only one
parameter (impurity concentration) to quantitatively explain the measured quantum
capacitance of graphene [28]. Feng et al. reported the use of ultrathin VS2 nanosheets in inplane supercapacitors with high capacitance and outstanding cyclic stability [29]. This is
followed by other several efforts to measure CQ of energetic systems and porous graphene
and its composites [30 – 32]. Stoller et al. also led some efforts in the usage of graphene
for the ultracapacitor (ESS application), reporting a specific capacitance of 135 and 99 F/g
in aqueous and organic electrolytes [33]. The TMDs also have their share from the
experimental quantum capacitance measurements especially for MoS2 and WS2, Ali et al.
investigated the charge storage mechanism in 2H-MoS2 with and without carbon additives
as well as the effect of the structure and content of the carbon material on the charge storage
performance and mechanism [34]. Acerce et al. reported the use of nanosheets of MoS2
containing a high concentration of metallic 1T phase as electrode material, reporting that
it can electrochemically intercalate ions such as H+, Li+, Na+, and K+ with extraordinary
efficiency (capacitance values ranging from ∼400 to ∼700 F cm−3) suitability for highvoltage (3.5 V) operation in non-aqueous organic electrolytes [35].
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3.3 Tantalum Disulfide TaS2

Despite the fact that, the literature is rich of graphene, MoS2 and WS2 quantum
capacitance investigations, there is a very limited number of studies related to tantalum
disulfide (TaS2), which is the material under investigation in this thesis. Here are some of
the experimental and computational studies in literature related to TaS2. Abdel-Hafiz et al.
reports an increase of the superconducting transition temperature (Tc) from 0.98 K up to
9.15 K at 8.7 GPa. Additionally, a suppression of the charge density wave CDW ground
state, with critically small Fermi surfaces [36]. Yu-Fei et al. investigated transport and
capacitance properties in few-layered 2H-TaS2 devices [37]. Geremew et al. reported on
switching among the three CDW phases - commensurate, nearly commensurate,
incommensurate - and the high-temperature normal metallic phase in thin-film 1T-TaS2
devices induced by application of an in-plane electric field [38]. This has also been
experimentally studied [39, 40, 41]. On the computational side, Li et al. studied the
interplay between CDW and superconductivity of Fe-doped TaS2 with different Fe
concentration using DFT [42]. Shao et al. investigated the charge-doping effects on the
electronic structures and phonon instabilities of the 1T structure, analyzing the dopinginduced energy and distortion ratio variations in the CCDW structure, reporting stability
for both monolayer and bulk 1T-TaS2 with electrons doping [43]. Sharma et al.
investigated the electron-phonon in the 1T-TaS2, reporting that presence of gaping in the
Fermi surface, indicating that electron-phonon coupling plays an important role in the
stabilization of the CDW in the compounds under investigation [44]. Reshak and Auluck
reported a detailed first-principles study focused on TaS2 and TeS2 [45]. As per the
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discussed literature, it is observed that most of TaS2 literature is directed towards the
superconductivity and CDW studies with few literatures studying its quantum capacitance
experimentally with no first principal quantum detailed quantum capacitance CQ
investigations.
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Chapter 4

Computational Methods
The main frame of this thesis work and results are achieved through K-S Density
functional theory (DFT). The work is performed over two main phases. Phase I is the
preparation phase, testing van der Waals (vdW) correction and optimizing the sampling
parameters as well as testing the most compatible convergence algorithms for this chemical
environment. In this phase, an advanced convergence algorithm (Three Parameters
Simultaneous Convergence Algorithm (TPSCA)) is developed for the sake of quality
assurance of TMDs (and 2D Material in general) convergence and to get deeper insights
into the dependance on the different input parameters. In phase II, the outcome and tips
from phase I are utilized to execute an in-depth TaS2 quantum capacitance investigation
with different polymorphs, alkali metal intercalation and concentration landing on useful
conclusion and recommendation for the potential ESS applications of that material.

4.1 Software Tools

In this thesis three software packages were incorporated together to achieve the best
possible efficient workflow and calculations. Vienna Ab Initio Simulation Package
(VASP) 5.4.4 is used to perform the geometry optimization through ionic and electronic
relaxations as well as electrons charge density and wavefunctions using a self-consistent
field run and electronic density of states (DOS). Visualization for Electronic and STructural
Analysis (VESTA) is used to build the initial atomic structure, visualizing the relaxed
structure, charge distribution, and Molecular distance and angles estimation. Python 3.7 is
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used for DOS reading and processing as well as the quantum capacitance calculation for a
used defined gate voltage range and increment. For TPSCA, an incorporation is done
between shell scripting for the main frame of runs and perturbing the input parameters,
VASP electronic relaxation (Self consistent runs), and python for performing the three
layers line search and automatic allocation of the energy minima and its corresponding
input parameters.

4.2 Phase I: Preparation (TMDs Conversion and vdW Correction)

4.2.1. K-Space Sampling and Energy Cut off Estimation

As the start of the work, it was necessary to determine the optimal k-space sampling
and the maximum energy (cut off) through a single parameter convergence study [1]. For
bulk TaS2, convergence study is performed for 1T and 2H polymorphs with the following
workflow: electronic relaxation is performed for 1x1x1 cell with bulk geometry (similar k
sampling in all directions) for different lattice parameter a(Å) and different energy cutoff
(ECut). For layered TaS2, convergence study is performed for 1T polymorph with the
following workflow: electronic relaxation is performed for 2x2x1 supercell with 30Å
vacuum space and layer geometry (K points is set to be 1 in the z-direction – perpendicular
to the layered structure).

30
4.2.2 Van der Waals (vdW) Correction and TMDs Conversion

To deal accurately with vdW material it is essential to perform some analysis
regarding the vdW correction and its impact on the relaxed structure and the electronic
density of states (DOS). This section covers a vdW correction detailed investigation using
different relaxation algorithms, tested for different TMDs with special focus for TaS2. For
bulk TMDs calculations, a 1×1×1 cell is used for ionic relaxation, energy cut off = 500 eV
(conservative value is useful for the intercalation investigation later in the study), ionic
relaxation algorithms (Conjugate gradient (CG) [2-4] and RMS-DIIS [5], cell shape and
volume relaxation are enabled, 10-4 eV ionic relaxation criteria, 0.2 eV smearing, and vdW
enabled using vdW-DF2 [6-9]. The TMDs relaxation and electronic density of states (DOS)
were achieved via the following workflow steps: (a) Ionic relaxation to optimize the
structure and to reach the minimum energy, (b) Self-consistent field (SCF) run to calculate
the wave functions and charge distribution, and (c) DOS run to achieve the electronic
density of states and partial density of states. The computational work includes
(Simulation #1) Relaxation with and without vdW correction for the1T TaS2 with
maximum ionic relaxation iterations of 50 (if the convergence threshold is not met) using
both algorithms Conjugate gradient (CG) and RMM-DIIS to be compared with the
experimental data reported in literature, (Simulation #2) Relaxation with and without vdW
activation for 2H TaS2 with 50th ionic relaxation iterations (if the convergence criteria is
not satisfied) using both algorithms CG and RMM-DIIS, and (Simulation #3) Relaxation
with vdW activated for 1T – (TaS2, TaSe2, MoS2, MoSe2, WS2 and WSe2) with both ionic
relaxation algorithms CG and RMM-DIIS to be compared with the experimental data.
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4.2.3 Three Parameters Simultaneous Convergence Algorithm (TPSCA)

As a part of the quality assurance (QA) for the current work, a new convergence
algorithm is designed to perform an equivalent function of the CG and RMM-DIIS ionic
relaxation, which we pointed as Three-Parameters Simultaneous Convergence Algorithm
(TPSCA). TPSCA counts on the effective parameter’s perturbation, followed by standalone electronic relaxation runs (Lattice Parameter a(Å): 3-4.4 Increment=0.2, r =
c(Å)/a(Å): ratio 1-4 increment 0.2), enabled vdW using vdW-DF2, minimum energy
selection based on the section of the first order derivative with respect to a(Å) and r using
finite difference algorithm to generate the derivatives (Equation 4-1).
𝜕𝐸(𝑎,𝑟)

𝐸𝑚𝑖𝑛 = 𝐸({

𝜕𝑎

𝜕𝐸(𝑎,𝑟)

= 0} Ⴖ {

𝜕𝑟

= 0})

(4-1)

4.3 Phase II TaS2 Quantum Capacitance Investigation

4.3.1 Workflow and Parameters

As discussed in Section 4.1 an incorporation between the different software
packages is performed to design a multi-steps workflow. As observed in (Figure 4-1) the
workflow consists of four main steps: 1) Building initial molecular structure using VESTA,
2) Structure optimization and formation energy calculations using VASP for the
calculations and VESTA for the quality control (QC), 3) Generation of electronic Density
of States (DOS) based on the optimized structure, wavefunctions and charge density from
step 2, using VASP for the calculations and Python code for DOS read, display and
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processing, and 4) Quantum capacitance calculations for a specific input gate voltage using
python code (Python codes is developed as a part of this thesis work).

Figure 4-1: Quantum Capacitance Investigation Workflow

33

An overview of the used parameters during the calculations, 2x2x1 super cell is
used with >30Å of vacuum equally distributed above and below the layered structure
(Figure 4-2). Conjugate gradient algorithm is used for ionic relaxation, cell shape and
volume relaxation are enabled, 10-4 eV ionic relaxation criteria, 0.2 eV smearing (since we
are dealing with a metallic system), and vdW enabled using vdW-DF2 [6-9] which is one
of the crucial factors for the simulation of the 2D (vdW) materials. Energy cutoff of 500eV
is used (to ensure the convergence of Li s orbit valence during the intercalation simulation).
Maximum number of ionic relaxation iterations 50 iterations (all the presented results were
converged before reaching the maximum which was a condition to consider that run for
the subsequent work). Electronic relaxation conversion threshold 10-6 eV (for only the selfconsistent field run to generate the final charge density and wave functions). For quantum
capacitance estimation a gate voltage of -0.6V to +0.6V is used with step of 1.2x10-2 V (to
ensure good sampling of the estimated CQ(V)).

4.3.2 Simulations

The calculations were performed over four phases. Phase I investigates pristine
TaS2 in terms of the number of layers (1 - 3 layers) and different polymorphs (1T, 2H and
3R. Phase II. Prior to the intercalation study it was necessary to determine the most
favorable site location for the intercalant. Intercalation site selection is done through
starting by the highest symmetry site and perturbating to other possible high symmetry
sites (quarter cell displacements) with full ionic and electronic relaxations are performed
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at those perturbed sites, determining the least energy site (detailed graphical and
quantitative

Figure 4-2: Initial Structure Parameters for TaS2 CQ Investigation: a) Supercells
for different number of layers pristine 1T-TaS2. b) map view for the different polymorphs
of pristine TaS2
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analysis is in Section 5.2). Phase II is carried on investigating for the effect of constant
concentration of alkali-metals (AM) intercalation in the 3-layered polymorphs. Phase III,
performing the same experiments in phase II for 1T-MoS2 for the sake of benchmarking
the 2H-TaS2 results. Phase IV, performing the calculations at different AM concentrations
of 16.67%, 33.33%, 50%, and 66.67% in 2H-TaS2 with Li and Na intercalants.
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Chapter 5

Results and Discussion

5.1 Preparation Phase (Phase I – Convergence)

For energy cutoff determination and K-points sampling, plotting of energy against
the perturbed parameters is performed as per Figure 5-1. Based on the results, it’s observed
that more k-points sampling is needed in case of 1T polymorph 19K-points (against 17 for
2H) and higher energy cut off with minimum of 350 eV (against 300eV for 2H). This is
advising that using of 1T convergence parameters should fit 2H, however the opposite is
not valid. As an outcome of the layered TaS2 convergence study, it is observed that 13 kpoints sampling (Figure 5-2) is fit for the layered structure 2x2x1 supercell TaS2
investigation. Table 5-1 shows a comparison of the calculated cell parameters for 1T-TaS2
upon enabling/disabling the vdW forces using the Conjugate Gradient (CG) and RMMDIIS convergence algorithms. Disabling the vdW forces leads to an error in the order of
16% in the calculated interlayer spacing (1T polytype lattice parameter c(Å)). Note that the
two algorithms show the same error, where the relaxed structure is not sensitive to the
convergence algorithm. However, upon enabling the vdW, much more accurate interlayer
spacing was obtained with an error less than 3% compared to that reported experimentally
for TaS2 in case of CG algorithm. On other hand, a clear divergence is observed upon the
use of the RMM-DIIS algorithm, which leads to an error of ~60%, indicating obvious
divergence associated with this algorithm in case of 1T-TMDs.
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Figure 5-1: Bulk TaS2 Convergence Behavior: (a) Convergence curves (Energy at each
lattice parameter) against different energy CUTOFFs for 1T-TaS2 (b) K-Points Sampling versus
Energy for 1T-TaS2, (c) Convergence curves (Energy at each lattice parameter) against different
energy CUTOFFs for 2H-TaS2 (b) K-Points Sampling versus Energy for 2H-TaS2
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Figure 5-2: 3Layers 1T-TaS2 Convergence Behavior against k-points sampling

Table 5-1: Comparison between convergence algorithms results for 1T-TaS2 with and
without vdW forces enabled.

Lattice Parameter c(Å)
1T-TaS2 Run

RMMDIIS

CG

vdW-DF2: On

9.519

6.138

vdW-DF2: Off

6.94

6.94

Experimental
Error (%)
Interlayer Distance RMMCG
(Å)
DIIS
6.05 [1]
5.892 [2, 3]

59.4

2.8

16.2

16.2

To investigate the dependence of the approach on the TMD polytype, the
calculations were extended to the 2H-TaS2, Table 5-2. The bulk 2H-TaS2 unit cell was
reconstructed and relaxed (geometry optimized) using vdW-DF2 enabled vdW algorithm.
The CG and RMM-DIIS showed very similar results in terms of the relaxed structure (the
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minimum energy), which relates the divergence issue more to the 1T polytype, which is
most likely due to the less symmetry in the z- direction compared to the 2H counterpart.
Table 5-2: Comparison between RMM-DIIS and CG ionic relaxed structure for 2H-TaS2
with similar convergence observed

2H-TaS2
DF2-vdW: On

Lattice Parameter c(Å)
RMMCG
DIIS
12.8
12.78

Consequently, five other 1T-TMDs were investigated to confirm the generality of
the approach. Table 5-3 shows a comparison between RMM-DIIS and CG convergence
algorithms with vdW forces enabled versus the reported experimental values for the same
TMDs. The same divergence associated with the RMM-DIIS behavior discussed above is
observed in 4 out of the 6 TMDs under investigation (TaS2, MoS2, MoSe2, and WS2) with
59%, 18%, 35%, and 32% error, respectively. Note that two TMDs showed similar results
and error percentages for the two convergence algorithms. In general, the use of CG
resulted in more accurate interlayer spacing for the 6 TMDs with small error percentages
(≤ 5%). It is worth mentioning that some of the experimental values for the 2H polytype,
which is the most stable phase of some of the investigated TMDs under the ambient
conditions. However, this should not change the conclusions because the difference
between the 1T and 2H polytype spacing is in the order of 2 - 3% [1], which is much lower
than the error generated upon disabling the vdW forces or by the ionic relaxation algorithm
divergence.
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Table 5-3: Ionic Relaxation Algorithms comparison for the six TMDs in terms of interlayer
spacing and the deviation from the experimental values.
c (Å) = 1T
Interlayer Spacing
TMD-Run
RMMCG
DIIS

Experimental Interlayer
Distance (Å)
Extracted Values

Average

Error (%)
RMMCG
DIIS

1T-TaS2

9.519

6.138

6.05 [1], 5.892
[2, 3]

5.971

59.4

2.80

1T-TaSe2

6.563

6.595

6.272 [2, 3]

6.272

4.6

5.15

1T-MoS2

7.371

6.2

6.15 [1], 6.3[4]

6.225

18.4

0.40

1T-MoSe2

8.933

6.7148

6.7 [5], 6.5 [4]

6.6

35.3

1.74

1T-WS2

8.204

6.1738

6.185

32.6

0.18

1T-WSe2

6.696

6.74

6.5

3

3.69

6.17 [6],
6.2 [4]
6.5 [4,7],
6.47 [8]

Further, the calculations were extended to obtain the electronic density of states
(DOS) to monitor the effect of the structure relaxation algorithms, Figure 5-3. A noticeable
variation between the calculated DOS of the 4 TMDs suffered from divergence earlier
(Figures 5-3a, 5-3c, 5-3d, 5-3e) is recognized, which increases as we move away from the
Fermi level (Energy = 0 eV). Note that the DOS curves are, to some extent, similar near
the Fermi level. To overcome the limitations mentioned above and to ensure the high
accuracy of convergence, a new three-parameters simultaneous convergence algorithm
(TPCA) is developed and applied to 1T-TaS2 through the following workflow steps: (a)
Electronic relaxation runs with scan of the perturbed parameter values to calculate the
minimum energy, (b) Generating energy contour maps versus the lattice parameter a and
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Figure 5-3: DOS for the tested 1T-TMDs with Different Relaxation Algorithms [blue –
RMM-DIIS / Orange – CG] (a) TaS2 (b) TaSe2 (c) MoS2 (d) MoSe2 (e) WS2 (f) WSe2
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the ratio r = c/a (Figure 5-4a), (c) First derivative generation with respect to the perturbed
parameters using finite difference algorithm (Figures 5-4b and 5-4c), (d) Automatic
determination of local minima of each set of parameters (Figure 5-4d) using Equation 41, (e) Combining the local minima to extract the minimum of the minima (the global
minimum), figure 5-5, and (f) Extracting the corresponding geometry, Lattice parameter
a(Å) and Lattice Parameter c(Å), Figure 5-6.

Figure 5-4: TPSCA Automatic minimum energy allocation (a) contour map [x=c/a,
y = a(Å), z=relaxation energy (eV)] (b) Finite-Difference First Derivative with respect to
a(Å)] (c) Finite-Difference First Derivative with respect to c/a] (d) contour map in “a” with
estimated minimum energy curves intersected at the minimum energy point.
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Figure 5-5: TPSCA global minimum (minimum of the minima) allocation

Table 5-4 shows a comparison between the achieved results using the previously
discussed ionic relaxation algorithms and the new TPSCA. A very good agreement is
observed between the conjugate gradient results and the developed approach. Inspection of
the corresponding perturbed parameters with the different local minima revealed that the
lattice parameter a(Å) exhibits a very narrow range of values between 3.4 and 3.5 Å (as
per Figure 5-6), indicating less sensitivity or dependence of the convergence process on
such lattice parameter. Note that this finding can be used in some cases to reduce the order
of the convergence study to two instead of three parameters. On
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Figure 5-6: TPSCA Convergence Parameters: (a) Relative ionic Position, (b)
lattice parameters a(Å), (c) Lattice Parameter c(Å), and (d) Total Energy
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the other hand, the lattice parameter c(Å) exhibits a very wide range of converged values
corresponding to the different local minima varying from 5 to 10 Å, indicating that the
local minima region is elongated in this direction, which is partially justifying the
divergence associated with the RMM-DIIS earlier.
Table 5-4. Comparison of the obtained lattice parameters using the RMM-DIIS, CG, and
the TPSCA algorithms.

Algorithm

a (Å)

c (Å)

RMM-DIIS

3.44

9.52

3.49

6.14

3.48

6.2

Conjugate
Gradient
TPSCA

5.2 TaS2 Quantum Capacitance Investigation Phase (Phase II)

Figure 5-7 shows the calculated DOS and the corresponding CQ of pristine 1T and
2H TaS2 polymorph. Note that pristine 2H-TaS2 has a better performance than the 1T-TaS2
counterpart in terms of the maximum CQ obtained. The maximum calculated CQ is 1800
F.g-1 for the 2H polymorph and 900 F.g-1 for the 1T polymorph. The 3R-TaS2 polymorph
showed similar performance to that of the 2H counterpart as shown in Figure 5-7c and 57f. Increasing the number of layers to 2 layers of 1T-TaS2 resulted in the highest CQ.
However, in case of 2H-TaS2, the CQ increases upon decreasing the number of layers. Note
that the variation in CQ with the number of layers is small (< 0.3%).
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Figure 5-7: CQ Investigation - Comparison for number of layers effect: (a) DOS of
pristine 1T-TaS2, (b) DOS of pristine 2H-TaS2 (c) CQ for 1T-TaS2 and (d) CQ for 2HTaS2.
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Intercalation site selection is done through an initial site (green site in Figure 5-8a and 58b) perturbation to other high symmetry sites (red sites in Figures 5-8a and 5-8b) with full
ionic and electronic relaxation is performed to determine the least energy which is typically
the initial guess (green site) as per Figure 5-8c.

Figure 5-8: Site investigation for Intercalation Study: a) angle view for the site perturbation (green
original and red are the perturbed sites), b) map view for the site perturbation, and c) is tri-contour map
for the relaxed energies

Upon alkali-metal intercalation, Figure 5-9, the Fermi level is shifted up for the
three polymorphs (1T, 2H, 3R). While the intercalation of K and Na ions in1T-TaS2 led to
an increase in the CQ, the intercalation of Li ion resulted in a decrease in the CQ. Note that
the maximum CQ occurs very close to 0 V gate voltage, which limits the use of these
materials in energy storage systems. In contrast, the 2H phase has an outperforming CQ
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upon Li ion intercalation, reaching 2650 F.g-1 at gate voltage of -0.26V, while Na and K
intercalation showed CQ of 1850 and 1930 F.g-1, respectively at a gate voltage of -0.23V
with a reasonable enhancement over the pristine counterpart. For 3R case (Figures 5-9c
and 5-9f), K ion intercalation resulted in the best CQ of 1950 F.g-1 at a gate voltage of 0.23 V. A similar performance is observed for Na-intercalation with a CQ of 1880 F.g-1 at
the same gate voltage, while Li intercalation resulted in the least CQ. From energy point of
view, pristine 2H- and 3R-TaS2 showed lower total energy than their 1T counterpart,
indicating the more favorable self-assembly of those two polymorphs. Table 5-5 lists the
calculated formation energy (Ef) for the alkali metal intercalated TaS2 polymorphs. The
negative Ef for all different alkali metals intercalated TaS2 polymorphs indicates that the
formation process is thermodynamically favorable, where Li intercalation showed the most
negative Ef, making it the most favorable intercalant. From molecular structure point of
view, intercalating Li leads to ~ 4% increase in the interlayer spacing in case of 1T and ~
3.6% in case of 2H and 3R. On the other hand, Na intercalation resulted in ~ 13% increase
in cell size and K intercalation showed 28% increase. Therefore, in general, 2H and 3R
polymorphs are better performing in terms of quantum capacitance upon alkali metal ion
intercalation, which qualify them to be used as negative electrodes in energy storage
devices.
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Figure 5-9: CQ Investigation - Comparison for the different intercalation with different
polymorphs. (a) DOS of the 1T-TaS2 (X=Li, Na, or K), (b) DOS of the 2H-TaS2 (X=Li,
Na, or K), (c) DOS of the 3R-TaS2 (X=Li, Na, or K) (d) CQ for 1T-TaS2, (e) CQ for 2HTaS2, and (f) CQ for 3R-TaS2
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Table 5-5: Calculated lattice parameter (a), interlayer spacing (L), formation energy (Ef),
maximum quantum capacitance (CQ), and gate voltage of the maximum CQ (Vg) for pristine
and alkali-metal intercalated TaS2 polymorphs at constant concentration of the alkalimetal.
Compound Layers

Intercalant

Concentration

E (eV)

Ef (eV)

a(Å)

L (Å) CQ Max (F/g)

Vg (V)

1

Pristine

0.000

-64.038

---

3.49

---

980

0.090

2

Pristine

0.000

-128.914

---

3.49

6.15

1020

0.100

3

Pristine

0.000

-193.808

---

3.49

6.16

990

0.100

3

Li

0.167

-199.273 -0.431

3.49

6.41

930

0.030

3

Na

0.167

-195.192 -0.089

3.50

7.02

1040

0.030

3

K

0.167

-195.271 -0.084

3.50

8.05

1030

0.040

1

Pristine

0.000

-64.148

---

3.43

---

1810

-0.100

2

Pristine

0.000

-129.066

---

3.43

6.39

1780

-0.100

3

Pristine

0.000

-193.998

---

3.43

6.37

1740

-0.100

3

Li

0.167

-200.805 -0.543

3.43

6.61

2650

-0.260

3

Na

0.167

-196.963 -0.221

3.43

7.16

1850

-0.230

3

K

0.167

-197.086 -0.219

3.43

8.13

1930

-0.230

3

Pristine

0.000

-194.020

3.43

6.37

1820

-0.110

3

Li

0.167

-200.905 -0.549

3.43

6.62

1640

-0.200

3

Na

0.167

-196.968 -0.219

3.43

7.23

1880

-0.230

3

K

0.167

-197.066 -0.216

3.43

8.25

1950

-0.230

3

Pristine

0.000

-163.480

3.34

6.18

2361

0.270

3

Li

0.167

-173.272 -0.792

3.39

6.44

1230

0.420

3

Na

0.167

-169.322 -0.460

3.39

7.05

1300

0.420

3

K

0.167

-169.587 -0.471

3.39

8.04

1100

0.390

1T-TaS2

2H-TaS2

---

3R-TaS2

---

1T-MoS2
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Upon increasing the alkali-metal ion concentration, the calculations showed the CQ
to decrease, see Figure 5-11. For example, a drop to 55% for Li and 73% for Na was
observed upon increasing the concentration from 16.67% to 66.67%. On other hand,
increasing the alkali metal leads to a shift of the gate voltage of the maximum quantum
capacitance towards the negative side, reaching -0.36V in case of Na and -0.41V in case of
Li. A compromise between the energy density (which favors the high quantum capacitance)
and power density (which favors the high gate voltage) should be made based on the energy
storage device. From formation energy point of view, high alkali metal (AM) concentration
is thermodynamically favored up to the ratio of 8AM:12TMDs (Figure 5-10). From
molecular structure point of view, a negligible variation in interlayer spacing is observed
for all concentrations with slight increase in lattice parameter a(Å) with maximum
variation of 1% in case of Na 0.667 concentration, see Table 5-6.

Figure 5-10: Alkali metal intercalant concertation [a, b, c & d are map view] a)16.67%, b)
33.33%, c) 50% and d) 66.67% e) 66.67% - side view
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Figure 5-11: CQ Investigation - Comparison for different alkali-metal concentration for
2H-TaS2 (2H). (a) DOS for Lic-TaS2, C =0.167, 0.333, 0.500, and 0.667, and (b) DOS for
Nac-TaS2, C =0.167, 0.333, 0.500, and 0.667, (c) CQ for Lic-TaS2, C =0.167, 0.333, 0.500,
and 0.667, and (d) CQ for Nac-TaS2, C =0.167, 0.333, 0.500, and 0.667
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Table 5-6: Calculated lattice parameter (a), interlayer spacing (L), formation energy (Ef),
maximum quantum capacitance (CQ), and gate voltage of the maximum CQ (Vg) for pristine
and alkali-metal intercalated TaS2 polymorphs at different concentrations of the alkalimetal.
Compound Intercalant Concentration

2H-TaS2

E (eV)

Ef (eV)

a (Å)

L (Å) CQ Max (F/g)

Vg (V)

Pristine

0.000

-193.998

---

3.43

6.37

1740

-0.100

Li

0.167

-200.805

-0.543

3.43

6.61

2650

-0.260

Li

0.333

-207.043

-1.038

3.44

6.62

1750

-0.250

Li

0.500

-212.694

-1.485

3.44

6.62

1390

-0.330

Li

0.667

-217.740

-1.881

3.44

6.62

1460

-0.410

Na

0.167

-196.963

-0.221

3.43

7.16

1850

-0.230

Na

0.333

-199.388

-0.423

3.46

7.25

1560

-0.280

Na

0.500

-200.843

-0.544

3.46

7.21

1450

-0.310

Na

0.667

-201.421

-0.592

3.48

7.17

1360

-0.360

As the calculations showed the suitability of alkali-metal ion intercalated TaS2 for
use as negative electrodes, we have investigated the metallic 1T-MoS2 phase under the
same framework, see Figure 5-12. Note that 1T-MoS2 is better behaving as a positive
electrode. Therefore, both 1T-MoS2 and 2H-TaS2 can be combined to construct a
supercapacitor device as the positive and negative electrodes, respectively.
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Figure 5-12: CQ Investigation - Comparison between the outperforming polytypes of TaS2
and MoS2: (a) DOS of 2H-TaS2 with different alkali-metal intercalation (b) DOS of 1TMoS2 with different alkali-metal intercalation (c) CQ for 2H-TaS2 with different alkalimetal intercalation, and (d) CQ for of 1T-MoS2 with different alkali-metal intercalation.
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Chapter 6

Summary and Suggested Future Work
The main outcome of the preparation phase and TMDs convergence investigation
is that, enabling vdW forces in the atomistic calculations is essential and greatly affects the
accuracy of the predicted interlayer spacing in case of 2D structures. For example, enabling
the vdW forces reduces the mismatch with the experimental data (error) from 16% to 2.8%
in case of 1T-TaS2. Upon enabling the vdW forces, the 1T polytype showed more
sensitivity to the ionic relaxation algorithm, where the conjugate gradient was superior in
terms of the stability of the results and the match with the experimental data. An automated
and advanced convergence algorithm is introduced to confirm the converged results and to
give more insights into the convergence behavior and its dependence on the perturbed
lattice parameters. The results of the proposed approach agreed with the converged
structure achieved by the conjugate gradient algorithm, which showed a kind of
equivalence between the CG ionic relaxation and the developed TPSCA algorithms for
TMDs. Therefore, it is essential to enable the vdW forces during the calculations and to
use the conjugate gradient ionic relaxation or the TPSCA when dealing with 1T-TMDs and
the 2D Materials in general. On other hand the in-depth quantum capacitance investigation
is demonstrated for TaS2 with different number of layers, polymorphs, and alkali metal
intercalants. The study shows that TaS2 is promising material for low bias electrical energy
storage systems (ESS) such as supercapacitors. The 2H and 3R TaS2 phases are more stable
and better performing (higher quantum capacitance) than the 1T phase. While Li ion was
found to be the best intercalant for the 2H-TaS2 phase (highest CQ), K ion intercalation was
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the best for the 3R-TaS2 phase. Increasing the alkali metal ion concentration resulted in a
decrease in CQ the of the 2H-TaS2 phase with a shift in the gate voltage of the peak CQ to
the more negative side. Our investigation also showed the promise of combining the 2HTaS2 as a negative electrode with the 1T-MoS2 as a positive electrode to construct a highly
performing supercapacitor device. In this regard, a threshold needs to be made to ensure
high energy density, which favors high quantum capacitance, and high-power density,
which favors high gate voltage. Suggestion for future work: 1) Experimental validation for
the potential of the material, 2) Temperature dependent phase changes investigation
(Experimental and MD-First Principles), 3) Apply the bias voltage as a part of the
Hamiltonian input to DOS calculation which will allow for addressing the DOS changes
with the applied voltage and start investigating higher bias ranges safely, and 4)
Quantitative calculation for ion diffusivity by incorporating molecular dynamics in that
work.

59

VITA
Mahmoud M. elAttar
Mahmoud elAttar was born in KSA for Egyptian parents on November 24, 1989.
He graduated from Al-Khadawyia senior high school, Cairo, Egypt in 2007. In 2011, he
graduated from the Faculty of Science, Cairo University with a bachelor’s degree in
Geophysics (ranked as the first place in the geophysics department with grad excellent with
honors), he worked 1 year as a freelancer for a global upstream data analysis project, in
2012 he joined Schlumberger as a seismic data processing and depth imaging engineer,
and in spring 2019 he started his post graduate studies in physics at the American
University in Cairo.

Selected Publications:
1. el Attar, M.; Allam, N. K. Accurate determination of the structural and physical
properties of two-dimensional chalcogenide Van der Waals materials - A firstprinciples study, Physica E, Under Review.
2. el Attar, M.; Allam, N. K. Untapped Potential of 2D Charge Density Wave
Chalcogenides as Negative Supercapacitor Electrode Materials, Chem. Comm.
Submitted.
3. Abouelela, A. I.; Moldoveanu, N.; el Marhfoul, B.; Verschuur, E.; Mostafa
Abdelfattah, M.; el Attar, M.; Kanrar, A. Joint Migration Inversion and Full-Wavefield
Migration Applied on Synthetic and Real Data from the Gulf of Suez – Test Insights
and Recommendations. In SEG Technical Program Expanded Abstracts 2020; Society
of Exploration Geophysicists, 2020.
4. Salheen, M.; Ouda, M.; Mihaljevic, I.; Ibrahim, A.; ElAttar, M.; Kanrar, A. Mitigating
Drilling Risk through High-Resolution Processing and Full-Waveform Inversion, A
Case Study, Mediterranean Sea, Offshore Egypt. In EAGE 2020 Annual Conference &
Exhibition Online; European Association of Geoscientists & Engineers, 2020.

