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Energy crisis and pollution are the two biggest issues of the present times which are extremely
important to address on priority. Scientists/Researchers are trying to explore and create alternate
means of energy production which are sustainable and free from greenhouse emissions.
Use of the hydrogen (H2) as an energy carrier can promise energy sustainability, economic
viability, and environmental friendliness. H2 is abundant in nature and delivers the highest
energy density compared to all types of fossil fuels. However, the gaseous nature of the H2

makes its storage difficult for practical applications. Previously employed H2 storage strategies
(liquefaction and pressurized storage) suffer from economic and safety concerns. H2 storage in
solid-state materials via non-dissociative adsorption is the most suitable technique. However,
adsorption energies of the H2 with the storage medium are typically very weak therefore
operations under ambient working conditions are not possible. We used density functional
theory to design the H2 storage media, which are capable to adsorb H2 in a non-dissociative
manner with high gravimetric capacity and adequate adsorption energies for storage under the
ambient conditions. Our findings point to the fact that the H2 adsorption on the functionalized
nanostructures is the most efficient approach for the materials based storage. Furthermore, for
environmental safety and monitoring perspective, we investigated and proposed novel two-
dimensional nanomaterials that are capable to sense and capture hazardous gases from the
environment. In short, this thesis work is an attempt towards designing efficient materials for
H2 based energy harvesting and gas sensing applications.
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1 Introduction 

Since the beginning of life on the planet, mankind has been using science and 
technology to find the ease, luxuries, and comforts for living. For instance, 
advanced means of transportation are utilized on the ground, inside the water, 
and in the air. Heating and cooling systems are used for temperature adjust-
ment inside the residential areas, and the offices. Advanced revolutionary ma-
terials are designed and used for information handling, entertainment, and 
global networking. In short, the endeavoring efforts and intelligence of human 
beings led this world to the point where life of an average man is much more 
comfortable than it could ever be imagined. Besides all the progress and ac-
complishments, however, our planet is much more vulnerable to natural ca-
lamities and disasters due to irreversible and devastating climate changes. Ac-
cording to a recent report of the World Bank [1], if the climate changes con-
tinue at the same pace then the parts of various coastal megacities would be 
under water near the year 2030. Additionally, an ever- growing trend in forest 
fires is expected due to the increase in the earth’s temperature [2]. The major 
stimulus behind the unprecedented climate catastrophe is the Energy crisis.  

Energy is a prerequisite for living and sustainable energy harvesting is the 
biggest technological challenge of the current times. Additionally, it is essen-
tial for uninterrupted scientific and technological development. Thanks to 
their high abundance in the earth’s crust and the high energy-efficiency, fossil 
fuels were employed to meet the never-ending demands of energy for a very 
long time. However, relentless consumption of fossil fuels gave birth to po-
tential environmental concerns. For instance, a drastic amount of CO2 is emit-
ted to the atmosphere which is the major culprit behind the global climate 
crisis. On the other hand, the available fossil reserves are gradually depleting 
and demands of energy are growing with time, which is responsible for a rapid 
rise in fuel prices. As reported, the demands of energy between the year 2009 
and 2035 are expected to grow from 12 to 18 billion tons of oil equivalent [1–
3]. Due to the higher demands of energy consumption and the continuous de-
pletion of the fossil reserves, coal is expected to be the only available fossil 
reserve in the earth’s crust after the year 2042 [4]. It is the need of the hour to 
find alternative means of energy production which are reversible, sustainable, 
cost-effective and environment friendly. In this regard, the energy from pho-
tovoltaics, solar, windmill, nuclear, biomass, and geothermal sources are be-
ing produced and utilized for industrial and domestic applications [5–7]. 
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Meanwhile, Li-ion batteries earned huge scientific interest due to the high en-
ergy density, storage efficiency, and versatility of applications ranging from 
small scale electronic devices to vehicles and large-scale energy systems [8].  

However, by virtue of its abundance in nature and high energy content, 
hydrogen (H2) is so far an ideal carrier of sustainable energy [9, 10]. H2 has 
unique characteristics surpassing all the other energy carriers, for instance, its 
high energy density, renewability, and a clean reaction in the fuel cell where 
water is emitted as the only by-product [11]. The comparison of the H2 output 
energy content with the gasoline yields that 1kg of H2 produces 143 MJ of 
energy which is equivalent to the heat content produced by combustion of 3 
Kg of gasoline [12]. Similarly, the efficiency of the H2 fuel cells is reported to 
be superior to Li-ion batteries in the transport sector [13–15]. Particularly for 
the vehicles with a range of more than 100 miles,  H2 fuel cells are reported to 
offer better energy efficiency, smaller refueling time and a higher environ-
mental friendliness [16]. Besides automobiles, fuel cells are used in aircrafts, 
ships, forklifts, trains, as well as for stationary applications [17]. However, the 
fuel cell technology is under development and efficient means of H2 produc-
tion and storage for fuel cell applications are scarce as yet.  

Although H2 is the major constituent of the universe, still very small 
amounts of gaseous H2 (5×10-5 mole fraction) exist in the earth’s atmosphere 
[18]. This is partly due to the highly reactive nature of H2 which allows it to 
form bonds with other elements. For example, H2 is found in the form of water 
or it reacts with carbon, nitrogen, and oxygen to form the fossil fuels or bio-
mass. Here it is important to state that H2 itself is not a primary fuel, however, 
it becomes an energy carrier when energy is used to split the H2 from other 
elements [19]. For H2 production, steam reforming of natural gas and the coal 
gasification were previously employed, however, emission of CO and CO2 as 
by-products makes these processes environmentally unsafe [19]. Recently, 
electrolysis of water using the energy obtained from solar or wind resources, 
and the thermochemical processes are considered as efficient, environmen-
tally benign and reliable technologies for H2 production [19–22].  

An ideal H2 fuel cell is expected to replace the fossil fuel dependence of 
the whole world while eliminating the environmental issues; the vision is 
called the Hydrogen Economy. The hydrogen economy works on a sustainable 
cycle, which starts from the production of H2 from the electrolysis of water 
with the help of renewable energy, such as, solar or wind. H2 is stored and 
later used in a fuel cell where H2 reacts with O2 and releases water as a by-
product. The produced energy is used for transportation, industrial or domestic 
usages and finally the released water again becomes available for H2 produc-
tion. In this sustainable cycle, H2O acts as a carrier of H2 and H2 acts as a 
carrier of energy. The concept of H2 - H2O sustainable cycle is illustrated in 
Figure 1.1. 
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Figure 1.1. The perception of the hydrogen economy as a sustainable H2-H2O cycle. 

The major obstacle in the H2 economy is to store H2 under ambient conditions 
for onboard applications. This is the first main topic of this thesis and details 
are contained in Chapter 3. Here, a brief introduction of the H2 storage prob-
lem, conventional strategies and new developments along with their pros and 
cons are discussed.  

The challenge of H2 storage arises from the fact that H2 has a very low  
volumetric density ~ 0.09 Kg/m3 at ambient conditions (at 25  or 298 K  and 
100 kPa or 1 Bar). For instance, 1 Kg of H2 occupies a volume roughly equiv-
alent to 12 m3. Thus, the energy produced from H2 contained in 1  of the 
volume is only 0.1 MJ, whereas, the equivalent volume of gasoline produces 
34.2 MJ [12]. To utilize the potential of H2 as a fuel, either it must be mechan-
ically transformed to a state which is easier to handle for fuel cell applications, 
e.g., liquefied and compressed states, or it should be trapped inside the mate-
rials making chemical bonds or interacting via van der Waals forces. For prac-
tical implications, H2 storage technique should be able to meet the following 
criteria: (1) high storage capacity, (2) low system-weight, (3) safety of opera-
tion, (4) cost-effectiveness, (5) environmental friendliness, (6) operability un-
der ambient conditions and (7) reversibility. 

The strategy of mechanical storage is conventionally employed to increase 
the volumetric capacity, however, transforming H2 to a liquid or a compressed 
state is the unviable and a tedious approach which poses several practical con-
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cerns, such as, volume, weight,  and safety issues. The compression, for ex-
ample, needs very high pressure up to ~700 bar to compress the gas with a 
gravimetric capacity of 5.2 wt% [23]. Another important issue is the fabrica-
tion of the storage tank because the compression tank is required to be light-
weight, low cost, and durable to withstand the possible embrittlement during 
the operation. Several materials are designed and utilized for this purpose, 
however, the durability of the material, high cost, and the risk of explosion in 
case of a car crash are potential concerns which call for the improved design 
and manufacturing technologies [24–26]. On the other hand, the liquefaction, 
also called cryogenic cooling, requires energy for cooling down to ~20 K, 
moreover, a large amount of energy is required for maintaining the liquid 
phase. This is a very expensive process that requires almost 35% of the fuel 
energy content for liquefaction. Additionally, there is a loss of H2 by evapo-
ration and boil-off processes which are typically caused due to the heat ad-
sorption during operation on vehicles, during refueling, and delivery proce-
dures [27]. Another mechanical H2 storage technique which was practically 
employed in Toyota Prius cars, named as cryocompression, exhibited better 
performance than other mechanical H2 storage methods [28]. This technique 
uses the combination of compression and cryogenic H2 storage techniques and 
fulfills the standard of the Department of Energy (DOE) for gravimetric ca-
pacity, however, the cost of a prototype system for H2 storage and the cost of 
the fuel is much higher than the DOE criteria [29].  

The second approach for H2 storage, which is based on trapping H2 inside 
the solid-state materials, via chemical bonding or physical adsorption mecha-
nisms, seems the promising and viable choice to fulfill the H2 storage criteria. 
During the chemical adsorption process, H2 bond dissociates and each H atom 
forms chemical bonds with the host material typically with the adsorption 
strength of ~2-3 eV [26, 30, 31]. A large number of H atoms can be stored in 
the form of metal hydrides, however, the total weight of the system turns out 
to be very high which limits the gravimetric and volumetric capacities. Some 
prominent metal hydride systems are LiAlH4, LiNH2, Li2NH, LiBH4, NaAlH4, 
KAlH4, MgH2, and LaNi5H6 [32–37]. Conversely, non-metal hydrides, such 
as boron and nitrogen hydrides, captured wide interest due to their lighter 
weight and higher gravimetric capacity. However, slower kinetics during the 
H2 release is another practical hindrance which limits the applications of most 
of the chemical hydride based systems [38–40]. Additionally, the onboard re-
fueling for chemical hydride materials is not possible, which limits the ap-
plicability to only those situations where onboard refueling is not preferred, 
such as, jets, rockets, and non-rechargeable batteries.  

The physisorption or non-dissociative H2 adsorption via van der Waals in-
teraction, on the other hand, offers advantages of reversibility, and faster ki-
netics. Due to the high surface-to-volume ratio, low dimensional nanostruc-
tures are capable to adsorb a large quantity of H2, fulfilling the criterion of 
gravimetric capacity described by the DOE. The light weight of the material 
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further ensures the convenience of operation for portable applications. Exam-
ples of H2 adsorption materials include carbonaceous structures, such as gra-
phene, carbon nanotubes, and non-carbon materials including metal-organic 
frameworks (MOFs) and clathrates [27, 41–45]. The difficulty with non-dis-
sociative materials-based H2 storage arises due to the weaker (~ 0.1 eV) ad-
sorption energies of the H2 with the host material which are not sufficient for 
H2 adsorption at ambient conditions [30, 31]. Based on the literature, H2 stor-
age via adsorption could be a prospective storage technique for the H2 econ-
omy, however, it is required to tune the adsorption energies employing exter-
nal species or surface modifications in the host material [41–45]. Chapter 3 of 
the thesis comprises the discussion and important outcomes of our work for 
H2 storage on low dimensional structures.   

Designing efficient materials for H2 storage paves the way for clean energy 
and ensures the sustainability of the environment. However, monitoring and 
capturing of the suspended pollutants in the air is another important issue. A 
large amount of hazardous gases that can severely affect human health are 
emitted in the atmosphere due to industrial, natural, and biogenic processes. 
Moreover, the greenhouse effect is one of the several reasons which calls for 
efficient gas sensing and capturing of the gases. Among others, carbon-con-
taining gases, such as carbon monoxide (CO), carbon dioxide (CO2) and me-
thane (CH4) are directly or indirectly causing the greenhouse effect. For in-
stance, CO is extremely hazardous as it can severely damage the human heart 
and the brain, causing sudden death. Similarly, ammonia (NH3), nitric oxide 
(NO), nitrogen dioxide (NO2), hydrogen sulfide (H2S) and sulfur dioxide 
(SO2) have adverse effects on the climate and the human health. Therefore, it 
is inevitable to monitor the leakage of these gases in the atmosphere to avoid 
serious health hazards. Semiconducting metal oxides and conducting poly-
mers were previously employed for this purpose. Metal oxide-based sensors 
offer good sensitivity and low cost, but the operability is limited to higher 
operating temperatures and large power consumption, moreover, the selectiv-
ity of gases in these sensors is compromised [46, 47]. Contrarily, conducting 
polymers offer room temperature applicability and easy processing but suffer 
from humidity and degradation which limit their efficiency [48, 49]. Carbon 
nanotubes (CNTs) exhibit superior sensing performance with high selectivity 
of gases, however, long recovery times and processing difficulties hinder the 
performance of CNTs as a gas sensor [48]. Therefore, it is important to design 
materials that can efficiently sense pollutant molecules with high selectivity 
and less signal-to-noise ratio. In Chapter 4 of the thesis, the role of two-di-
mensional structures for efficient gas sensing is discussed along with im-
portant outcomes of our research. Meanwhile, understanding the structure and 
electronic properties of 2D structures can pave ways for their nanoscale device 
applications. In this regard, the effects of adatoms on structural and electronic 
properties of stanene monolayer are investigated and the results are briefly 
summarized in Chapter 5. 
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1.1 Outline of the Thesis 
We used Density Functional Theory (DFT) to design the nanomaterials for H2 
storage and gas sensing applications. In this regard, the H2 storage on func-
tionalized boron carbide (BC3), boron nitride (BN), siligraphene (SiC7), car-
bon nanotubes (CNTs) and graphdiyne (GDY) nanostructures were studied. 
Similarly, metal-functionalized BC3 sheets and S-functionalized M2N MXene 
sheets were investigated for sensing and capturing of toxic gases. Also, the 
adsorption of different adatoms on two-dimensional stanene sheets was inves-
tigated. The Chapter 1, Introduction, is a brief description of the essence and 
motivation of this work, a summary of the previously made development in 
the field, major challenges and, the helpful strategies to tackle the challenges 
are introduced. Most importantly, it is described how the present work is going 
to contribute towards the field of energy harvesting and gas sensing. The 
Chapter 2, Theoretical Background, is dedicated to density functional theory. 
In the first part of this chapter, the many-body problem in physics is intro-
duced and the essence of a DFT based computational approach is described. 
The development of DFT along with the associated formalism for solving the 
multi-electron systems are further described in the preceding sections of the 
chapter. In the second part, the computational methods for efficiently employ-
ing the DFT are explained in detail. In Chapter 3, entitled Solid-State Materi-
als for Hydrogen Storage, different strategies for H2 storage in solid-state ma-
terials are explained. Moreover, some of the important findings of this thesis 
work on the subject of H2 storage are presented in this chapter. The Chapter 4 
of the thesis, 2D Structures for Gas Sensing Applications, covers the applica-
tions of 2D materials for sensing of air pollutants. In this perspective, types of 
pollutants, the mechanism of gas sensing, and sensing performance of inves-
tigated 2D structures are discussed. The Chapter 5, Tuning the Structure and 
Electronic Properties of 2D Materials, constitutes the effects of adatom ad-
sorption on two-dimensional sheets. Particularly, the important outcomes of 
the adatom adsorption on stanene sheets are discussed. The Summary and out-
look of the thesis are presented in Chapter 6. The summary of the thesis in 
Swedish, Svensk Sammanfattning, is provided in Chapter 7. Further details of 
the work, complete methodology, and the detailed discussions are present in 
the original papers which are attached at the end of this thesis.  
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2 Theoretical Background 

Density functional theory (DFT) is the powerful computational approach to 
efficiently solve the puzzles of chemistry, physics, material sciences, and mul-
tiple disciplines of engineering. With widespread development spanned over 
more than 50 years, DFT is one of the most cost-effective, reliable and valua-
ble tools for predicting the geometry, electronic structure, and a broad spec-
trum of compelling material properties. DFT is inevitable for the progressive 
engineering of materials, as the in-depth knowledge and understanding of the 
complicated scientific problems can’t be achieved solely based on the experi-
ments. Since all the computations in this thesis are performed using DFT, 
therefore, this section of the thesis is dedicated to describing the background 
and theoretical formalism of DFT.   

2.1 The Many-Body Problem 
The basic properties of materials depend on their fundamental constituents, 
i.e. the electrons and the nuclei. If one can thoroughly predict the nature of 
interactions between electrons in the matter then a widespread knowledge of 
the material properties can be extracted, such as electronic, electrical, optical, 
and magnetic behaviors. To understand the underlying physics of the materi-
als, we need to solve the systems with plenty of atoms dressed up with many 
electrons, typically known as Many-body problem [50]. Quantum physics rep-
resents the many-body problem in the form of a many-body equation, named 
as Schrödinger equation. Time-independent non-relativistic Schrödinger 
equation can be written as under 

                  (2.1) 

Here, represents a wavefunction for the sys-
tem of n electron and N nuclei whose positions are described by  and , 
respectively. All the information that can be attained about the system at some 
particular state is contained in . Here, the Hamiltonian operator H acts on  
and yields the energy eigenvalue E. The complete form of Hamiltonian can be 
expressed as, 
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                                                                     (2.2) 

Here, in atomic units ,  and  denote the electronic spatial coordinates, 
mass, and charge of ith electron, respectively. Similarly RI, MI and, Z are the 
respective nuclear components for the Ith nucleus and the term  rep-
resents the reduced Plank’s constant. The kinetic energy of the electrons and 
the nuclei is computed by using the first two terms in eq. (2.2), respectively. 
The remaining three terms compute the potential energy due to the Coulomb 
forces between the electron-electron, the nucleus-nucleus, and the electron-
nucleus pairs, respectively. Eq. (2.2) yields an exact solution for the small 
systems, for example, a particle in a box and atoms with a single electron (H, 
He+, Li2+). For a multiple-electron system, the Born-Oppenheimer approxima-
tion (BOA) is employed to simplify the Hamiltonian [51]. BOA splits the 
wavefunction into electronic and nuclear components based on the assumption 
that there is a huge mass difference between an electron and the nucleus. As 
the electrons are much lighter compared to the nuclei (1836 me  MI), there-
fore the speed of electrons is much higher compared to the nuclei (ve >> vI). 
For this reason, the nuclei can be imagined as frozen particles in the sea of 
high-speed electrons. Thus one can consider that electrons are moving on a 
potential energy surface provided by the nuclei. Due to this approximation, 
the nuclear kinetic energy term enters in the Eq. (2.2) only as the potential 
(Vext) externally supplied to the electrons. The wavefunction can thus be re-
written as follows 

           
                                                                                                                    (2.3) 

The Hamiltonian transforms according to BOA [52], as under 
 

                      (2.4) 

Thus a purely electronic Hamiltonian is written, where the kinetic energy of 
the nuclei vanishes and the nuclear contribution acts as a constant (Vext). The 
use of BOA reduces the complexity of the problem, however, the exact wave-
function for a many-body system is still not easy to find due to the electronic 
correlations. The motion of electron 1 in a N-electron system and its interac-
tion with the frozen nuclei are affected by the Coulomb forces provided by N-
1 electrons. Thus, the electronic correlation further adds to the complexity of 
the problem, therefore, eq. (2.4) lacks to provide a complete analytical solu-
tion for the multiple-electron systems. To simplify the situation, the concept 
of independent-electrons was introduced in the form of Hartree and Hartree-
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Fock formalism which is based on the assumption that the electrons are non-
interacting (i.e., Vee = 0). Under these theories, the Hamiltonian is separable 
and the problem of correlated N electrons can be transformed into a N single-
electron problem. Thus, the Hamiltonian for a system of N non-interacting 
particles is defined as  under, 

 
                            (2.5) 

Here h(i) is the operator that gives the kinetic energy and the potential energy 
of the electron i. Eigenfunction of the H operator is a wavefunction which is 
a product of spin-orbital wavefunctions , as under, 

 
                      (2.6) 

Here,  denotes the Hartree Product. The Hamiltonian operator H acts on 
which yields . The energy is defined as the sum of spin- 

orbital energies . The Hartree product defined as Eq. 
(2.6) has a serious shortcoming that it does not obey Pauli’s exclusion princi-
ple and electrons are distinguishable. For instance, the probability of finding 
electrons 1 to N in a volume element could be expressed by the following 
relationship,  
 
| |2 

 = | |2 | |2  

| |2                          (2.7) 

Here, the simultaneous probability of finding electron 1 in  and electron 2 
in  is equal to the product of probabilities. According to this formalism, 
electron 1 is completely independent of other electrons. This is not true for the 
case of electrons with parallel spins. If we have a system of two electrons with 
parallel spins, then the probability of finding both electrons at position r1 is 
zero i.e., P (r1, r1) = 0. However, electrons with opposite spins are always 
uncorrelated and independent of each other. Hartree Product  ( ) for elec-
trons 1 and 2 can be written as follows 
 

                                              (2.8) 
                                              (2.9) 

A wavefunction which obeys anti-symmetry could be obtained as an appro-
priate linear combination of the above two Hartree Products. 
 

                         (2.10) 
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This anti-symmetrized wavefunction was named as Hartree-Fock (HF) wave-
function. HF wavefunction could be generalized in the form of a determinant, 
called Slater determinant named after John Slater. For two electrons Slater 
determinant form of the HF wavefunction is written as below, 

 

                        (2.11) 

It is easy to see that if two electrons are introduced in a similar orbital (i.e., 
), then  goes to zero which is another way to justify Pauli 

exclusion principle. Electrons are indistinguishable and therefore belong to 
every orbital. For N electrons, the Slater determinant is written as under, 
 

                           (2.12) 

The Slater determinant is symbolically represented as and 
provides the solution of the Schrödinger equation. HF theory is based on the 
approximation that each particle feels an average field due to the presence of 
surrounding charged particles, named as Mean-field approximation. HF solu-
tion gives the accurate ground state energy by using a single Slater determi-
nant (N-electron) to approximate a ground state wavefunction of N electrons. 
Within single slater determinant, motion of electrons with parallel spins are 
correlated whereas electrons with antiparallel spins are uncorrelated. In order 
to obtain the ground state energy according to HF theory, the Slater determi-
nant is minimized  with the help of variational the-
orem. This is a Self-Consistency Field (SCF) method which begins with a ran-
dom guess of a set of atomic orbitals. Those sets of orbitals are used to find 
the energy and subsequently the new orbitals. The process continues until the 
convergence is achieved. The wavefunction for the N electrons is defined in 
terms of four variables, i.e. three position coordinates and one spin coordinate. 
The exponential scaling of the HF method with 4N leads to a great deal of 
computational challenges. However, HF formalism was a great breakthrough 
which simplified the many-body problem and laid down the foundations of 
the most advanced electronic structure methods and density functional theory 
(DFT) is one of them.  

The problem of 4N variables could be simplified by replacing the wave-
function with the electron density which is a 3 variable function. Due to the 
complex nature of the electronic interactions, the exact solution of the 
Schrodinger equation is scarce as yet, however, the complexity of the problem 
is minimized with the help of density functional theory (DFT). This thesis is 
based on the computations performed by the Vienna Ab-initio Simulation 
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Package (VASP) which is a DFT based code. In the subsequent sections, the 
development of the DFT formalism and the computational methods are ex-
plained in the detail. 

2.2 Density Functional Theory (DFT) Formalism 
As mentioned in the previous section, HF theory was based on a reasonable 
approach for computing the accurate ground state energy of the many-body 
system. However, the biggest challenge was to determine the complicated 
many-body wavefunction. If one could replace a wavefunction based ap-
proach with a much simpler electron density based formalism then the com-
putational difficulties could be handled without sacrificing the quality of re-
sults. Hence, DFT formalism was born as a reliable and cost-effective solution 
to the many-body problem.  

Before digging deep into the DFT theory, it is worthwhile to understand 
the importance of using the density of electrons  instead of the wavefunc-
tion. The first reason is that  is a mathematical parameter that is possible 
to measure. This observable entity makes it possible to get a mapping of the 
system which is relatively closer to reality. The integral of  over the vol-
ume element gives the total number of electrons N contained in that specific 
volume as follows, 
 

                     (2.13) 

The nuclear charges can be computed by the information of  around the 
nuclei. As the nuclear attractive forces tend to keep the electrons together and 
the density  is maximum close to the nuclei, RI. The gradient of density 
undergoes discontinuity around this region and cusps are formed. Thomas and 
Fermi were the first to use the concept of as a variable to determine the 
total energy of the system [52, 53]. However, due to the absence of exchange 
and correlation parts in the Thomas-fermi theory, one could not apply this 
formalism to solve the many-body problem. The consideration of simplified 
non-interacting uniform electron gas for computing the kinetic energy of elec-
trons was not realistic. Moreover, the electron-electron Coulomb repulsion 
and electron-nuclei attractive potentials were classically treated. This simpli-
fied approach for computing the kinetic energy of electrons was inefficient, 
since the exchange and correlation parts were completely missing. The accu-
rate depiction of the many-body system was lacking even after the inclusion 
of exchange energy suggested by Dirac [54]. The present-day DFT is standing 
on the pillars of some fundamental theories which were first introduced by 
Hohenberg and Kohn [55]. 
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2.2.1 Hohenberg-Kohn (HK) Theorems  
Hohenberg and Kohn provided the solution of an interacting many-body sys-
tem using in their sensational work which laid down the foundations of 
contemporary DFT. The theory was presented in the form of two landmark 
theorems1: 

Theorem I: 
For any system of interacting particles in an external potential , the 
potential  can be is determined uniquely, except for a constant, by the 
ground state particle density . 

Theorem II: 
A universal functional for the energy E[ ] in terms of density  can be 
defined, valid for any external potential . For any particular , 
the exact ground state energy of the system is the global minimum value of 
this functional, and the density  that minimizes the functional is the exact 
ground state density .  

The first HK theorem suggests that the density of electrons at the ground state 
 is sufficient to unveil the properties of a system of interacting particles, 

whereas,  is just included as a constant. More explicitly, the ground 
state density is sufficient to determine the exact form of the many-body Ham-
iltonian. Further, the functional of electron density can be utilized to determine 
all the observable entities of the system as 

 
                                             (2.14) 

The second theorem reveals how to determine the exact ground state density 
. The electron density at the ground state can be determined by finding 

the minimum value of the energy functional . The density corresponding 
to that minimum  is the ground state density . Based on these the-
orems, the functional of total energy can be expressed in terms of electron 
density as  
 

                    (2.15) 
   
 
 
 
-------------------------------------------------------------------------------------------- 
1The statements of the HK theorems are quoted from the book entitled “Electronic 
structure: Basic Theory and Practical Methods” by Richard. M. Martin [50]. 
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Here,  is the universal functional which contains the total internal 
energies of the system of interacting particles as below, 
 

                     (2.16) 

Where the first two terms in Eq. (2.16) represent the kinetic energy of elec-
trons and the potential energy due to classical Coulomb interaction, respec-
tively. The third term accounts for the non-classical contributions to the total 
energy, i.e. self-interaction, correlation, and exchange effects. By accurately 
predicting the universal functional , one can successfully obtain the 
exact energy of the system at the ground state. Similarly, the ground state den-
sity can be obtained by minimizing the energy functional, . Due to the 
non-classical contributions to the energy of the correlated system, only the 
second term in the above equation could be accurately computed. Thus, the 
ambiguity of computationally solving a complicated interacting system of par-
ticles remained unresolved as the exact form of the first and third terms in Eq. 
(2.16) is unknown.  

2.2.2 The Kohn-Sham Ansatz 
In the outclass work of Hohenberg and Kohn, the solution of a many-body 
problem is provided in terms of a universal functional, however, the exact so-
lution of the ground state density is not provided. The Kohn-Sham (KS) for-
malism shows a simplified approach for the realization of the exact form of 
the ground state density. It is based on the idea that a system of interacting 
particles can be replaced with a relatively simpler reference system of non-
interacting particles having the exact same density of electrons such that the 
applicability of the HK theorems is still validated [56]. The kinetic energy of 
the real system T can be mapped to the exact kinetic energy of auxiliary sys-
tems TS because of the density constraint. The expression for the kinetic en-
ergy of the uncorrelated system TS in terms of Kohn-Sham orbitals takes the 
form as, 
 

                                            (2.17) 

The kinetic energies of the real and auxiliary system are related as under 
 

                       (2.18) 

Here  accounts for the residual forces in the kinetic energy of correlated 
electrons. The Eq. (2.16) can be modified as  
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(2.19) 
                (2.20) 

Here, the residual contribution of the total kinetic energy and non-classically 
treated electrostatic potential are grouped in the form of , which is named 
as the exchange and correlation energy. The functional of total energy in Eq. 
(2.15) can be redefined as 

(2.21) 

The above Eq. (2.21) contains the terms for the kinetic energy of the auxiliary 
non-interacting system, the classical Coulomb potential between the electrons, 
the external potential acting on electrons due to the presence of nuclei, and 
exchange-correlation energies, respectively. Combining the findings of KS 
formalism with the second theorem of HK provides the solution of the auxil-
iary KS  system in the form of a Schrodinger-like single-particle KS equation 
as  

(2.22)  

Here,  and,  denote the ith KS orbital, the KS effective poten-
tial, and eigenvalues of the  operator, respectively. The effective potential 

 can be explicitly written in the form 

(2.23) 

Here, second term  symbolizes the Hartree potential which is deter-
mined as  

 (2.24) 

The last term in Eq. (2.23) represents the exchange and correlation potential 
which is not defined in the exact form, however, it can be defined as a deriv-
ative of the exchange-correlation energy functional with respect to 
the density .  

(2.25) 

Finally, the expression for the ground state density can be written as  
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                      (2.26) 

The effective potential can be obtained according to Eq. (2.23) by in-
serting  and  parameters. If the exact form of  is known, the exact 
density and consequently the energy of the system at the ground-state can be 
computed by applying the self-consistent field (SCF) approach. This iterative 
method searches for the KS orbitals according to KS formalism and provides 
the solution of the KS equation, Eq. (2.22). The KS formalism provides the 
exact solution of the many-body system by mapping the real interacting sys-
tem to the auxiliary non-interacting system having the same density. However, 
the exact form of the exchange and correlation potential ( ) is still unknown 
and a research problem in itself, therefore the approximations are used for 
accurate determination of these parts of the energy.  

2.3 Exchange-Correlation Functionals 
In the KS formalism, the discrepancies between the real system of correlated 
particles and an auxiliary system of uncorrelated particles are merged under a 
single term, known as exchange and correlation functional [56]. The exact 
solution for this term is only known for a uniform electron gas (UEG). UEG 
is defined as an ensemble of interacting particles (electrons) spread over an 
infinite region with a uniform density , neutralized by a uniform background 
density . A sensible approach for obtaining the exchange and correlation 
potential of an infinite ensemble is to determine the energy density per each 
particle  [57]. By separating the exchange and correlation parts of the 
energy density, one may conveniently write as, 
 

                                           (2.27) 

Exchange energy density can be analytically solved with the help of the fol-
lowing expression as [50, 54] 

                                              (2.28) 

The correlation energy density can be analytically obtained for low and high-
density regimes. The interpolation between these regimes is obtained with the 
help of Monte-Carlo algorithm combined with some other interpolation tech-
niques [50, 57, 58]. The functional  for a real system of non-uniformly 
distributed particles can thus be approximated with the help of exchange 

and correlation energy densities. 
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2.3.1 Local Density Approximations (LDA) 
Local Density Approximation (LDA) locally treats the exchange and correla-
tion parts of the potential based on a UEG model, such that the density at each 
position r is constant, . As described earlier, the exchange term 

 is analytically obtained with the help of Eq. (2.28). Similarly, a mapping 
between the regions of high and low electronic densities with the help of 
Monte-Carlo simulations depicts the correlation term . Typically, the ac-
curacy of the LDA approximation depends on the use of interpolation 
schemes. By combining and terms, the exchange-correlation func-
tional within LDA framework can be written as follows [58], 
 

(2.29) 

LDA is a simple approximation that is expected to work well only for the 
systems with slowly varying charge densities, such as those which nearly re-
semble a UEG, for example, metals with free and valence electrons. However, 
the error cancellation in the exchange and correlation terms produces reliable 
results for a vast variety of systems including insulators and semiconductors 
[59].  

Besides several advantages, there are a few major shortcomings associated 
with LDA functionals. For instance, larger computational discrepancies are 
noted for the systems with highly inhomogeneous charge densities, such as 
isolated atoms and molecules. Moreover, overestimated binding energies and 
cohesive energies, and underestimated bond lengths and bandgaps are re-
ported. Similarly, electron localization according to LDA is well-suited for the 
systems with s and p electrons, however, inaccurate results are produced for 
the systems containing d and f electrons. Van der Waals and hydrogen bond-
ing are poorly depicted with the help of this approximation. Few examples of 
LDA functionals are Perdew-Zunger (PZ81) [60], Perdew-Wang-92 (PW92) 
[61] and Vosko-Wilk-Nusair (VWN) [62].            

2.3.2 Generalized Gradient Approximations (GGA) 
The shortcomings of the LDA could be improved to a great extent with the 
help of generalized gradient approximation (GGA). GGA is based on the as-
sumption that  is not only a function of electronic density but also 
the gradient of electronic density at each position r. For the systems with in-
homogeneous electronic density, the gradient of density  is locally ob-
tained for exchange and correlation parts. Based on this idea, the exchange-
correlation functional [50] could be written as   
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                    (2.30) 

Here,  is the energy density of a UEG for exchange contribution. 
 is the enhancement parameter of GGA which depends on a dimen-

sionless quantity, the density gradient, s, defined as 
 

                       (2.31) 

The enhancement parameter, , considers the degree of deviation from UEG 
character. Several forms of  were proposed in the past, however, most 
commonly known are provided by Becke (B88) [63], and Perdew, Burke and 
Ernzerhof (PBE) [64]. 

Most of the computational work in this thesis is based on PBE approxima-
tion which works fairly well for predicting the physical and chemical proper-
ties of materials. GGA functionals are generally known to overcome most of 
the limitations of LDA, for example, accurate description of the chemical en-
ergy in metals and semiconductors as well as hydrogen bonding in materials 
[61, 65–67]. However, there are certain cases where the accuracy of GGA 
functionals is compromised, for example, the systems where van der Waals 
forces are dominant [68]. Similarly, GGA functionals are inaccurate for the 
materials with strong correlation effects or the systems where self-interaction 
error is non-negligible [50, 69, 70].  

2.4 Van der Waals Interactions 
The long-range forces termed as Van der Waals (vdW) forces typically origi-
nate from three different modes of interactions between the dipoles, for in-
stance, the forces between two permanent dipoles, one permanent and another 
induced dipole, or a pair of induced dipoles (known as London dispersion 
force). The dipole-dipole forces sometimes play a dominant role in the for-
mation of materials, for example, in the organic molecules. The intermolecular 
binding of those structures is inaccurately predicted with LDA and GGA func-
tionals because of the missing non-local correlation effects in these function-
als.  

In this section, the origin, the significance and the treatment of London dis-
persion interaction in conjunction with DFT formalism is described. London-
dispersion forces are long-range attractive forces that are related to the dis-
tance as , where R indicates the distance between the corresponding group 
of molecules or atoms [71–74]. The exchange and correlation functionals that 
are local or semi-local, do not incorporate the non-local effects. The inability 
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of LDA and GGA functionals to predict the dispersion interactions encourages 
the development of alternative methods that are cost-effective and accurate.  

A useful approach for computing the correct total energy is to compute the 
total pairwise potential between the molecules and include it in the DFT en-
ergy (based on Kohn-Sham formalism). This method of adding the intermo-
lecular potentials to account for dispersion interactions was employed by 
Grimme [75–77], Tkatchenko and Scheffler (TS) [78], and Becke and Johnson 
(BJ) [79]. For the computations in this thesis, we employed vdW corrections 
of Grimme known as DFT-D2 and DFT-D3 to compute the accurate adsorp-
tion energies of the atoms and molecules on various nanostructures. In these 
methods, the total energy is written as the sum of KS energy and dispersion 
energy (  as  

                                            (2.32) 

is obtained utilizing a self-consistent approach based on Kohn-Sham for-
malism. The term  is the empirically corrected pairwise potential, defined 
as follows  
 

                    (2.33) 

Here, is a global scaling parameter and  is a coefficient of dispersion for 
the  atomic pair. The dispersion coefficient is obtained by computing a 
geometric mean of the terms  and . The distance between the ith and jth 
atom is indicated as  and  account for the total number of atoms that are 
responsible for dispersion forces. The damping factor  in Eq. (2.33) ac-
counts for the long-range nature of the dispersion interactions.   is ex-
pressed as follows 

 
                     (2.34) 

Here, d is the adjustable entity and  is the total vdW radius ob-
tained as a sum of the individual vdW radii of the ith and jth atom. This ap-
proach is very much time effective as compared to the self-consistent field 
procedure. However, the only problem is the non-flexible nature of  param-
eter which does not consider the local chemical behaviors of the concerning 
species. This issue is eliminated in the DFT-D3 formalism, where the disper-
sion coefficient can be adjusted with respect to the ligancy of the concerning 
species.  
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2.5 Computational Methods 
2.5.1 Basis Sets  
The development of DFT theory along with efficient exchange and correlation 
functionals provides adequate foundations for the quantum computations. 
However, for the practical implication as a computational tool, one needs to 
find ways to conveniently compute the KS wavefunctions, , and eigenval-
ues, , for an infinitely large number of interacting electrons influenced by 
the static potential provided by a huge number of nuclei. To simplify the com-
putations, the KS wavefunction, , can be expanded in the form of basis set, 

, and the coefficients,  as follows 
 

                      (2.35)  

Here N corresponds to the number of each basis for the particular orbital. Eq. 
(2.35) is the mathematical expansion of  which can be inserted in the KS 
equations to reduce the problem to the form of a generalized matrix as follows 
 

                      (2.36) 

The equation can be multiplied with the conjugate basis function, ,  and 
integrated over the corresponding volume element as follows  
 

                    (2.37) 

here  is given as, 
 

                      (2.38) 

The integral on the left-hand side in Eq. (2.37) is the KS Hamiltonian for a 
single particle which is symbolically represented as . Similarly, integral 
on the right-hand side represents the overlap matrix, . Therefore, Eq. (2.37) 
can be symbolically expressed as  
 

                       (2.39) 

Thus, the introduction of coefficients matrix, , and eigenvalue matrix, , 
in the KS equations lead to the form of a generalized matrix which consists of 
KS Hamiltonian, and overlap matrix, . The solution of Eq. (2.39) is 
obtained by matrix diagonalization. Basis sets being the mathematical entities 
are written in various ways, however, Plane Waves (PW) offer several ad-
vantages for the systems where periodic boundary conditions are satisfied. In 
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this thesis work, PW basis sets are used for the treatment of periodic solid 
structures and molecules.  

2.5.2 Periodicity in Solids and Bloch’s Theorem 
As stated in the previous section, the periodicity in solids is advantageous to 
further reduce the complexity of the many-electron problem. According to 
Bloch’s theorem [80], the properties of the infinite number of electrons can be 
extracted by investigating only a finite number of electrons contained in a unit 
cell. The nature of the effective potential provided by the nuclei is periodic 
which further substantiates the application of periodic boundary conditions. 
Thus, KS orbitals can be written in the form of Bloch’s periodic wavefunc-
tions as under 
 

                      (2.40) 

Here  is a function that defines the periodicity of the crystal structure. 
Here, j stands for band index and k is the wavevector which corresponds to 
the first Brillouin zone. The term,  in Eq. (2.40) can be expanded by 
using the Fourier series as below 
 

                       (2.41) 

Here,  and  indicate the volume of a primitive cell and the coefficients of 
expansion in the PW basis set, respectively. G represents the lattice vector in 
the reciprocal space, thus, , where r is a vector in the real space 
and m is the integer value. Thus, the KS orbitals in the form of PW basis set 
can be expressed as 
 

                     (2.42) 

KS equation is solved by setting a cutoff radius, , for the reciprocal lattice 
which is the upper limit for the choice of Bloch’s wavevector. This employs 
that the values  are not allowed. Similarly, KS orbitals are expanded 
as a linear combination of PW basis sets under periodic boundary conditions. 
Thus, by employing the plane-wave basis set and periodicity in the crystal 
lattice, the band structure is resolved by diagonalizing the Eq. (2.39) which 
generates the eigenvalues  and eigenfunctions, .  
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2.5.3 Projector Augmented Wave Method 
The computations in this thesis are employed using the VASP software which 
is based on the Projector-augmented wave (PAW) method. The PAW ap-
proach is based on the assumption that a many-body system is comprised of 
two types of regions. The non-overlapping spherical domains around the ions 
form the augmented region while the remaining parts of the system form the 
interstitial region, therefore, wavefunctions can also be separately treated for 
both the regions. The inside and outside of the augmented spherical domains 
are treated with partial and envelop wavefunctions, respectively [81]. The 
wavefunctions must coincide outside the augmented sphere and preserve con-
tinuity at the boundaries of the augmented spheres. Typically, plenty of oscil-
lating wavefunctions are available around the core, therefore, computing a real 
wavefunction (  for all-electrons could be tedious. A computationally effi-
cient way is to map the all-electrons single atom wavefunction with the auxil-
iary or pseudo wavefunction  which is expressed in terms of the fewer 
basis sets. This pseudo wavefunction appears as an eigenfunction in the KS 
equation for a single atom.   

Considering that the volume of the augmented sphere is , the pseudo 
wavefunction inside the volume, , can be formed by linear mixing of the 
partial-wave basis, the same procedure is followed for writing the all-electrons 
wavefunction. Hence, 
 

      inside  
  outside                          (2.43) 

Here, ,  are the coefficients of expansion and  is the index for angular 
momentum  at a position . Outside the augmented sphere, i.e. beyond 
a critical radius  partial and all-electron waves are matching 
 

                          outside                     (2.44) 

The partial wavefunctions for all-electrons and the pseudo part are connected 
with the help of an operator, , as given below  
 

                        (2.45) 
Here, 
                       (2.46) 

The operator  provides a linear transformation pathway to connect the true 
all-electron wavefunction to the pseudo wavefunction. As given in Eq. (2.46), 
 is based on the identity operator and the atomic contribution parame-

ter, , at a position R.  accounts for the differences between the all-electron 
and pseudo partial waves. Thus, 
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                      (2.47) 

The projector operator , which fulfills the conditions (i) for 
i, j  R and, (ii) , can be used to connect the interstitial and 
augmented regions. Thus, the new form of the auxiliary wavefunction is as 
follows 
 

                      (2.48) 

Combining Eq. (2.45) to Eq. (2.48), the wavefunction for all-electrons can be 
written as below 
 

                     (2.49) 
 
                            (2.50) 
here, 
 

                                            (2.51) 
 

                      (2.52) 

The equations (2.51) and (2.52) represent the true all-electrons and auxiliary 
wavefunctions, respectively. Outside the spherical volume  these wave-
functions are equal i.e., . However, inside the augmented sphere, 

. Based on these facts, we can rewrite the Eq. (2.49) as follows 
 

                     (2.53) 

By comparing Eq. (2.45) and (2.53), the transformation operator (  can be 
written as 
 

                     (2.54) 

Using the operator , the new form of the KS equation is given as under  
 

                      (2.55) 

Also,  and , where  represents the pseudo-Hamiltonian. 
Hence, PAW ansatz simplifies the computations by expressing the all-electron 
Hamiltonian to a pseudo-Hamiltonian which is solved with the help of fewer 
plane waves. 
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2.5.4 Force Theorem 
The minimum energy state of a system can be depicted based on the fact that 
the total forces acting on a system are zero at the equilibrium state. In other 
words, non-zero residual forces reckon the non-equilibrium state of the corre-
sponding group of atoms. In computational quantum physics, the ground state 
of a system is achieved by minimizing the forces on atoms in a process called 
geometry optimization. Considering,  symbolizes the total force acting on 
the Nth nucleus at a position, RN, then can be written as 
 

                       (2.56) 

Here, E is the total energy which can be expressed as  
 

                       (2.57) 

Considering that the KS orbitals  are normalized, i.e.  and substi-
tuting Eq. (2.56) in Eq. (2.57),  can be expressed as  
 

                    (2.58) 

Using H  and ,  simplifies to the following expres-
sion 
 

        

 

                      (2.59) 

The Eq. (2.59) is known as the Hellman-Feynman Force theorem which states 
that the energy derivative for any variable equals the expectation value of the 
derivative of Hamiltonian [50]. DFT based electronic structure calculations 
use force theorem to predict the equilibrium structure in a process which com-
putes the residual forces acting on atoms and moves the atoms in a way that 
the total forces can be minimized to zero (or typically to an acceptable force 
criterion of ~10-2 eV/ ). 
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2.5.5 Molecular Dynamics 
Molecular dynamic (MD) simulations are widely used in the sciences for pre-
dicting the dynamic evolution of the system under consideration. The move-
ments of the atoms and molecules are studied at a particular temperature for a 
specific interval of time. There are two different approaches for performing 
MD simulations, known as,  classical molecular dynamics (CMD) and ab-in-
itio molecular dynamics (AIMD). The basic difference lies in the strategy for 
computing forces on the atoms. The CMD approach uses Newtonian mechan-
ics for  predicting the forces using the following relationship 
 

                      (2.60) 

Here, forces on atoms are predicted by generating the model potentials [82, 
83]. This scheme is suitable and cost-effective for treating a large system 
where plenty of atoms and molecules are present. However, the accuracy of 
the computations is compromised because it does not account for the details 
such as charge transfer, bond formation, and bond dissociations, etc. On the 
other hand, AIMD computations are accurate but the treatment of a very large 
number of particles is not practical in terms of computational cost. The forces 
are computed in AIMD as follows   
 

                      (2.61) 

In this thesis, AIMD simulations based on the Born-Oppenheimer model are 
used for predicting the thermal stability of the structures for the application as 
hydrogen storage media at ambient conditions. 
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Part II: 
Summary of the Results  
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3 Solid-State Materials for Hydrogen Storage 

Hydrogen (H2) being a versatile carrier of energy can offer a CO2-neutral so-
lution for fulfilling the energy demands of the world. A large part of the total 
energy consumption of the world, 30.3%, is attributed to the transportation 
sector [84]. Based on this fact, the transport sector could be a potential market 
for H2 but its storage for transport applications is also a huge challenge. Cur-
rently, the vehicles based on batteries, H2, and hybrid batteries/H2 are leading 
contestants of the transport industry. The combination of superior energy den-
sity and durability of the fuel cell in H2 vehicles make them superior to battery 
vehicles. However, the H2 industry suffers from the low density of H2 gas 
which makes it difficult to stock an adequate amount of H2 for onboard usage, 
for example, 5kg to roughly drive a distance of 500 miles [85]. US Department 
of Energy (DOE) has defined certain criteria for the H2 storage system to be 
used in vehicles. According to those criteria, both gravimetric and volumetric 
capacity of H2 are important factors to consider, which further implies that the 
total weight of the system and volume of the container should be reasonable 
for the range and size of the vehicle. Similarly, the recyclability of the storage 
system should not be less than 500 times and the charging times for the storage 
system should be short, most preferably 3-5 minutes [86, 87]. 

 
Figure 3.1. Practical limitations for onboard storage and the key factors to be im-
proved. 
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The conventional ways of storing hydrogen under pressure and liquefaction 
face several limitations. For instance, compression (particularly at 700 bar) is 
an expensive process and a large amount of energy is expended during the gas 
storage. Besides that, special cylinders made of composite materials are re-
quired to withstand the pressure of 350 bar or 700 bar. Durability, weight, size, 
and shape of the cylinders cause potential concerns related to the safety of 
operation and practicality. For instance, gravimetric and volumetric capacities 
are affected by the aforementioned factors and the placement of cylinders in-
side the cars and smaller vehicles could be another problem. Similar kinds of 
packing challenges are offered by liquid hydrogen cylinders. Cryogenic stor-
age or hydrogen liquefaction requires a temperature of 20 K which is crucial 
to maintain. The cost of the liquefaction is very high compared to the standard 
of DOE. The heat conductivity could also happen through walls of the cylin-
ders or due to the higher surface area of the storage system, causing a boil-off 
which is extremely undesirable especially when a vehicle is parked in an en-
closed area or garage for longer time period. The delivery tubes and internal 
walls of the storage tank need cooling as well because the loss of energy via 
hydrogen evaporation is quite probable. Due to these practical challenges and 
limitations, hydrogen storage via conventional compression and liquefaction 
techniques is not ideal for fuel cell vehicles. The unconventional approach, 
which is based on the capture of hydrogen inside the solid-state materials is 
preferred over conventional storage techniques due to the high gravimetric 
and volumetric capacities, cost-effectiveness, and safety of operation. There 
are two types of materials-based hydrogen storage techniques, namely chem-
isorption and physisorption, which will be discussed in the following sections.  

3.1 Hydrogen Storage via Chemisorption 

Hydrogen chemisorption typically means that H2 bond dissociates and a reac-
tion of H atoms with the host material occurs according to the following equa-
tion  

 
                        (3.1) 

Here M stands for the elements in the host material. H2 molecule splits on the 
surface of the host and chemically reacts with other elements. Upon dissocia-
tion, H2 can either bind to the surface or it can penetrate inside the bulk to 
occupy interstitial sites. Initially, a solid solution is formed due to the intersti-
tial site occupation by H atoms but higher concentrations transform the struc-
ture to a new phase of a compound or a chemical hydride [88]. Being a very 
reactive element, hydrogen reacts with various elements resulting in the for-
mation of compounds. These compounds are distinguishable from each other 
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depending on the type and nature of the elements and nature of the interaction 
between the hydrogen and the host. With light metals (such as alkali and al-
kaline earth metals), hydrogen forms ionic bond resulting in the formation of 
light metal hydrides or saline hydrides [89–92]. On the contrary, transition 
metal atoms and non-metals, form metallic/semiconducting, and covalent hy-
drides, respectively [93–96]. Similarly, complex hydrides are designed by a 
combination of hydrogen with the elements belonging to the group I-III of the 
periodic table, such as LiAlH4 and LiBH4. For metal hydrides, a large weight 
of the system could lead to lower gravimetric densities. So far, achieving a 
reversible gravimetric capacity of 6 wt% along with cycling capability below 
100oC (1bar) is a great challenge for metal alloys. Some light metal hydrides 
and complex hydrides are reported to exhibit high storage capacities but their 
thermodynamic conditions are not favorable for practical fuel cell conditions. 
Desorption of stored hydrogen requires increasing the temperature or reducing 
the pressure. The temperature/pressure requirements for adsorption and de-
sorption processes act as the decisive parameters which entail the practicabil-
ity of the storage media. Magnesium hydride is extensively investigated as a 
high capacity system for which the cycling temperature lower than 200oC (at 
1Bar) could not be achieved [89, 97]. Aluminum hydrides, AlH3, is another 
example of a thoroughly investigated chemical storage system that offers high 
capacity but the process of hydrogenation requires very high pressure which 
is economically not viable [98]. Complex hydrides, such as, borohydrides of-
fer high storage capacities but reversibility is again problematic. The reversi-
bility of tetrahydridobarates of metals (e.g., magnesium and transition metals) 
leads to the emission of diborane gas which is poisonous for fuel cell, moreo-
ver, continuous degradation of the material in terms of storage capacity due to 
the boron deficiency is reported [99, 100]. Besides practical challenges, the 
research on chemical storage systems is bristling with new ideas and evolving 
with time, and the quest for ideal storage system has intensified. Designing 
the alternate and efficient means of hydrogen storage with favorable thermo-
dynamics and economic viability is momentous. In this context, molecular ad-
sorption on material surfaces is considered an ideal solution that can offer fast 
kinetics and cost-effectiveness. 

3.2 Hydrogen Storage via Physisorption 
The physically adsorbed H2 retains its molecular state and interacts with the 
host materials via weak van der Waals forces. The adsorption energy of H2 
with host material is typically the order of ~ 0.1 eV. To match the DOE stand-
ard established in 2010 for H2 gravimetric and volumetric capacities, a storage 
material should have a density around ~1 g/cm3 which means that the mate-
rial’s weight should be comparable to that of water. Fortunately, physisorption 
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is supported on the materials with a high surface-to-volume ratio, which con-
sequently leads to higher gravimetric capacities. In this context, extensive in-
vestigations on the carbon nanotube (CNT), graphene, graphane, metal-or-
ganic frameworks, nanoribbons, zeolites, BN sheets, and several other light-
weight systems were performed and reported in the literature [101–110]. An-
other advantage is related to the reversibility which is again attributed to 
weaker adsorption energies of H2 with the host material. The weaker interac-
tion of H2 with the substrate can suffice faster kinetics (adsorption/desorp-
tion), the character which is lacking in the chemical storage systems. The de-
sorption of H2 from the surface happens without distorting the structure of the 
host. A small amount of energy can simultaneously dehydrogenate the whole 
surface of the storage media in a very short time interval. Since the H2 desorp-
tion is an endothermic process, the leakage of H2 from the storage material 
does not cause any explosion. Due to these remarkable traits and the synthesis 
of novel materials with high surface-to-volume ratio, H2 storage via phy-
sisorption has boomed for several years.  

3.2.1  Challenges of Hydrogen Physisorption 
Concerning the DOE criteria for H2 storage, hydrogen physisorption technique 
suffers from some unavoidable challenges. Storage capacity is greatly affected 
by the weight of the storage media, therefore, only the lightweight or porous 
materials can be ideal for H2 storage. The light weight and high surface area 
of graphene seem promising for H2 physisorption, however, the full coverage 
of H2 on both sides of graphene could result in a storage capacity of 5 wt% 
which is not sufficient according to DOE criteria [111]. The small gravimetric 
capacity, in this case, is related to the adsorption geometries and distances 
between H2 molecules. Since adsorbed H2 molecules tend to keep a van der 
Waals distance of ~ 0.3 nm between each other, therefore, only a limited num-
ber of molecules can be compensated on each side of the graphene sheet. To 
tackle the problem of storage capacity, the area of adsorbent surfaces must be 
comparable or greater than the area of graphene which is ~ 2600 m2/g [111]. 
Therefore, single-layered materials such as single-walled carbon nanotubes 
(CNTs), boron nitride (BN) sheets, and metal-organic frameworks (MOFs) 
are expected to yield higher storage capacities. MOFs showed great potential 
due to their high surface area (~ 3000 m2/g) and lightweight, as mostly these 
structures are porous and based on C atoms [105, 106, 112, 113]. The H2 stor-
age capacity of 6-8 wt% is reported for MOFs at around 77 K, however, the 
capacity drops to 1 wt% at 300 K. The drop in H2 storage capacity is attributed 
to feeble van der Waals interactions between the H2 and the adsorbent. H2 
adsorption at room temperature (300 K) can be achieved if the adsorption en-
ergy of H2 is between 0.25 0.3 eV [111]. For smaller adsorption energies, 
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one needs to provide low temperature or higher pressure conditions. This sit-
uation makes it challenging to store H2 via physisorption under room temper-
ature and pressure constraints.   

In this scenario, it is crucial to design new materials with lightweight and 
large surface area which are capable to bind H2 with adequate adsorption 
strength. Introducing the topological defects or dopants on the surfaces, ap-
plying the electric field and functionalizing with foreign molecules could be 
suitable mechanisms for tuning the adsorption strength of H2 molecules on the 
sheet. In the next sections, the strategies for improving the adsorption energy 
and storage capacity of storage media are discussed along with some im-
portant results obtained from our computations. 

 

Figure 3.2. The storage capacity for fully hydrogenated graphene sheets with a surface 
area of ~2600 m2/g is only 5 wt%. 

3.3 Strategies for Efficient Non-dissociative Hydrogen 
Storage 

In the following sections, some of the important results from our studies are 
summarized. For the details of the computational methodology and results, 
please refer to the attached papers. 
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3.3.1 H2 Adsorption on Metallized Structures 
3.3.1.1 Metal-doped Graphdiyne sheets 
As discussed in the previous section, a high gravimetric capacity for H2 stor-
age can be achieved when the adsorbent material is made up of light elements, 
such as carbon (C), boron (B), nitrogen (N), etc. In this regard, carbon-based 
single-layered structures are very interesting particularly those with large pore 
sizes. One such example is graphdiyne (GDY) nanosheet, which is experimen-
tally synthesized very stable diacetylene allotrope of carbon. The geometrical 
structure of GDY sheets is shown in Figure 3.3. The lattice structure consists 
of large pores in the form of benzene rings with both sp and sp2 hybridization 
of carbon atoms. The bandgap opening for the experimentally synthesized 
GDY sheet is reported as 0.46 eV [114]. GDY sheets are reported to show 
high mobility of electrons which is comparable with graphene [114]. Further-
more, catalytic abilities of GDY sheets for CO oxidation in the presence of 
Ag38 cluster and metal-free oxygen reduction are reported elsewhere [115], 
[116]. Due to the lightweight and large pore sizes, high H2 uptake is possible 
on the surface of GDY sheets. However, tuning the adsorption energy of H2 
molecules to meet the room-temperature storage conditions is essential. 

 
Figure 3.3. Top and side views of the planar GDY sheet. The unit cell enclosed by 
black lines consists of 18 atoms. Dotted (black) spots represent possible adsorption 
sites for adatoms. The C-C bond length for small and large pores are 1.43 and 1.39 , 
respectively. 

We introduced light metal adatoms Li, Na, K, Ca, Sc and Ti on GDY sheets 
to capture the large number of H2 molecules with improved binding strength. 
The top and side views of the unit cell of the GDY sheet having 18 atoms are 
shown in Figure 3.3. The structure consists of various binding sites for the 
adsorption of adatoms, for example, small pore (s) and large pore (B), C top 
in the large pore (C1), C top in the small pore (C2), and bridge site (B1), 
marked with black dotted spots in Figure 3.3. Adatoms were placed over all 
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the possible adsorption sites and the most stable site was the one with the 
strongest adsorption energy for the adatom. Initially, one adatom was allowed 
to adsorb on the sheet which prefers to bind at the large pore (B) site. Later, 
the interaction of the second atom was investigated in the presence of first 
adsorbed atom. The most favorable binding sites for all the metal adatoms was 
the hollow of the large pore (B). The adsorption energies, the distances be-
tween metal-sheet and metal-metal, and the bader charge per metal adatom are 
listed in Table 3.1.  

Table 3.1. The adsorption energies (eV), the average distances DMetal-C (between the 
metal adatom and the sheet) and DMetal-Metal (between the adatoms), and charges on 
adatoms are listed. 
 

Adatom Eads (1 atom) 
(eV) 

Eads (2 atoms) 
(eV) 

DMetal-C 
( ) 

DMetal-Metal 
( ) 

Charge 
(e) 

Li 4.31 2.28 2.21 4.76 +0.90 
Na 3.45 2.00 2.81 5.46 +0.90 
K 4.30 2.39 2.96 5.48 +0.90 
Ca 3.06 3.23 1.41 3.78 +0.55 
Sc 5.19 4.93 2.16 4.75 +2.04 
Ti 3.73 5.23 2.09 4.88 +1.96 

The adsorption energies for all the adatoms were strong enough to rule out the 
metal clustering, whereas, the adsorption energies of Sc and Ti were strongest 
amongst all the dopants. The adsorption energies were computed according to 
the following expression, 

                      (3.1) 

Here, , , and  are the total energies of 
the metallized GDY sheet, pristine GDY sheet, and the metal atoms, respec-
tively. The total energy was computed using KS DFT along with GGA func-
tional and van der Waals DFT-D3 correction. The electronic structure of the 
pristine and Li-, Sc-, and Ti-doped GDY sheets are plotted as the partial den-
sity of states (PDOS) in Figure 3.4. As compared to other metals, the strongest 
interactions of Sc and Ti atoms with the sheet were confirmed with the study 
of electronic structure. In Figure 3.4(c), the strong hybridization of Sc (3d) 
and Sc (4s) with C (p) states is noticeable near the Fermi level. Similarly over-
lapping Ti (3d) and Ti (4s) states with C (p) states near the Fermi level are 
visible in Figure 3.4(d). For further details of the electronic structure and 
charge transfer, readers are referred to Paper V.  
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Figure 3.4. The electronic structure plotted as PDOS for (a) pure GDY sheet, (b) Li- 
(c) Sc-, and (d) Ti-doped GDY sheets. The metal doping turns the small bandgap 
semiconducting GDY sheets to metallic sheets. Reproduced with permission from Pa-
per V. Copyright 2018 IOP publishing Ltd.  

The metallized structures were then exposed to H2 molecules in different pos-
sible geometries. The number of H2 molecules was gradually increased and 
gravimetric capacities for maximum hydrogenation cases were computed us-
ing the following formula,  

 
                        (3.2) 

Here N and W represent the number and weight of atoms and M represents 
the metal atoms (M = Li, Na, K, Ca, Sc, and Ti). Each metal atom could cap-
ture maximum of four H2 molecules which yielded a high storage capacity of 
6.50, 5.80, 5.20, 5.13, 5.0, and 4.91 wt% for Li, Na, K, Ca, Sc, and Ti-doped 
GDY sheets, respectively. The fully hydrogenated Li-doped GDY sheet which 
yielded the highest gravimetric capacity amongst all is shown in Figure 3.5. 
The binding/adsorption energies of H2 molecules were computed using the 
expression, 
 

                                             (3.3) 
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Here, n, , , and  represent the number of H2 molecules 
and the total energies of hydrogenated metallized GDY sheet, metallized sheet 
and H2 molecule, respectively.  

 
Figure 3.5. (a) Top and (b) side view of Li-doped hydrogenated GDY sheets. Each 
metal site could capture four H2 molecules leading to a high gravimetric capacity of 
6.5 wt%. Here, brown, green and pink colors correspond to C, Li, and H atoms. 

Here it is important to mention that H2 molecules interact with the GDY sheets 
via van der Waals forces which are challenging to accurately compute using 
DFT. The accurate computation of these forces requires the inclusion of ex-
change and correlation functionals. The unique feature of this paper is that 
three different functionals GGA, non-local vdW and DFT-D3 are used for the 
accurate computations of the adsorption energies of H2 molecules on the func-
tionalized sheets. Regardless of the computational approach, adsorption ener-
gies of H2 are always adequate for room-temperature H2 storage. The adsorp-
tion energies for 4, 6 and 8 H2 molecules computed with three different func-
tionals are plotted in Figure 3.6.  

 
Figure 3.6. The average adsorption energies per H2 in cases of 4, 6 and 8 H2 on metal 
functionalized GDY sheets computed by (a) GGA, (b) vdW-DF, (c) DFT-D3. Repro-
duced with permission from Paper V. Copyright 2018 IOP publishing Ltd.    
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3.3.1.2  Siligraphene (SiC7) sheets with light metals 
In Paper III, a honeycomb planar structure named siligraphene (SiC7) was in-
vestigated for H2 storage. As previously discussed, carbon-based structures 
are promising for H2 storage applications particularly due to their light atomic 
weight, however, the binding of the H2 molecules on several experimentally 
tested carbon nanostructures is weaker for practical storage conditions. As 
compared to CNTs, the adsorption energies of the H2 molecules were reported 
to increase by 20% when adsorbed on silicon carbide nanotubes (SiCNTs), 
owing to the alternative charges located in the structure [117].  As reported, 
the electronic properties of silicon carbide (SixC1-x)  monolayers (with 

) were greatly dependent on x, therefore varying the composition could result 
in outstanding and versatile characteristics [118]. The experimental synthesis 
of siligraphene (SiC7) monolayers was considered a breakthrough discovery 
due to the outstanding mechanical, electronic, and optical characteristics 
[119]. Similar to carbonaceous nanostructures, the interaction between H2 
molecules and pure SiC7 sheets were weak (< 0.1 eV), therefore, doping with 
light alkali (Li, Na, K), alkaline earth (Mg, Ca) and transition metal (Sc, Ti) 
adatoms was chosen as a route for improved H2 adsorption. We performed 
electronic structure calculations using the GGA-PBE method which depicted 
that pure SiC7 is a semiconductor with a bandgap of 0.70 eV, whereas the 
experimental bandgap of 1.13 eV is reported elsewhere [119]. It is important 
to mention that the GGA-PBE method usually underestimates the bandgap. 
The accurate bandgap could be computed with the help of computationally 
expensive hybrid functionals, however, it was beyond the purview of this par-
ticular study. The adsorption of metal adatoms yielded a significant effect on 
the electronic structures of SiC7 sheets. The interaction between the electronic 
states of adatoms and semiconducting SiC7 sheets tuned the structure from 
semiconducting to metallic. The optimized geometry and electronic structure 
of pure SiC7 sheets is shown in Figure 3.7.  

 
Figure 3.7. (a) The supercell of SiC7 sheet consists of 28 C and 4 Si atoms. 
(b) The electronic structure of SiC7 shows a small bandgap of 0.70 eV. Reproduced 
with permission from Paper III. Copyright  2018, Springer Nature 
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The Eads values of adatoms were computed in a similar approach as in Eq. 
(3.1). Among all the adatoms, Mg showed a tendency for cluster formation, 
as the Eads for Mg was lower than the reported cohesive energy (Ec) [120]. 
Similarly, higher concentrations of Ti were prone to cluster formation, there-
fore H2 storage was not investigated for those cases. We further tested the 
possibility of dimer formation on the SiC7 sheets by investigating their adsorp-
tion behavior. The Eads values of individual adatoms were stronger on the SiC7 

sheets compared to corresponding dimers which suggested that formation of 
dimers is not favorable. Before hydrogenation, the thermal stability of metal-
lized SiC7 sheets was investigated at 300 K for 6 ps using ab-initio molecular 
dynamics (MD) simulations. The results of MD simulations revealed that 
structures were stable at 300 K, which authenticated the reversibility of metal-
doped SiC7 for room-temperature applications.  

 
Figure 3.8. The extended view of the Li-doped SiC7 sheet with maximum H2 uptake. 
The adsorption energy of H2 molecules is 0.286 eV. Here, pink, orange, grey and 
green colors refer to C, Si, Li, and H atoms, respectively.

Hydrogenation of the metallized SiC7 sheets revealed that each metal adatom 
could capture four or five H2 molecules and the maximum storage capacity 
was obtained for Li metal which is the lightest amongst all the adatoms. The 
structure of the hydrogenated Li-SiC7 sheet is shown in Figure 3.8.  

In Table 3.2, the average Eads of metal adatoms, maximum storage capacity, 
and H2 adsorption energies are listed, which are the decisive parameters to 
find the potential of the H2 storage media. The ratio Eads/Ec > 1, depicted the 
possibility of uniform and cluster-free distribution of adatoms on the SiC7 

sheets. Our results revealed that highest H2 storage capacities of 6.34 and 5.63 
wt% are obtained in the cases of Li and Na doped SiC7 sheets, respectively. 
Eads values of H2 molecules on all the metallized SiC7 systems, except K, were 
found promising for fuel cell applications at room temperature. 
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Table 3.2. The adsorption energy of adatom on the sheet (eV), the ratio of adsorption 
energy to cohesive energy, the adsorption energy of H2 molecules in the vicinity of 
adatom (eV) and storage capacity (wt. %) for maximum dopant concentration (12.5%) 
are listed. 

Adatom 
(12.5%) 

Eads (metal) 
(eV) 

Eads / Ecoh Eads  (H2) 
(eV) 

Gravimetric density 
(wt.%) 

Li-SiC7 1.94 1.19 0.29 6.34 
Na-SiC7 1.50 1.35 0.24 5.63 
K-SiC7 1.96 2.10 0.13 5.06 
Ca-SiC7 1.73 0.94 0.27 5.03 
Sc-SiC7 4.55 1.17 0.28 4.59 

3.3.1.3 Boron carbide (BC3) sheets under varied Scandium (Sc) doping 
The introduction of metal dopants on relatively inert surfaces has proven to be 
an efficacious procedure that can enhance the reactivity of inert surfaces. This 
strategy is employed for the capture of gas molecules on nanostructures, par-
ticularly for the perspective of gas sensing and H2 storage [121, 122]. How-
ever, the type of charged site (the metal dopant) further decides the binding 
enthalpy and the mode of interaction between a gas molecule and the doped 
nanostructure. The efficiency of AM doped carbon nanostructures is reported 
to decline under the effect of increasing temperature, this phenomenon is not 
ideal for H2 storage at room temperature [123]. In the context of adequate H2 
adsorption enthalpy, TM dopants are superior to AM or AEM dopants due to 
a relatively stronger nature of the interaction between the d-orbitals of TM and 
the  or  orbitals of the H2. However, heavier TM atoms typically cause 
lower gravimetric capacities due to the large overall weight of the storage sys-
tem. Another problem arises due to the cohesion of TM atoms as compared to 
their interaction with the nanostructure, which can hinder the non-uniform dis-
tribution of metal atoms on the surface. For higher H2 uptake and reversibility, 
metal atoms should uniformly and strongly bind with the surface of nanosheet. 
For this reason, in the Paper I, we used scandium (Sc) atoms to manipulate the 
H2 storage performance of BC3 sheets. Furthermore, the effect of different 
doping concentrations on the metal-to-sheet and metal-H2 interactions were 
investigated. Based on the previous reports, we expected that the presence of 
boron atoms in the BC3 sheet could facilitate the stronger metal-sheet interac-
tions and hinder the metal-metal cohesion [124, 125].  

Our computations based on vdW-corrected DFT with GGA-PBE func-
tional depicted that BC3 sheets are capable to bind Sc atoms with adsorption 
energies 7.11, 6.02, and 5.45 eV in case of 3.12, 6.25, and 12.5 doping 
percentages, respectively. Thus, the adsorption energies of Sc were higher 
than the cohesive energies of Sc reported for the bulk structure [120]. The 
distances between the metal atoms were adequate for accommodating multiple 
H2 molecules. The binding between Sc atoms and the BC3 sheets was accom-
panied by the charge redistribution process. The quantification of the charge 
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transfer between metal and BC3 was performed with the help of bader tech-
nique. Each Sc atom gave a large fraction of its charge to the sheets and re-
sulting positively charged Sc atoms were capable to polarize the H2 molecules. 
The adsorption of Sc on BC3 further affected the electronic structure, thus, a 
metal-to-semiconducting transformation of the doped BC3 sheets was noted.  
Table 3.3. Average adsorption energies (eV) of H2 molecules on BC3 sheets in cases 
of different Sc content (Sc %).   

No. of H2/ Sc Eads (eV) 
3.12 (Sc %) 

Eads (eV) 
6.25 (Sc %) 

Eads (eV) 
12.5 (Sc %) 

1 H2/Sc 0.40 0.44 0.53 
2 H2/Sc 0.41 0.43 0.56 
3 H2/Sc 0.41 0.41 0.41 
4 H2/Sc 0.38 0.33 0.38 
5 H2/Sc 0.34 0.31 0.17 

In the case of 12.5 Sc %, we observed the bond dissociation of one H2 mole-
cule which was situated in the vicinity between two Sc atoms. The charge 
analysis revealed that the higher charge accumulation in the region between 
two Sc atoms was responsible for the H2 bond dissociation. For all the Sc dop-
ing concentrations, each metal site could adsorb five H2 molecules with bind-
ing energies in the range of 0.53 0.17 eV. The gravimetric capacity in the 
case of highest Sc doping concentration was achieved as 5.5 wt %.  

3.3.1.4 Li and Na doped Boron Phosphide (BP) sheets  
The monolayers of the groups III-V elements, particularly h-BN, have re-
ceived a huge research interest because of the outstanding mechanical, elec-
tronic, and optical properties. Similar to h-BN, boron phosphide (BP) mono-
layer is currently in the limelight due to its structural resemblance with gra-
phene and h-BN. Theoretical predictions revealed that BP monolayer is a 
small bandgap (0.91 eV) semiconductor with high mechanical stability [126]. 
Similarly, the efficient performance of BP monolayer as an anode material for 
Li, Na, and K ion batteries was reported elsewhere [127]. In paper IX, we 
investigated the potential of BP monolayer as the H2 storage media. Similar to 
h-BN, the BP monolayer showed weak adsorption affinity for H2 molecules. 
Therefore, for improvement of the adsorption strength, we introduced light 
AM atoms (Li and Na) on the BP structure. The study of electronic structure 
and charge transfer revealed that Li and Na atoms tend to transform the BP 
structure to metal, meanwhile, each metal atom loses the significant quantity 
of electronic charge to the BP sheet. We further verified the thermal stabilities 
of doped BP sheets for room temperature applications.  
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Figure 3.9. Adsorption of multiple H2 molecules around Li and Na dopants on BP 
monolayer. Distances between the dopants and average H2 bond lengths are men-
tioned for each structure. Here blue, orange, green, red and pink spheres represent B, 
P, Li, Na, and H atoms, respectively. 

High gravimetric capacities of 7.402 and 6.446 wt% with adsorption energies 
in the range of 0.33-0.19 and 0.24-0.17 eV for Li and Na doped BP, respec-
tively, suggested that BP monolayer could perform as a reversible H2 storage 
medium for onboard applications. 

3.3.2 Molecular Functionalization for Enhanced H2 Capture 
Besides metal doping, H2 storage performance of typically inert nanostruc-
tures (e.g., graphene, h-BN, CNTs) could be tuned by introducing molecular 
dopants, such as lithium-rich species or polar molecules which could bind H2 
via physisorption mechanism. The prerequisite for these molecules is the 
strong interaction with the host structures, which guarantees the reversibility 
of storage media. Amongst other molecular dopants, Li2F molecules on full-
erenes C60 were reported to improve the binding strength of H2 molecules on 
the host [128]. Similarly, coatings of small polar molecules OLi and ONa on 
C60 fullerenes were theoretically proposed for high H2 gravimetric densities 
[129]. Lithium rich species known as polylithiated molecules captured partic-
ular attention in this context. Several examples of C and O based polylithiated 
molecules are available in the literature, for example, OLi, OLi2, OLi3, CLi, 
CLi2, CLi3 CLi4 [130–133]. In the next sections, we have summarized our 
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projects where molecular dopants are employed as a tool for improved H2 
storage performance.  
 

3.3.2.1 h-BN sheets with OLi, ONa, and Li2F molecules 
In paper II, hexagonal boron nitride (h-BN) sheets functionalized with OLi, 
ONa, and Li2F molecules were investigated for H2 storage. h-BN sheet, often 
known as an inorganic alternate of graphene, is mechanically and thermally 
stable wide bandgap semiconductor. The pristine h-BN structure shows inert 
behavior towards H2 molecules which is similar to graphene. The interaction 
of H2 and h-BN could be tuned by introducing light-weight molecular dopants 
on the sheet. Since OLi, ONa, and Li2F were reported to capture multiple H2 
on carbonaceous structures with optimum binding strength, therefore, the in-
teraction of these molecules with h-BN sheets was investigated. For efficient 
H2 capture, the molecular dopants were required to strongly bind with the h-
BN sheet having adequate intermolecular separation to accommodate multiple 
H2 molecules. In this context, different adsorption sites on the h-BN sheet 
were taken into consideration, such as hollow of hexagon, B and N top, and 
BN bridge sites. Different molecular orientations on the sheet were also in-
vestigated, for example, the OLi molecule could be vertically placed on the 
sheet in two possible geometries with either O or Li binding with the sheet or 
in a horizontal orientation parallel to the sheet. For each molecule, adsorption 
energies were computed in a similar fashion as in Eq. (3.1). The adsorption 
energies of OLi and ONa on h-BN were stronger than graphene and CNTs 
[129, 134]. 

 
Figure 3.10. Side views of (left to right) (a) OLi, ONa, and Li2F doped h-BN sheets. 
(b) OLi and ONa doped sheets with maximum H2 uptake. Reproduced with permis-
sion from Paper III. Copyright 2017, John Willey and Sons. 
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Figure 3.11. Molecular Dynamics (MD) simulation of doped h-BN sheets at 400 K 
with a time step of 1 ps. Plots represent the variation in energy with respect to time. 
Reproduced with permission from Paper III. Copyright 2017, John Willey and 
Sons. 

We further investigated the thermal stability of doped h-BN sheets at 400 K 
using MD simulations. The results of MD simulations are shown in Figure 
3.11, which depicted that OLi and ONa doped sheets are thermodynamically 
stable at 400 K. On the other hand, the output structure and the variation in 
total energy (Figure 3.11) for Li2F doped h-BN sheets revealed the formation 
of the molecular cluster which weakly remained intact with the sheet. One of 
the Li2F molecules detached from the h-BN sheet and bound with the neigh-
boring Li2F molecule. The weaker interaction of Li2F with the h-BN sheets 
suggested that this structure is not suitable for H2 storage. However, OLi and 
ONa doped structures were further considered for H2 storage studies.  

For hydrogenation, each dopant molecule on h-BN sheets was initially ex-
posed to the single H2 molecule and the corresponding adsorption energies 
were obtained. The van der Waals corrected adsorption energies for first H2 
molecule on OLi and ONa doped structures were computed as 0.28 and 0.23 
eV, respectively. The number of H2 was then gradually increased to three per 
dopant and the total of 6 H2 molecules could be adsorbed on each system. The 
adsorption energies of H2 in the case of maximum hydrogenation were 0.21 
and 0.20 eV for OLi-BN and ONa-BN structures, respectively. These adsorp-
tion energies fall in the acceptable window (0.2 – 0.6 eV) for H2 storage ac-
cording to DOE criteria. 
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3.3.2.2 Carbon Nanotubes (CNTs) with polylithiated Molecules 
Carbon nanotubes (CNTs) have long been in the limelight for their outstand-
ing mechanical, electrical and optoelectronic behavior. Earlier, experimental 
reports claimed that CNTs are capable to perform as an efficient H2 storage 
material at room temperature with considerably high storage capacity (5-10 
wt %) [135]. However, further studies depicted that H2 binds with CNTs via 
weak Van der Waals forces which are not suitable for fuel cell applications 
[136, 137]. Meanwhile, surface coating with molecules or adatoms were em-
ployed to improve the adsorption enthalpy and storage capacity of CNTs [41, 
138–141].  

The unfulfilled quest for ideal H2 storage material inspired us to investigate 
CNTs doped with polylithiated molecules (PLMs). In Paper VI, we reported 
the structure, stability and H2 storage performance of CNTs doped with PLMs 
CLin (n=1,2,3) and OLim (m=1,2,3). The adsorption energies for PLMs were 
computed using the following equation,  
 

   (3.4) 

Here, . The total energies of CNTs with adsorbed PLMs, 
pure CNT, and PLMs are expressed as the first, second, and third term in the 
above equation. The electron density plots for all the doped CNTs are given 
in Figure 3.12.  

 
Figure 3.12. Electron density plots (cross-sectional view) for doped CNTs with (a) 3 
CLi, (b) 3 CLi2, (c)3 CLi3, (d) 3 OLi, (e) 3 OLi2, and (f) 3 OLi3. Plots are obtained 
with an isosurface value of 0.4 e/bohr3. Here black, orange, and pink colors corre-
spond to C, O, and Li atoms. Reproduced with permission from Paper III. Copyright 

 2018 Elsevier B. V. All rights reserved.  
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The adsorption energies in case of three OLin (n=1,2,3) and CLim (m= 1,2,3) 
were 2.00, 1.51, 1.00, 3.08, 3.35 and 3.63 eV, respectively. The 
PDOS for OLi3 and CLi3 doped CNTs are plotted in Figure 3.13. The elec-
tronic structures of pure and functionalized CNTs show metallic behavior. The 
interaction of each PLM with CNT affects the electronic densities of states, 
therefore, a significant overlap of the Li (s), O (p) with CCNT (p) states is ob-
served in the case of OLin molecules. Similarly, overlapping CCNT (p) with Li 
(s), C(p) states describes the strong chemical bonding between the CLim mol-
ecules and CNT. 

 
Figure 3.13. Partial density of states (PDOS) plots for doped CNTs with (a) CLi3, and 
(b) OLi3 molecules.  

The interaction of H2 molecules and the functionalized CNTs is evaluated in 
terms of adsorption energies of the molecules, according to the following ex-
pression, 
 

                                                                                          (3.5) 

Here, First and second terms are energies of the functionalized CNTs with z 
and z-1 H2. The third term considers the total energy of the H2 molecule. It is 
important to mention that the vdW correction of Grimme is included to com-
pute the accurate forces between the molecules and the host [76]. The struc-
tures OLi3-CNT and CLi3-CNT which yield maximum H2 capture are shown 
in Figure 3.14. Large H2 uptake with adsorption energies in the range (0.33 – 
0.15 eV) suggested that CNTs doped with OLi3 and CLi3 molecules should be 
experimentally tested as the H2 storage materials. 
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Figure 3.14. The structure of fully hydrogenated (a) OLi3 and (b) CLi3 doped CNTs 
yielding the maximum H2 capture. Black, pink, orange, and green colors correspond 
to C, Li, O, and H atoms, respectively.  
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4 Two-dimensional (2D) Structures for Gas 
Sensing Applications 

Gas sensing is a process of identifying or quantifying the nature, presence and, 
properties of various pollutants, such as toxic molecules or organic vapors. 
Various pollutants are emitted in the atmosphere through industrial, transport 
and biological processes. Amongst them, gases such as carbon dioxide (CO2) 
and methane (CH4) enormously contribute towards global warming which is 
one of the biggest problems of the present era. These gases are produced from 
the combustion of fossil fuels and degradation of organic matter [142]. CH4 in 
lower concentrations is non-hazardous, however, concentrations higher than 
4.5 % in the air could be dangerous because of the combustible nature of this 
gas. Similarly, CO2 which is an odorless and colorless gas causes headaches, 
dizziness, and shortness of breath with a concentration of 1-3 % in the air. Its 
concentrations above 3 % can cause hypercapnia, a condition that effects the 
pH value of blood and consequently leads to brain dysfunction and uncon-
sciousness. Elevated concentrations of CO2 above 5-10 % can lead to a sudden 
death [143]. Carbon monoxide (CO) is another side-product of the incomplete 
combustion of fossil fuels, which is reported to cause serious health issues 
including heart problems at concentrations above 100 ppm (parts per million) 
[144]. Industrial processes and combustion of sulfur contaminated fossil fuels 
result in the emissions of sulfur-containing toxic gases, for example, hydrogen 
sulfide (H2S) and sulfur dioxide (SO2). H2S which smells like a rotten-egg 
causes irreversible damage to the tissues at the concentrations higher than 
3  % [143]. Similarly, SO2 causes mild to severe problems in the eyes, 
nose, skin and the respiratory system. Besides above-mentioned gases, moni-
toring and detection of nitrogen oxides (NOx) and ammonia (NH3) are also 
crucial due to their adverse effects on the climate and public health [145]. Such 
gases are produced through natural, agricultural and industrial factors such as 
lightning strikes, agricultural fertilizers/manures, and fuel combustion. Seri-
ous health hazards of NOx and NH3 at higher concentrations include metabolic 
and hematologic problems, abnormal blood pressure, vomiting, diarrhea, and 
respiratory failures. Gas sensor devices based on different types of materials 
are being utilized for the sensing of these molecules, such as conducting pol-
ymers, semiconducting metal oxides, graphene, and CNTs. This chapter sum-
marizes our results of DFT based computations on 2D materials for their pro-



 59 

spective gas sensing applications. Before discussing the performance of sens-
ing materials, it is important to understand the mechanism behind the gas sens-
ing and important parameters related to the sensing performance. 

4.1 Basic Mechanism of Gas Sensing  
The conventional metal oxide sensors usually offer the advantage of cost-ef-
fectiveness and sensitivity, however, higher temperatures and large power are 
required for the normal operation. Within a required range of operating tem-
perature (typically 200 to 500 oC), oxygen ions adsorbed on the surface of 
metal oxide materials react with incident gas molecules and resulting changes 
in the conductivity of metal oxides are measured. These oxygen ions (O2-, O-, 
and O2

-) negatively charge the surface, therefore, an increase in the conduc-
tivity of metal oxide is observed when an electron donor molecule interacts 
with the oxygen ions and donates the negative charge. Likewise, the electron 
acceptor gas interacts with the ions and receives a negative charge, hence the 
conductivity of sensing material decreases [146]. The mechanism of gas sens-
ing in graphene and other analogous structures is different from metal oxide 
sensors. In those cases, charge transfer directly occurs between the nanosheet 
and the gas molecules. Incident gas molecules can either accept or donate the 
charges to the sensing material [147]. The amount of charge transfer and the 
direction of charge depletion affects the resistance of sensing materials. The 
sensing material retains its initial resistance when gas molecules are desorbed 
due to the temperature or pressure changes. This mechanism of gas detection 
is reported for various nanosheets including MoS2, graphene, ZnO, and 
Ti2CO2 MXenes [148–151]. In Figure 4.1, the distribution of surface charge 
density for V2NS2 MXene with adsorbed NH3 molecule is plotted which 
shows that the gas adsorption on V2NS2 MXene causes a depletion of negative 
charge ~ 0.048e from NH3 molecule to the sheet. The detailed charge analysis 
of NH3 molecule depicted that N atom carries a negative charge ~1.207 e and 
H atoms on average lose a charge ~ 0.4 e. 
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Figure 4.1. Isosurface charge density distribution for V2NS2 MXene sheet with ad-
sorbed NH3 molecule. Positive and negative regions of charge are blue and yellow, 
respectively. The NH3 molecule loses a net charge of ~ 0.048 e to the surface. Here, 
Red, Grey, light green and orange spheres indicate S, V, H and N atoms, respectively. 

4.2 Gas Sensors Based on 2D Nanostructures  
The sensing performance is quantified based on the parameters such as sensor 
response, stability, selectivity, sensitivity and recovery periods. Several sen-
sors are designed and utilized till date, however, some of the required perfor-
mance criteria are not fulfilled or the operating conditions are strenuous. Sem-
iconducting metal oxide sensors are low cost and sensitive materials which 
are conventionally used for gas sensing but suffer from low selectivity and 
difficult operating conditions (for example, operating temperature and power 
consumption) [152]. On the contrary, CNTs are reported to manifest high se-
lectivity and sensitivity at room temperature but extended recovery periods 
limit their applicability [48]. The hunt for efficient sensing material possessing 
high sensitivity and selectivity with desired operating conditions has resulted 
in the persistent development of novel 2D nanostructures. Hereof, graphene 
and analogous structures with extraordinary mechanical attributes, the large 
surface area for gas adsorption, and fast carrier mobility are reported as effi-
cient sensors.  Examples include graphene oxides (GO), h-BN, transition 
metal dichalcogenides (TMDs), silicene and phosphorene monolayers in pure 
and functionalized forms [147]. Despite appreciable attempts for designing 
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and developing materials, several factors still hinder the efficiency of na-
noscale gas sensors, e.g., low sensitivity for some pollutants, poor selectivity, 
irreversible adsorption, and sensitivity to environmental factors. The sensitiv-
ity of a sensor is mainly affected by two factors (a) electrical noise and (b) 
quality/strength of the signal. Most of the sensing materials suffer from these 
problems, therefore, the quest for ultrasensitive nanomaterial remains unsat-
isfied [153]. In this context, we theoretically investigated the capability of S-
terminated nitride MXenes (Paper VII) and functionalized BC3 sheets (Paper 
VIII), as summarized in the following sections. 

4.2.1 MXene Sheets  
The first MXene sheet was synthesized in 2011 and after that several new 
members emerged in the family with outstanding attributes, such as high ther-
mal and mechanical stability, flexibility, acid-resistance and superior capacity 
of ion-exchange [154, 155]. The extraordinary role of MXenes for batteries, 
hydrogen storage, catalysis, supercapacitors, and gas sensing applications are 
reported in the literature [153, 156–159]. The ultra-high sensitivity of Ti3C2 
MXene for Volatile Organic Compounds (VOCs) makes it superior to gra-
phene and MoS2 gas sensors. The detection of VOCs in exhaled breath with a 
part per billion (ppb) accuracy could be achieved due to the low noise and 
high quality of the signal in the MXene sensor [153]. Here, we theoretically 
investigated the sensing properties of one of the thinnest MXenes M2N (M= 
Ti, V). In our study, we considered sulfur(S) terminations on M2N MXenes 
which were previously not studied for gas sensing, however, their remarkable 
behavior for anode applications in batteries was reported [160]. 
Table 4.1. The structural parameters for M2N (M= Ti and V) sheets with and without 
the surface terminations. 

Structure parameters (Å) Ti2N Ti2NS2 V2N V2NS2 
Lattice constant 2.93 3.16 2.83 3.09 
DMetal-Metal (In-plane) 2.86 2.96 2.69 2.75 
DMetal-Metal  (Out-of-plane) 2.93 3.16 2.83 3.09 
DMetal-Nitrogen 2.04 2.16 1.97 2.06 
DMetal-Sulfur ----- 2.39 ----- 2.35 
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Figure 4.2. Top and side views of (a) Relaxed V2N MXene sheet without surface 
terminations. The region enclosed by solid lines indicates the unit cell. The hollow 
sites of triangles A and B (enclosed by dotted lines) denote the possible adsorption 
sites for surface terminating atoms, and (b) Relaxed V2NS2 MXene sheets. Here, Red, 
Grey, and orange spheres indicate S, V, and N atoms, respectively. 

The structure of 2D transition metal carbides/nitrides is described with a 
chemical formula Mn+1AXn n=1, 2, or 3 , where “M” is the transition metal, 
“X” stands for C or N, and “A” element belongs to group IIIA or IVA in the 
periodic table [161, 162]. MXenes are terminated with surface terminal groups 
(T= O, F, OH or S) and the properties of these sheets are distinctive based on 
the type of their surface terminations. The unit cell of Ti2N and V2N sheets 
were first relaxed and then S adsorption on both sides of the sheets was 
achieved. Transition metal ions can generally form six bonds with the sur-
rounding atoms due to the coordination number 6, therefore, the surface ter-
minated structures M2NS2 are formed. S atoms could adsorb on two types of 
hollow sites (A and B), as highlighted in Figure 4.2(a). We checked four dif-
ferent possibilities for both sided surface terminations and named them as 
models 1, 2, 3 and 4. In model 1, hollow A sites were chosen for both sides S 
coverage. Similarly in model 2, S atoms were allowed to relax at hollow B 
sites. In Model 3, the possibility of S adsorption on top of the transition metal 
atoms was tested.  In model 4, S atom on one side of the sheet adsorbs on A 
site and on the other side it adsorbs at the B site. The structure of Ti2N MXene 
with and without the surface terminations are shown in Figure 4.2(a-b), re-
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spectively. Detailed description of the structure and our computational meth-
odology are contained in paper VII. We investigated the adsorption behavior 
of eight gases CH4, CO, CO2, SO2, H2S, NO2, NO, and NH3 on Ti2NS2 and 
V2NS2 MXene sheets. The adsorption energies are computed using the fol-
lowing formula, 
 

                       (4.1) 

here, first, second and third terms in the above expression represent the total 
energies of the MXene sheet with the adsorbed molecule, pristine MXene 
sheet, and the gas molecule, respectively.  

Figure 4.3. Top and side views of (a) Ti2NS2 sheet with adsorbed NO molecule. The 
net charge on the molecule is +0.135 e. The distance between the molecule and sheet 
is 2.51 Å. (b) Isosurface charge density plot for NO molecule adsorbed on the Ti2NS2 
sheet. Yellow and blue colors indicate the negative and positive charge regimes, re-
spectively. Red, golden, and orange spheres indicate S, Ti, and N atoms, respectively. 

The adsorption of gases on M2NS2 sheets leads to the charge redistribution on 
the surface and affects the electronic structure of the MXene sheets. Charges 
on the adsorbed molecules and MXene sheets were quantified with the help 
of bader charge technique. Here, it is worthwhile to mention that Eads values 
of atoms and molecules reported in this thesis are always negative because the 
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interactions are exothermic and kinetically favored. Adsorption studies re-
vealed that both MXene sheets show comparatively stronger interactions with 
the molecules NO, NO2, H2S, and SO2. Eads values in most cases fall in the 
physisorption or weak chemisorption regime of molecular interactions with 
the sheets, which is suitable for efficient and fast recovery of the sensing de-
vice after gas detection. Charge analysis describes that CO2 and SO2 act as 
charge acceptors on both the sheets and receive some fraction of electronic 
charges from the nearest atoms on the host. The NO molecule gets adsorbed 
on the Ti2NS2 sheet with the strongest adsorption affinity ( 0.406 eV) 
amongst all. The structure and isosurface charge density for NO molecule on 
the Ti2NS2 sheet are shown in Figure 4.3. The adsorption process leads to a 
reshuffling of the surface charges and the NO molecule carries a net charge 
equal to +0.134 e. The careful analysis of the charges by bader technique re-
veals that the N atom in the NO molecule donates the charge equivalent to 
0.160 e to the sheet and O atom receives the charge 0.026 e. As a consequence 
of the charge donation, the bond length of the NO molecule reduces to 1.16 
Å, whereas the pre-adsorption bond length is 1.17 Å. The adsorption of mol-
ecules also affects the electronic structure of MXene sheets which plays a vital 
role in the gas detection. The total density of states (TDOS) plot for NO mol-
ecule adsorbed on Ti2NS2 sheets is shown in Figure 4.4. 

Here, a significant effect of NO adsorption on the electronic structure is 
visible around the Fermi level, as the peaks become broader and shift towards 
the Fermi level. NO molecule is paramagnetic in the gaseous state, therefore, 
the molecule induces magnetism in the Ti2NS2 sheet upon adsorption. Similar 
investigations on all the gases revealed that both M2NS2 sheets show high sen-
sitivity towards NO, NO2, H2S, and SO2 molecules. Particularly, the adsorp-
tion energies of NO and NO2 molecules are favorable for reversible gas sens-
ing, which means that gases can be detected on the MXene sheets and later 
the structure can quickly retain its pristine state. Our findings reveal that the 
Ti2NS2 and V2NS2 sheets can function as efficient nanosensors materials for 
NO and NO2 molecules. Sensing of the material for other gases is compara-
tively lower but we expect that it could be enhanced by applying the external 
electric field or tensile strain as previously achieved for the Sc2CO2 and 
Ti2CO2 MXenes-based SO2 and NH3 sensors. 
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Figure 4.4. Total density of states (TDOS) plot for NO molecule adsorbed on the 
Ti2NS2 sheet. The red shaded region represents the projected DOS for the NO mole-
cule. The black solid line indicates the TDOS for the Ti2NS2 and the green shaded 
region represents TDOS of the Ti2NS2 after NO adsorption. 

4.2.2 Metal Functionalized BC3 Sheets 
Carbon-based nanomaterials, particularly graphene, hold great potential for 
the applications in the field of nanoscale gas sensing owing to a large surface 
area, superior conductivity, and fast mobility of electrons. Reduced electrical 
noise in graphene compared to the conventional sensors creates the possibility 
of an exceptional gas sensing response. Similarly, humidity which acts a lim-
iting parameter for the performance of the gas sensors, no longer remains an 
issue because the graphene-based sensors are reported to overcome humidity 
related sensing issues without external heating [163]. Dopants and defects can 
further enhance the sensitivity of graphene and other carbon-based nanostruc-
tures. The properties of graphene, however, greatly vary depending on the type 
of dopant, for instance, boron (B) doping in graphene could enhance the sen-
sitivity for NO and NO2 molecules [164]. The size of the B atom is similar to 
C, which makes it feasible to design B-C based functional materials. The ex-
perimental synthesis of the BC3 sheet is one such milestone discovery that 
opened up the possibility to design a sensor with exceptional sensitivity and 
selectivity. The structural resemblance with graphene, semiconducting nature, 
high strength and mechanical stability, good optical response, and heat con-
ductivity make BC3 sheets interesting for nanoscale device applications.  
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In Paper VIII, we investigated the gas sensing performance of BC3 sheets 
for carbonaceous pollutants CO, CO2, and CH4. The adsorption energies of 
molecules were computed on pristine BC3 sheets which revealed that the CH4 
weakly binds to the BC3 sheet with an adsorption energy of 0.14 eV. Likewise, 
the weak physisorption governs the interaction of CO2 with BC3 sheet with a 
adsorption strength of 0.19 eV. The adsorption energy of CO molecule (0.74 
eV)  depicts a relatively higher sensitivity of pristine BC3 sheets for CO as 
compared to the other two gases. To enhance the sensitivity of BC3 sheets for 
CO2 and CH4 molecules, we employed the metal-doping strategy. Previously 
metal dopants, such as, aluminum (Al) and lithium (Li) were reported to im-
prove the sensitivity of graphene- and hydrogenated graphene-based sensors, 
respectively [165, 166]. Here, we doped BC3 sheets with light AM (Li, Na, K) 
and AEM (Be, Mg, Ca) atoms and observed the enhanced sensing aptitude of 
the metal-doped sheets. Pristine BC3 sheets were semiconducting with an in-
direct bandgap of 0.65 eV. Metal atoms strongly adsorbed on the pristine BC3 
sheets and donated the bulk of their atomic charges to the sheet. Metal adatoms 
could bind with the BC3 sheet uniformly without cluster formation, which is 
an important attainment towards material design. The electronic structure of 
the BC3 sheets turned metallic upon metal doping as the new electronic states 
emerge around the fermi level. In Figure 4.5(a-b), the adsorption geometry, 
the partial electronic density of states (PDOS) and isosurface charge density 
are shown for Li doped BC3 sheets. 

 
Figure 4.5. (a) Top and side views, (b) Partial density of states (PDOS) plot, and (c) 
Isosurface charge density distribution for Li doped BC3 sheets. Here green, black, and 
silver spheres represent B, C, and Li atoms, respectively.  

To estimate the sensitivity of doped BC3 sheets for gas molecules, we inves-
tigated the charge distribution, electronic structure and work function of the 



 67 

BC3 sheets before and after the gas adsorption. The work function which is 
computed as a difference of electrostatic potential at the level of vacuum and 
the energy at the Fermi level, is a useful parameter to detect gases. Particu-
larly, surface work function variation (SWF) sensors work on the principle of 
the work function measurement as the gases adsorb on the sensitive surface. 
Our computations revealed that the work function of the sheets before and 
after the gas adsorption significantly changes owing to the sensitive nature of 
doped BC3 sheets for all the gas molecules. In Figure 4.6(a-c), the total density 
of states (TDOS) for Li doped BC3 sheets with and without CO, CO2, and CH4 
adsorption are plotted. The change in TDOS after the gas adsorption, particu-
larly near the Fermi level, facilitates the process of gas detection. 

 
Figure 4.6. Total density of states (DOS) plots for Li doped BC3 sheets with CH4, CO, 
and CO2 molecules (Left to right). Green and black lines indicate the TDOS of Li 
doped BC3 with and without adsorbed gases, respectively. 
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5 Tuning the Structure and Electronic 
Properties of 2D Materials 

Design and synthesis of novel materials are constantly revolutionizing the 
electronic industry for almost the last 75 years. Research on 2D materials is 
increasing day by day and new members are being added to the family, 
namely, graphene, hydrogenated-graphene, graphyne, graphone, graphdiyne, 
silicene, germanene, silicane, phosphorene, antimonene, arsenene, borophene, 
hexagonal boron nitride, boron carbide, MXenes and transition metal dichal-
cogenides (TMDs). These materials have captured great interest owing to their 
outstanding and diverse chemical, electrical, optical, mechanical and elec-
tronic characteristics. Amongst other 2D materials, graphene, TMDs, and 
MXenes are being tested for the fabrication of the nanoscale electronic de-
vices. However, except graphene, none of the available 2D materials has yet 
been commercially employed for large-scale manufacturing of the devices 
[167]. For improved performance, tuning or readjustments of the material 
properties by means of doping, chemical modifications, electric field, com-
pression, and strain is often required.  

With advanced computational tools, now it is possible to access the prop-
erties of materials under the effect of external tuning parameters. Theoretical 
predictions of the material properties under varied external factors not only 
facilitate the experimental design and testing but also provide a better picture 
of the ongoing physical phenomena. In this chapter, the role of adatoms/do-
pants on the properties of 2D stanene sheet is discussed. Detailed results and 
methodology of our theoretical investigation are available in paper IV.  

5.1 Doping Characteristics of Stanene Monolayer 
Stanene, as the suffix ene suggests, is an elemental 2D material composed of 
Sn atoms. This monolayer is semiconducting with a small bandgap (72 meV) 
and manifest structural similarity with other group IV monolayers, namely, 
silicene and germanene [168]. Semiconducting nature, high dynamic stability, 
and room-temperature Quantum Anomalous Hall (QAH) effect make it inter-
esting for the optoelectronic industry [169]. Previous studies revealed that 
doping with adatoms could enhance the potential of 2D structures for various 
applications, e.g., hydrogen storage, photocatalytic activity, super-capacitance 
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and gas sensing performance [160, 170–173]. We, hereby, investigated the 
structural distortions and electronic properties of pristine and doped stanene 
monolayers with 31 different adatoms from AM (Li K), AEM (Be  Ca), TM 
(Sc Zn) and metal/non-metals (Al, Ga, B, Si, Ge, As, C, N, O, P, S, Se, F, Cl, 
Br) of groups III-VII in the periodic table. We further investigated the adsorp-
tion energies, charge transfer, and change in the surface work function for 
doped stanene sheets.   

5.1.1 Adsorption Energies and Diffusion Pathways 
Stanene monolayer is a buckled structure consisting of hexagonal rings of sp3 
bonded Sn atoms. The adsorption sites for adatoms are H (hollow), B (bridge), 
T (top), and V (valley), as indicated in Figure 5.1. We investigated the adsorp-
tion behavior of all the adatoms on these four adsorption sites. The differences 
in the adsorption energies between nearest adsorption sites yield the infor-
mation about energy barriers for the diffusion of adatoms on the monolayer. 
The strongest adsorption energies and corresponding adsorption positions are 
listed in Table 5.1. In view of cluster-free adsorption of adatoms, the experi-
mental cohesive energies (Ecoh) in the bulk phase were compared with the ad-
sorption energies of adatoms on the stanene monolayer [120]. In most cases, 
the adsorption energies are stronger enough to ensure a uniform distribution 
of adatoms on the stanene sheet, which further ensure that atoms can form 2D 
layers on stanene surface. The detailed description of migration energies of all 
the adatoms is provided in Paper IV. Here, we discuss the selective cases from 
different groups of atoms.  

All the AM atoms (Li, Na, K) behave alike and prefer the H site for adsorp-
tion. B site acts as a non-stable (transition state) adsorption site and the adatom 
moves to the nearest V site. Similarly, T site is the least favorable for  adsorp-
tion of AM adatoms. Conversely, AEM atoms (Be, Mg, Ca) differently inter-
act with stanene monolayer, for example, Mg and Ca prefer to get adsorbed at 
H site, unlike Be atom which strongly binds at V site with a adsorption energy 
of 3.152 eV. TM atoms strongly interact with stanene monolayer as compared 
to other group IV monolayers. 
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Figure 5.1. The adsorption energies of (a) Metals (Li, Be, Mg, and Ti), (b) Group III-
VII elements (B, S, N, and F) for different possible adsorption sites. 
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Table 5.1. For each atom on stanene monolayer, most stable adsorption sites (B, H, 
T, and V indicating bridge, hollow, top, and valley sites, respectively), the adsorption 
energies (eV), Eads/Ecoh, and structural distortion  (  are listed. 

Adatom Adsorption 
site 

Adsorption 
energy (eV) 

Eads/Ecoh Distortion  
( Å) 

Li H 3.220 1.98 0.0 
Na H 2.643 2.37 0.2 
K H 2.694 2.88 0.4 
Be V 3.152 0.94 0.2 
Mg H 1.756 1.16 0.2 
Ca H 3.351 1.82 0.2 
Sc H 4.938 1.27 0.0 
Ti H 5.277 1.09 0.1 
V H 4.214 0.79 0.1 
Cr H 3.019 0.73 0.0 
Mn H 3.075 1.05 0.0 
Fe H 3.759 0.88 0.2 
Co V 4.281 0.97 0.2 
Ni V 4.839 1.09 0.2 
Cu H 3.282 0.94 0.0 
Zn V 1.162 0.86 0.1 
B V 5.410 0.93 0.3 
Al B 3.390 1.0 0.1 
Ga H 3.240 1.15 0.3 
N V 4.120 0.84 0.3 
P V 3.670 1.08 0.0 
As T 3.680 1.24 0.3 
O B 5.700 2.19 0.0 
S B 4.270 1.49 0.2 
Se B 3.850 1.56 0.2 
F T 4.880 0.84 0.0 
Cl T 3.490 2.49 0.1 
Br T 3.060 2.51 0.3 

H site is preferred by most of the TM atoms in minimum energy configuration 
except Ni, Co, and Zn, whereas B is the transition site for all the TM atoms 
except Zn. Compared to all the TM atoms, the strongest interaction with 
stanene monolayer is noted for Ti which also experiences a high migration 
energy barrier between different adsorption sites. Group IIIA elements, B, Al, 
and Ga show distinct adsorption trends on stanene, as B atom prefers V site, 
whereas Al and Ga prefer B and H sites for adsorption, respectively. Group 
IVA elements (C, Si, Ge, and Sn) adsorb on the stanene monolayer and lead 
to structural instability, as confirmed by MD simulations at the temperature of 
150 K. Group (V-VI)A elements strongly bind on stanene monolayer (with 
Eads/Ecoh >1) in most cases. Similarly, halogens Cl and Br strongly interact 
with the sheet and F exhibits weaker interaction, as indicated by Eads/Ecoh ratios 
for each of these atoms. In Figure 5.1(a-b), the adsorption energies against the 
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adsorption site are plotted for selective atoms from different groups of the pe-
riodic table. 

5.1.2 Structural Deformations  
The adsorption of adatoms leads to different structural changes in the stanene 
monolayers, for example, Be atom propels the Sn atom at V site and substi-
tutes it. Mg atom adsorbs on the V site forming a dumbbell type structure by 
slightly repelling Sn atom out of the sheet.  

 
Figure 5.2. Structural changes in stanene monolayer due to (a) Mg, and (b) Ti atom 
adsorption. 

Similarly, all the TM atoms placed at V site repel Sn atoms out of the sheet 
and form dumbbell structures. We quantified the structural distortion  by 
computing the change in z-coordinate of the Sn atoms before and after adatom 
adsorption. Due to the higher structural stability, only small distortions (<0.05 

) are observed for each case, as listed in Table 5.1. In Figure 5.2, Mg and Ti 
adsorption on the stanene monolayer on V site is shown where structural dis-
tortion and formation of dumbbell structure are apparent.
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5.1.3 Electronic Structure and Charge Analysis  
The adsorption of adatoms on the stanene surface is further accompanied by 
charge redistributions between the adatoms and the monolayers. Each atom 
interacts with the monolayer via charge donation or acceptance based on the 
electronegativity of dopant with respect to Sn atoms in stanene monolayer. 
For the cases when electronegativity of adatom is lower than Sn, the charge 
transfer takes place from adatom to the sheet, e.g., AM, AEM, and TM atoms 
except for Ni, Co, and Cu. Similarly, higher electronegativities of adatoms 
cause the transfer of charges from sheet to adatom, e.g., O, F, and Cl.  

 
Figure 5.3. TDOS for pristine (black) and doped stanene (orange) sheets with (a) Li, 
(b) Be, (c) Sc, (d) Ti, (e) B, (f) N, (g) O, and (h) F atoms.  

The interaction of adatoms further affects the electronic structure of the 
stanene sheets. The black and orange lines in the plots indicate TDOS for pris-
tine and doped stanene sheets. The TDOS of stanene sheets with and without 
adsorbed adatoms (Li, Be, Sc, Ti, B, N, O, and F, respectively) are plotted in 
Figure 5.3(a-h) where the broadening and shifting of the electronic states are 
visible close to the Fermi level.  
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6 Summary and Outlook 

The rate of worldwide fossil fuel consumption is alarmingly high which points 
towards the possible energy crisis in the near future. Besides the sharp decay 
of fossil reserves, the combustion of hydrocarbons is associated with the emis-
sion of hazardous gases in the environment. Global warming caused by the 
emission of CO2 and other greenhouse gases does not only call for sustainable, 
economical, and environmentally benign harvesting of energy but also de-
mands the development of efficient gas sensors or capturers. In this thesis 
work, low-dimensional materials are designed and investigated for their ap-
plications in the field of clean energy harvesting and gas sensing. We used van 
der Waals (vdW) corrected density functional theory (DFT) to compute and 
modify the properties of the materials at the atomic scale for applications in 
the aforementioned fields.  

The detailed theoretical background of DFT along with computational 
methods is presented in Chapter 2. The interaction of molecules with 
nanostructures is typically administered by long-range forces that aren’t con-
tained in the Kohn-Sham (KS) DFT. Therefore, vdW correction terms are de-
liberately included in the DFT computations for an accurate depiction of the 
total free energy of the system and other material properties. 

In Chapter 3, the strategies of materials-based hydrogen (H2) storage are 
discussed along with the challenges and limitations of chemisorption and phy-
sisorption techniques. H2 is an ideal carrier of energy due to its high energy 
content and abundance in nature. Being an environment friendly, economical 
and sustainable energy carrier, H2 is capable to completely replace fossil fuels 
for energy applications. However, the gaseous nature and low volume density 
of H2 makes it difficult to store for practical applications. Conventional ways 
for storing H2, liquefaction and pressurized hydrogen, are considered unsafe 
and economically impracticable.  

Chemical storage of atomic hydrogen in solid-state materials, such as metal 
hydrides, is glimpsed as a viable solution for H2 storage, however, the inade-
quate adsorption energies and unfavorable adsorption/desorption kinetics hin-
der the reversibility and practicability of the storage medium. The physical 
adsorption of H2 on the surfaces of nanostructures offers faster kinetics, re-
versibility, and economic viability but the strength of H2 adsorption and stor-
age capacity of the medium needs further improvements. Ideally, these sys-
tems should be capable to bind H2 with adsorption energies in the range of 
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0.2 0.6 eV and practical gravimetric capacities of > 5 wt%. Hereby, we mod-
eled and explored the low-dimensional nanostructures for enhanced H2 up-
take. In this context, the strategies of metal doping and molecular functional-
ization were considered. The decoration of light metal adatoms on nanosheets, 
graphdiyne (GDY), siligraphene (SiC7), boron carbide (BC3), and boron phos-
phide (BP) sheets could enhance the strength of the interaction between H2 
and the host, therefore, the adsorption energies in most cases were ultimate 
for practical implementations in the fuel cell. Each metal center could hold 
multiple H2 leading to reasonably high gravimetric capacities of the storage 
system. The high storage capacity was further facilitated by the large surface-
to-volume ratio of the nanostructures. Similar to atomic doping, the storage 
capacity and interaction of H2 could be enhanced by molecular functionaliza-
tion. For instance, h-BN sheets functionalized with OLi and ONa, and carbon 
nanotubes (CNTs) with polylithiated species could capture a large amount of 
H2 with adequate strength of adsorption. Based on our DFT computations, we 
proposed that our functionalized nanosheets and CNTs are worth experimental 
exploration for H2 storage.  

In Chapter 4, the potential of 2D S-functionalized nitride MXenes (Ti2NS2 
and V2NS2) and light metal functionalized boron carbide (BC3) sheets is stud-
ied for the sensing and capturing of various hazardous molecules. The adsorp-
tion of molecules on the nanosheets leads to a change in the electronic prop-
erties, geometry, and surface work function of the sheets. The computed ad-
sorption energies of molecules on MXene sheets depicted that both Ti2NS2 
and V2NS2 sheets could efficiently sense NO and NO2 molecules with inter-
mediate adsorption strength, which is suitable for fast recovery of the 
nanosheets after gas sensing. MXene sheets were least sensitive to the carbon-
containing gases CO, CO2, and CH4. On the contrary, we depicted higher sen-
sitivity of metal-doped BC3 sheets for the aforementioned carbonaceous gases. 
From DFT computations, it is predicted that S-functionalized nitride MXenes 
and metallized BC3 sheets can serve as the efficient 2D gas sensors for partic-
ular gas molecules.  

Subsequently, Chapter 5 is dedicated to investigating the effect of foreign 
adatoms on the properties of 2D materials. The structural, electronic, and me-
chanical properties of 2D materials are greatly influenced due to the adsorp-
tion of adatoms, which serves as an important tool for materials design for 
various applications. In this regard, we studied the stanene monolayer with 
thirty-one different atoms belonging to different groups of the periodic table. 
Adsorption of adatoms leads to the structural deformations, charge redistribu-
tions, variation in the surface work function, and the electronic properties of 
the stanene monolayer, which were computed with the help of DFT computa-
tions. 

In a nutshell, this thesis work is based on the DFT computations which 
serve as a guideline for the design of efficient H2 storage and gas sensing ma-
terials.  The practical implementation of the H2 storage system can turn the 
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vision of the H2 economy into a reality that can consequently promise envi-
ronmental sustainability. Meanwhile, the sensing and monitoring of harmful 
pollutants and controlling their concentration in the air play an important role 
for health and safety.  
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7 Svensk Sammanfattning 

Den globala konsumtionen av fossila bränslen är oroväckande hög vilket 
pekar mot en eventuell energikris inom en snar framtid. Förutom den kraftiga 
minskningen av fossila reserver hör förbränningen av kolväten samman med 
utsläpp av miljöfarliga gaser. Den globala uppvärmningen som orsakas av 
utsläpp av koldioxid och andra växthusgaser kräver inte bara en hållbar, 
ekonomisk och miljövänlig energitillverkning utan också utveckling av effek-
tiva gassensorer och infångare. I denna avhandling designas och undersöks 
lågdimensionella material för tillämpningar inom grön energitillverkning och 
gassensorer. Vi har använt oss av van der Waals (vdW) densitetsfunktionsteori 
(DFT) för att beräkna och modifiera egenskaper hos material på atomnivå för 
tillämpningar inom ovan nämnda områden. 

Den detaljerade teoretisk bakgrunden för DFT tillsammans med 
beräkningsmetoder presenteras i kapitel 2. Interaktionen mellan molekyler 
och nanostrukturer styrs vanligtvis av krafter med lång räckvidd som inte 
ingår i Kohn-Sham (KS) DFT. Därför har vdW-korrigeringsfaktorer inklude-
rats i DFT-beräkningarna för att ge en exakt bild av den totala fria energin i 
systemen och andra materialegenskaper. 

I kapitel 3 diskuteras strategier för materialbaserad vätgaslagring (H2) 
tillsammans med utmaningar och begränsningar för kemisorption och 
fysisorptionstekniker. H2 är en idealisk energibärare på grund av sitt höga en-
ergiinnehåll och sin rikliga naturliga förekomst. Som en miljövänlig, 
ekonomisk och hållbar energibärare har H2 möjlighet att helt ersätta fossila 
bränslen i energitillämpningar. Dock är H2 svår att lagra för praktiska tillämp-
ningar på grund av att den i normaltillståndet existerar i gasfas och har en låg 
volymdensiteten. Konventionella sätt att lagra H2, via förvätskning och kom-
primering, anses vara osäkra och ekonomiskt olönsamma. 

Kemisk lagring av väte i fasta material, såsom metallhydrider, förefaller 
vara en genomförbar lösning för H2-lagring, men otillräcklig adsorptionsen-
ergi och ogynnsam adsorption/desorptions-kinetik försämrar reversibiliteten 
och dess praktiska användbarhet. Den fysiska adsorptionen av H2 på ytorna av 
nanostrukturer erbjuder snabbare kinetik, reversibilitet och ekonomisk lö-
nsamhet, men styrkan på H2-adsorptionen och lagringskapaciteten hos mediet 
behöver förbättras ytterligare. I bästa fall borde dessa system kunna binda H2 
med en adsorptionsenergi i intervallet 0,2-0,6 eV och en praktiska grav-
imetrisk kapacitet på >5 viktprocent. Därför modellerade och undersökte vi 
lågdimensionella nanostrukturer för ett förbättrat H2-upptag. I denna kontext 
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övervägdes metoderna metalldoping och molekylär funktionalisering. 
Dekorationen av lätta metalladatomer på nanoskikt, grafdiyn (GDY), 
siligrafen (SiC7), borkarbid (BC3) och borfosfid (BP)-skikt, kunde öka styrkan 
i interaktionen mellan H2 och värdmaterialet, och genom detta var adsorption-
senergierna i de flesta fall helt ändamålsenliga för praktisk tillämpning i bräns-
leceller. Varje metallcenter kunde hålla flera H2 vilket gav tillräckligt hög 
gravimetrisk kapacitet hos systemen. Den höga lagringskapaciteten underlät-
tades ytterligare genom nanostrukturernas stora yta-till-volymförhållande. 
Liksom vid atomdoping kunde lagringskapaciteten och interaktionen av H2 
förbättras genom molekylär funktionalisering. Exempelvis kunde h-BN-skikt 
som funktionaliserats med OLi och ONa, och kolnanorör (CNT) med polyli-
tierade ämnen, fånga stora mängder H2 med tillräcklig adsorptionsstyrka. Med 
utgångspunkt i våra DFT-beräkningar föreslog vi att våra funktionaliserade 
nanoskikt och CNT:er är värda att undersöka experimentellt för vätgaslagring. 

I kapitel 4 studeras 2D S-funktionaliserade nitrid- MXener (Ti2NS2 och 
V2NS2) och lättmetallfunktionaliserade borkarbidskikt (BC3) med avseende på 
deras potential för att känna av och fånga in olika skadliga molekyler. Adsorp-
tionen av molekyler på nanoskikten leder till förändringar i skiktens el-
ektroniska egenskaper, geometri och arbetsfunktion. De beräknade adsorp-
tionsenergierna för molekyler på MXene-skikten visar att både Ti2NS2- och 
V2NS2-skikt effektivt kunde känna av NO- och NO2-molekyler med mellan-
liggande bindningsstyrka, vilket är lämpligt för snabb återhämtning av 
nanoskikten efter gasavkänning. MXene-skikten var minst känsliga för de kol-
haltiga gaserna CO, CO2 och CH4. Å andra sidan påvisade vi högre känslighet 
hos metalldopade BC3-skikt för de kolhaltiga gaserna. Från DFT-beräkningar 
framgår att S-funktionaliserade nitrid- MXener och metalliserade BC3-skikt 
bör kunna fungera som effektiva 2D-gassensorer för specifika gasmolekyler. 

Därefter ägnas kapitel 5 åt att undersöka effekten av främmande adatomer 
på 2D-materialens egenskaper. De strukturella, elektroniska och mekaniska 
egenskaperna hos 2D-material påverkas i hög grad av adsorptionen av ada-
tomer, något som utgör ett viktigt verktyg vid materialdesign för olika tillämp-
ningar. På detta sätt studerade vi stanene monolager med trettioett olika 
atomer tillhörande olika grupper i det periodiska systemet. Adsorption av ada-
tomer leder till strukturella deformationer, laddningsomfördelningar, varia-
tioner i ytans arbetsfunktion och i de elektroniska egenskaperna för stanen 
monolagren, vilket beräknades med hjälp av DFT-beräkningar. 

Sammanfattningsvis är denna avhandling baserad på DFT-beräkningar 
vilka fungerar som guider för utformningen av effektiva H2-lagrings- och gas-
sensor-material. Den praktiska tillämpningen av H2-lagringssystem kan 
förvandla visionen om H2-ekonomin till en verklighet som följaktligen kan 
lova miljömässig hållbarhet. På samma gång spelar avkänning och övervak-
ning av skadliga föroreningar och kontroll av deras koncentration i luften en 
viktig roll för hälsan och säkerheten. 
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