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Abstract

The detection of gas molecules employing various 2D materials and van der Waals (vdW)
structures has attracted significant interest across several disciplines. One area of particular
focus in solid-state gas sensor technology is using graphene-based materials for gas sensing
applications. The exceptional characteristics of graphene-based materials, including large
surface area, thermoelectric conduction, and mechanical strength, have generated significant
enthusiasm for detecting diverse gaseous species. Earlier studies have shown that intrinsic
graphene is almost inert to most gases.

Consequently, research efforts have been focused on developing strategies to enhance the
sensitivity of graphene by appropriate modifications. Numerous theoretical and experimental
studies have revealed that the gas sensitivity of graphene may be significantly improved by
incorporating suitable dopants. This study investigates the impact of gaseous molecular
adsorbates on the structural and electronic characteristics of both pristine graphene surfaces
and graphene doped with various heteroatoms. This research aims to assess the influence of
different dopants on the electronic properties of graphene, with the ultimate objective of
understanding the adsorption of gaseous molecules on its surface.

This thesis employs first-principles DFT calculations using the Vienna Ab initio
Simulation Package (VASP), with plane wave basis and pseudopotentials, to describe the
interactions between graphene surface and adsorbate molecules. The study examines the
adsorption of individual gas molecules on graphene surfaces and investigates the impact of
doping on the reactivity of graphene toward various gas molecules. The analysis focuses on
parameters such as adsorption energies, charge density distribution, electronic band structure,
and density of states of the graphene-gas molecule adsorption systems.

The adsorption of gas molecules on doped graphene surfaces may be determined by

analyzing and comparing the structural and electronic characteristics of the surface before and



after gas adsorption. This thesis deals with the adsorption behavior of several small gas
molecules (CO, NHs, N2O, NO, NO2, and O2) on graphene doped with boron and nitrogen. A
thorough investigation explored graphene's structural, energetic, and electronic characteristics
doped with boron and nitrogen at varying concentrations. An insight into the changes made in
the electronic band structure due to intrinsic and extrinsic doping and through a combined effect
of both is discussed.

With this regard, the adsorption of these gaseous moieties is investigated on
substitutionally p- and n-doped graphene surfaces, doped with various mole fractions and
having different configurational patterns on the surface. Even though the electronic properties
are modified with various mole fractions of doping, they do not show a systematic increase
with the increase in the dopant concentration. It is attributed to the sub-lattice-induced
symmetry breaking for the dopant configurations where equivalent lattice sites are occupied on
the surface. An appreciable band gap opening, to a maximum of 0.59 eV can be achieved by
doping in specific lattice configurations in graphene. It is further improved on molecular
doping, with CO and NHs, where an increase up to 0.83 eV is noted with the adsorption of
ammonia on graphene with 9.37% of dopant concentration. While both the molecules are
physisorbed on nitrogen-doped surfaces, carbon monoxide is strongly physisorbed, and
ammonia molecules are chemisorbed on a few boron-doped surfaces, resulting in notable
changes in the adsorption energy.

Therefore, it is clear that changes in the transport properties can be brought about by the
adsorption of these molecules on such surfaces, and this study indicates the invaluable
prospects of such doped surfaces as potential sensors for these molecules. The calculations
also indicate that B-doped graphene can be an excellent gas-sensing platform for detecting NO

and NOz. The electronic effects produced by molecular adsorption of some environmentally



potent oxides of nitrogen, N2O, NO, and NO oxides on chemically modified graphene surfaces
are investigated, employing spin-polarized density functional calculations.

The graphene surface is modified chemically with substitutional doping through boron,
nitrogen, and co-doping with a few combinations of boron and nitrogen. In the case of
adsorption of the paramagnetic species, NO and NOg, rather exotic effects on adsorption are
observed, with unusual electronic structures leading to flat bands in the band structure. The
significant alterations of the electronic structure are primarily due to the adsorbate-adsorbent
orbital mixing. The adsorption-induced dispersion-less flat bands are produced, eventually
turning some doped, semiconducting surfaces into metallic ones. These dispersion-less bands
are due to substantial interactions of the gaseous molecule with the surface, leading to the
localization of the molecule over the surface. It is observed that with the adsorption of
paramagnetic oxides of nitrogen, the flat bands are introduced between the valence and the
conduction band, resulting in the loss of dispersion. For some of the configurational patterns,
chemically driven adsorption of molecules onto the doped graphene surface is characterized by
strong adsorption energies and charge transfers.

The density functional calculations of electronic and structural properties of the adsorption
of dioxygen on boron-doped graphene surfaces are conducted using spin-polarized density
functional theory methods, including van der Waals correction. The results show significant
differences in the adsorption characteristics of singlet and triplet oxygen on boron-doped
graphene surfaces. Both triplet and singlet dioxygen offer weak attraction to intrinsic and
singly doped graphene. The singlet oxygen adsorption on doped graphene shows fascinating
features involving chemisorption with dioxetane-type ring formation with appreciable charge
transfer. In contrast, the triplet oxygen is only weakly physisorbed on the boron-doped

surfaces.
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Chemisorption of singlet oxygen occurs with noticeable charge transfer and leads to
almost featureless band structures, while the triplet oxygen physisorption proceeds with a well-
defined band structure. Chemisorption of the singlet oxygen is attributed to the enormous
mixing of n* of dioxygen and the p-orbitals of dopant and carbon. Because of the difference
in adsorption characteristics, chemically modified graphene can be used to detect and trap
singlet oxygen, which has potential applications in photodynamic therapy.

Adsorption on 2D vdW structures like bilayer graphene is also explored, and p-type
doping is done with boron. The adsorption of ammonia on pristine AB stacked graphene
bilayers and also on p-doped surfaces of bilayer graphene are investigated. Modifications of
the adsorption interactions and electronic structure effects due to doping and adsorption of
ammonia are discussed. The adsorption of NHz is investigated for different dopant
concentrations and varied configurational patterns on the bilayer. Some bilayer configurations
have strong interactions with ammonia depending on the dopant pattern, evidenced by
appreciable binding energies and charge transfer. The chemisorption is confirmed by the strong
mixing of the non-bonding p-orbitals of ammonia and with the electron-deficient p-orbitals of
the surface. The theoretical results on doped bilayer adsorption energies are higher than
adsorption on doped monolayer graphene by about 0.65 eV. The boron-doped graphene bilayer
induces the donor state above the Fermi level, making it helpful in sensing ammonia gas. The
changes in the electronic properties of the system due to the interactions are expected to give a
proper understanding of the development of novel gas sensor devices based on these materials.

We use first-principles DFT calculations to explore the geometric and electrical
properties of phosphorene sheets that have been substitutionally doped with the elements B, N,
S, and Si in different patterns and concentrations. The number of valence electrons in dopant
atoms is shown to have a profound effect on the electronic characteristics of phosphorene.

Phosphorene doped with odd valence electrons to achieve a semiconducting nature, whereas
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doping with even valence electrons imparts metallic character to the surface. The significant
hybridization of s-p orbitals between dopants and phosphorene is responsible for this even-odd
oscillation behavior. First-principles simulations are used to thoroughly examine the sensing
capabilities of both natural and N-doped phosphorene substrates for adsorbing the toxic gases
HCN and HNC. According to the calculations, pure phosphorene has the potential to be used
as an outstanding HCN and HNC sensor due to its modest adsorption energy, good charge
transfer, high sensitivity, and selectivity. In addition, N-doped phosphorene shows some
moderately intense reactivity toward HCN and HNC gases, suggesting it may find use as a
metal-free catalyst for catalyzing the activation of HCN or HNC adsorbates. Based on the data,
the electronic attributes of phosphorene are significantly affected by the adsorption of HCN or
HNC gas molecules. The phosphorene molecule is more sensitive to gas molecules along its
zigzag direction than its armchair route. These findings provide a fascinating strategy for
controlling the transport parameters of phosphorene-based optoelectronic devices.

The findings presented in this study provide a promising approach for modulating the
band-gap of 2D materials and vdW materials by the incorporation of boron (B) and nitrogen
(N) dopants, specifically by altering the dopant concentrations distributed in different patterns.
It is further found to adsorb many toxic gases and, therefore, could be a potential sensor for
these molecules. Therefore, this study has significant potential for developing graphene-based

nanoelectronic devices in the future.
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Chapter 1

Introduction



1.1. Introduction
The material most frequently used currently in the semiconductor industry is crystalline silicon.
It is the primary component of solar cells, liquid crystal displays (LCDs), and integrated
circuits.  Silicon qualifies as the fundamental component of directional, gate-controlled
conducting devices in digital electronics due to its moderate band-gap of 1.11 eV at ambient
temperature and a Fermi level that the extrinsic doping concentration can modify. The need to
build denser logic components in integrated circuits has driven the downsizing of
semiconductor transistors over the past few decades. However, scaling down Si
semiconductors will surely provide challenges, including substantial subthreshold leakage,
dangling bond-induced undesirable scattering, the diffraction limit in lithography tools, etc.
Consequently, transition metal dichalcogenides (TMDs) and graphene, two-
dimensional (2D) materials, are introduced as potential alternatives for next-generation
electronics [1]. Due to their covalent bonding between single-layered atoms, 2D materials are
smooth and ultra-thin. The unique physical and chemical characteristics of atomically thin 2D
materials have made them suitable for applications in ultra-thin transistors, highly responsive
sensors, and spintronic devices [2].

There has been a significant interest in two-dimensional (2D) materials since the first
successful separation of graphene sheets by micro-mechanical exfoliation of highly oriented
pyrolytic graphite in 2004 [3]. Graphene, an ultra-thin layer consisting of a single sheet of
carbon atoms arranged in a hexagonal crystal lattice, has exhibited significant potential in
various fields, including electronics, photonics, energy conversion and storage, medicine,
chemical and biological sensing, among others. It is primarily attributed to its intriguing array
of exceptional physical, chemical, electrical, optical, thermal, and mechanical characteristics.
Numerous experimental and theoretical studies have been conducted on gas sensors fabricated

using graphene and its derivatives, including graphene oxide (GO) and reduced graphene oxide



(rGO) [4-7]. These investigations have consistently demonstrated the potential of graphene
and its derivatives as highly effective sensing materials for advanced gas sensing systems. The
remarkable performance of graphene, a 2D material, in gas sensing and several other
applications, has sparked significant research interest in isolating additional 2D materials.
These materials are characterized by their stacked layers in bulk crystals, which are firmly
bonded together. These are explored to understand their prospective uses.

Many distinct 2D materials exhibiting exceptional characteristics have been identified [8].
These materials encompass allotropes of diverse elements, such as graphene, silicene,
germanene, phosphorene, etc. Compounds like TMDs, including MoS;, MoSe, WTez, TaSo,
TaSe», and others, and germanane and hexagonal boron nitride (HBN), have also been studied.
Two-dimensional materials exhibit favorable characteristics such as high optical transparency,
exceptional mechanical flexibility, significant mechanical strength, and distinctive electrical
properties. These attributes make them suitable for many applications in electronics and
optoelectronics [9]. Using 2D materials has great potential in advancing gas sensors as they
exhibit ultra-high sensitivity and exceptional selectivity. It is achieved by modifying the
abundant surface chemistry of these materials while preserving their distinct optical and
electrical characteristics.

Nevertheless, as indicated by the semiconductor industry roadmap, it is anticipated that
traditional silicon-based electronics would face inherent constraints when operating at spatial
scales smaller than 10 nm. Consequently, there is a need for alternate materials that may
replace silicon to overcome these restrictions. Graphene, a two-dimensional carbon allotrope
characterized by a honeycomb lattice structure, emerges as a prospective option for developing
future electronic devices [3,10]. The material demonstrates ballistic transport at a submicron
scale and may undergo substantial doping via either gate voltages or molecule adsorbates

without compromising the mobility [3].



Furthermore, recent investigations [4] have shown the promise of graphene in solid-state
gas sensors and the potential for detecting single molecules. One of the preliminary
investigations on graphene has demonstrated the potential to introduce charge carriers to this
material by adsorbing several gases such as NHs, H.O, and NO- [4]. The primary focus of this
thesis is to elucidate the underlying physics governing the phenomena of doping and gas-
sensing. These investigations aim to facilitate the enhancement of gas detection and electrical
devices in future applications. The doping in graphene-related systems has garnered significant
attention and research efforts in recent years [11]. Carbonaceous materials, including pristine
graphene (PG), GO, and rGO, have shown notable gas sensing capacity, as evidenced by
previous literature. Nanotechnology has facilitated remarkable advancements in oxide
nanostructures, conducting polymers, carbon nanostructures, and 2D materials [12]. The
improvement, as mentioned above, may be seen by the escalating quantity of scientific
publications that have been published, as shown in Figure 1.1, with a notable surge occurring

in recent years.
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Fig. 1.1. The literature on gas sensing application of graphene from 1997 to present (a check
of Scopus on November 08, 2023). The search terms are gas sensor.

The adsorption of gas molecules significantly influences electron transport through



graphene-based materials due to their two-dimensional structure [4,13]. The alteration in the
electrical conductivity of graphene results from the adsorption of gas molecules on its surface.
This change is attributed to the modification in the local carrier concentration caused by the
surface adsorbates, which function as either electron donors or acceptors [4]. The various
materials exhibit distinct electrical conductivity and diverse surface functional groups,
significantly influencing the gas sensing method. For example, as pure graphene has high
electrical conductivity even in the absence of charge carriers, few charge carriers produced by
the gas adsorbates lead to considerable changes in charge carrier density, resulting in noticeable
changes in electrical conductivity [4].

Some exciting reviews of 2D materials have explored their distinctive physical and
chemical characteristics and applications [1]. Some of this research delves into the latest
advancements in synthesis methods. It examines the diverse range of applications of these
materials in various fields, such as electronics, optoelectronics, energy conversion, storage, and
gas storage [1,14]. In recent years, there has been a notable increase in the investigations on
gas sensors that use graphene and graphene-related materials. These investigations primarily
concentrate on the characteristics of these materials concerning gas sensing, the underlying
processes of sensing, and the many modifications employed to improve the sensing capabilities
of graphene [15]. This chapter aims to provide a comprehensive overview of recent
advancements in gas sensor studies, specifically focusing on utilizing graphene and other 2D
materials as sensing materials. The primary focus is to study toxic gas adsorption on graphene
and chemically modified graphene surfaces. This chapter elucidates the distinctive
characteristics of 2D materials, namely graphene and phosphorene, which render them highly
appropriate for potential use in gas sensor systems. Furthermore, this chapter also examines
the adsorption behavior of different gas molecules on the above two-dimensional materials by

computational investigations.



1.2. Two-Dimensional Materials for Gas Sensing
Two-dimensional materials refer to materials that consist of a single layer with a thickness of
a few nanometers or less [8]. The extensive surface area shown by 2D materials offers many
reactive sites, rendering them very effective in many applications such as sensing, catalysis,
and energy storage technologies. The crucial significance of 2D materials in future gas
detection systems is attributed to their vast surface area, large electrical conductivities, and low
noise levels. The considerable alterations in electrical conductivity may be attributed to the
minor variations in carrier concentration resulting from gas exposure, facilitated by the high
electrical conductivity and little electrical noise. The combination of these characteristics,
including the transfer of charge between gas molecules and these materials with the adsorption
of gas molecules, renders these materials very appropriate for developing gas sensors [16].
The use of graphene and modified graphene as potential sensors for gaseous adsorbates
has emerged as a prominent area of interest. The sensing capability of graphene may be
ascribed to its planar structure, which offers exceptional characteristics, including a maximum
surface area to volume ratio and a heightened sensitivity of electron transport on the adsorption
of gas molecules [17]. The remarkable gas-sensing capabilities shown by graphene have
prompted researchers to explore the gas-sensing properties of other two-dimensional materials.
2D materials such as MoS,, ZnO, WOs3, CuO, NiO, SnOy, etc., depend on electrical
conductivity alterations resulting from their interaction with gaseous species [18,19]. This
phenomenon arises from the induced charge transfer facilitated by gas molecules in the
surrounding environment. Two-dimensional nanostructures, such as TMDs (for example,
MoSe,, WTey, TaSz, TaSey, etc.), germanane, hexagonal boron nitride (BN), phosphorene, etc.,
have shown efficacy as sensing materials and have shown potential for use in the construction
of gas sensors [18,19]. The essential characteristics of graphene and phosphorene are discussed

in the following sections.



1.2.1. Graphene-Early history

The field of graphene research has experienced significant growth over the past decade,
evolving into a well-established area that encompasses solid-state physics, materials science,
and engineering [20,21]. Moreover, this research has generated considerable enthusiasm for
exploring various two-dimensional layered materials (2DLMs) with distinct electronic
properties [22,23]. Despite the numerous exceptional properties exhibited by graphene, which
make it an outstanding platform for investigating low-dimensional physics and developing
advanced electronic devices with atomically thin structures and unparalleled speed and
flexibility, challenges still need to be addressed [24]. This study's primary focus and central
objective is to enhance graphene's zero band-gap characteristic. The graphical representation
of the electronic band structure of graphene is shown in Figure 1.2. The degeneracy of the Px
and Py orbitals in Figure 1.2a is a consequence of the hexagonal symmetry inside the plane.
The formation of sp? hybrid orbitals in the graphene plane occurs via the combination of the s-
orbital with the degenerate Px and Py orbitals, resulting in ¢ bonds. The remaining P; orbitals
out of the sp? hybrid orbitals are responsible for forming = bonds perpendicular to the graphene
plane. The P; orbitals form bonding orbitals (r) and anti-bonding orbitals (n*) positioned
below and above the Fermi energy level. These two bands possess a zero bandgap and intersect

at a single point inside the momentum space, precisely at the Fermi energy.
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Fig. 1.2. (a) The figure represents the local density of states (LDOS) projected onto graphene's



s, Px, Py, and P orbitals. (b) The total density of states for graphene. The projected local density
of states (LDOS) onto the Px and Py orbitals exhibits degeneracy. (c) The band structure of
monolayer graphene. The blue lines in the diagram correspond to the wave functions associated
with Pz orbitals. It is adapted from [25].

The band exhibits linearity in the vicinity of this point, resulting in an electron having an
effective mass of zero. The term "Dirac point™ is used to describe this particular point due to
its resemblance to the band structure of a mass-less Dirac particle, as seen in the solution of the
Dirac equation in the context of relativistic quantum mechanics. The Dirac point is essential
in graphene physics, the significant characteristic of graphene results in high electron mobility.
Theoretical calculations indicate that the mobility of graphene is estimated to be 1000 times
greater than silicon. However, experimental observations suggest that the actual mobility is at
least 100 times higher than the theoretical prediction. The substantial electron mobility
graphene shows are a crucial factor contributing to its anticipated role as a prominent material
for future nano-devices. The electronic characteristics of graphene are primarily influenced by
the adsorption of atoms or molecules due to its two-dimensional nature, with the P,-orbitals
playing a significant role. The doping effect caused by some of the molecular adsorptions is
interesting.

Nevertheless, most electrical applications are limited by the lack of a semiconducting
band-gap in pristine graphene. For instance, the low static power consumption of
complementary metal oxide semiconductor (CMQOS) technology is lost in devices constructed
of zero-bandgap, i.e., graphene, since they are more challenging to turn off. In terms of
quantitative analysis, it has been shown that the lon/loff ratios of graphene-based field effect
transistors (GFETS) are below 100 GHz. [26]. Hence, creating a substantial and finely-tuned
energy bandgap in graphene poses a notable obstacle to developing graphene electron devices.

Hence, to harness the potential of this promising material for specific applications, it is



essential to exercise control over the characteristics of graphene. Extensive research has
examined the regulation of charge carrier concentration by manipulating the Fermi level (Ef),
also known as doping. As an atomically thin surface, graphene's Fermi level can be perturbed
by interactions with many substances, including underlying substrates, and even minor
environmental fluctuations. It can result in unintended and uncontrolled doping effects.

1.2.2. Synthesis of graphene

At present, graphene is synthesized by three distinct methods: micromechanical fracturing of
graphite [27], epitaxial growth on SiC substrates, and chemical vapor deposition (CVD).
Alternate approaches are also developed for the synthesis of graphene [26]. One of the ways
used is the well-recognized old technique of micromechanical fracturing of graphite.

1.2.2. (a). Micromechanical Cleavage

The fundamental methodology for isolating a single layer of graphene rather looks
straightforward, though it is not, for which the Andre Geim and Kostya Novoselov were
awarded the Nobel Prize in Physics "for groundbreaking experiments regarding the two-
dimensional material graphene”. The process is often called micromechanical cleavage,
exfoliation technique, or scotch tape method. It uses sticky tape to remove thin layers from
three-dimensional graphite [3] delicately. Within these flakes, sheets with a single layer may
be found. The graphene sheets are concealed in thousands of thick graphite flakes, making this
search difficult. The process involves depositing these components onto a silicon substrate
with a certain thickness and afterward using an optical microscope to locate the areas of

graphene [16].



Fig. 1.3. (a) Anatomic force microscopy (AFM) picture depicting a graphene flake on a SiCF
substrate. (b) Animage obtained by transmission electron microscopy (TEM) showcasing free-
hanging graphene. The photographs were captured by the study group of Novoselov et al.
[10] and copied from the same reference.

Geim et al.[3] used a mechanical exfoliation technique to produce graphene layers with
a thickness of up to 10 pm. This method included the repetitive peeling tiny stacks of highly
oriented pyrolytic graphite (HOPG). The above technique is determined to provide a high
degree of reliability. Films with a thickness greater than 3 nm exhibited sizes of up to 100 pm,
as shown in Figure 1.3., making them visible to the unaided human eye. Individual graphene
patches may be identified based on their distinct coloration in contrast to regions containing
multilayer graphite. Following the process of fine-tuning, this technology produces graphene
crystallites of exceptional quality, with diameters reaching up to 100 pm which is generally
sufficient for a wide range of research applications. The problem associated with this
methodology is the need for graphene crystallites on the substrate. Scanning probe microscopy
is inadequate for the investigation of graphene due to its limited throughput while scanning

electron microscopy is deemed unsuitable due to the absence of distinct indicators for
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determining the number of atomic layers. The approach described is often used to generate
samples for research investigations.
1.2.3. Gas adsorption on graphene: An overview

There have been numerous experimental [4] and theoretical investigations [28-33] on
the adsorption of gaseous molecules on pristine graphene. Several research groups used
pristine graphene for sensing gas molecules such as CO2, NHz, NO2, NO, N20O, O, SO2, H-0,
etc., [5,28,34-37]. The first micrometer-sized graphene sensor to detect gases at the ultimate
concentration (single molecule level) at room temperature was shown by Schedin et al.[4] in
their ground-breaking demonstration of graphene's single molecule sensitivity for NO, and
NHz. This micrometer-sized sensor could detect a single molecule of NO> even under a high
vacuum environment. The basis for the functioning of graphene-based gas sensors is the
variation in electrical resistivity brought about by the surface adsorbates, which take on the
function of electron donors or acceptors and alter the local carrier concentration. It is found
that electron acceptors, such as NO2 and H20, and electron donors, such as CO and NHs, can
be distinguished by examining their impact on resistivity. Specifically, the resistivity decreases
due to increased hole concentration caused by electron acceptors, while it increases due to
heightened electron concentration caused by electron donors. The shown sensitivity, reaching
the level of detecting individual molecules, highlights the significant promise of graphene in
gas detection.

The increased sensitivity of pristine graphene to different gases may be ascribed to the
chemical doping of graphene resulting from contamination of the graphene surface during
device construction [14]. Furthermore, it is demonstrated that the inherent sensitivity of
pristine graphene remains modest even when exposed to potent adsorbates. Ko et al. [38] have
fabricated a NO2 gas detector using intrinsic graphene as the sensing material. The graphene

layers, obtained by mechanical exfoliation with a thickness ranging from 3.5 to 5 nm, are
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deposited on a SiO»/Si substrate. This sensor exhibited rapid response, excellent selectivity,
reliable repeatability, reversible behavior, and high sensitivity (with a ratio of around 0.09)
when exposed to 100 parts per million of NO> gas at room temperature. However, when
exposed to elevated temperatures, the surface becomes unsuitable for detecting these gases,
limiting its use as a sensor.

In their theoretical investigations employing first-principles simulations based on
density functional theory (DFT) computations, Leenaerts et al. [35] studied the interactions
between pristine graphene and several gas molecules, including H>O, NH3, CO, NO2, and NO.
They have found that gaseous adsorbates like carbon monoxide (CO), ammonia (NHz3),
nitrogen dioxide (NO>), water (H20), and nitric oxide (NO) exhibit physical adsorption on the
surface of intrinsic graphene. Furthermore, the investigation of charge transfer shows
compatible data with the experimental observations made by Schedin et al. [4], as shown in
Table 1.1.

Table 1.1. The already established adsorption energy values and charge transfers of different
gas molecules on intrinsic graphene. The data is obtained from the studies of Schedin et al. [4]

and Leenaerts et al. [35].

Type of gas Adsorption energy (eV) Charge transfer (e) reference
NHs 0.031 0.027 [4]
H.0 0.047 -0.025 [35]
NO; 0.067 ~0.099 [35]
CO 0.014 0.012 [4]
NO 0.029 0.018 [35]

These molecular adsorptions may result in either n-type or p-type doping of graphene. Notably,

NO- induces a significant p-type doping effect, while the NO molecule, despite its similarities
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with NOg2, results in n-type doping. The observed discrepancy may be attributed to the
reciprocal influence of charge donation and back-donation between the graphene and the
adsorbates [35]. However, in contrast to the pronounced acceptor properties of NO, the dimer
N20a, which is often present in the gaseous form due to its equilibrium, exhibits only a modest
donor behavior. Consequently, the adsorption of N2.O4 on graphene does not result in a
substantial doping impact, as shown by previous studies [39].

The precise and effective control of n-type or p-type doping in graphene, brought about by
molecular adsorption, enables the desired charge carrier concentration and opens up numerous
potential applications. These include photodetectors, photovoltaics, sensors, organic light-
emitting diodes, organic thin-film transistors (OTFTSs), supercapacitors, catalytic applications,
etc. Fermi level engineering is a common practice in which introducing or removing electrons
in graphene leads to n-type or p-type doping, respectively [40].

1.2.4. Gas adsorption on chemically doped graphene: An overview

Graphene has a unit cell with two atoms, consisting of the A and B sites, as shown in
Figure 1.4a. However, it should be noted that the graphene lattice does not conform to the
definition of a Bravais lattice when considering the carbon atoms as indistinguishable. In the
context of pristine graphene, the Fermi energy is a boundary that distinguishes the valence and
conduction bands at the Dirac points. Consequently, graphene may be classified as a semi-
metal or semiconductor without a band-gap, exhibiting an extremely low density of states
around the Fermi level. Several methods have been identified to modify the concentration of
charge carriers, including introducing charged impurities via doping, applying an electric field,
changing temperature, and adsorption of atoms and molecules [5,41,42]. Although the absolute
changes in electron density may be relatively small, introducing dopants in graphene, either
through extrinsic means such as substrate or adsorbate interactions or through intrinsic effects

like doping of the graphene itself, can result in significant alterations in conductivity [42].
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These changes can occur even as the carrier mobility undergoes modifications.

(©)
pristine n-doped p-doped

y ] y

Fig. 1.4. (a) The honeycomb lattice structure of graphene can be characterized by a unit cell
composed of the unit vectors al and a2, along with a diatomic basis consisting of atoms A and
B; (b) The band structure of graphene has been computed, revealing the presence of occupied
states and unoccupied states. These states intersect each other at six specific points, known as
K-points, within the first Brillouin zone (BZ); (c) In the vicinity of the K-points and the Fermi
level, the band structure of graphene can be simplified, allowing for an examination of the
charge carrier’s concentration dependence. Introducing either n-type or p-type doping may
result in generating charge carriers that exhibit electron-like or hole-like behavior. This Figure
is adapted from reference [5].

Although molecular adsorption gives graphene an extrinsic doping effect, pure graphene
does not significantly alter its electronic characteristics even after the adsorption of these
gaseous molecules, limiting the material's device-based applications. Different methods have
been used to improve the semiconducting characteristics of graphene by altering its band-gaps
to create high-performance graphene devices. A practical method for adjusting graphene's
electronic characteristics is doping. The sp? hybridization of carbon atoms is affected by
substitutional doping of graphene with other atoms (e.g., B, N, and B-N co-doping). In an
intrinsic modification of graphene, there are two primary strategies. The first involves the
replacement of carbon atoms with heteroatoms, while the second entails the introduction of
dopants by physical or chemical adsorption onto the surface of graphene [43].

The stability of substitution with heteroatom in graphene is primarily attributed to the
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covalent bond formation between the dopant and the graphene lattice. This substitution process
may disrupt graphene's distinctive honeycomb structure, leading to defects and disorder [44].
This phenomenon leads to a reduction in electronic mobility, resulting in a decline in the
operational efficiency of electronic equipment. On the other hand, the replacement of
interacting dopants with graphene induces a localized disturbance in the graphene structure,
therefore achieving the intended doping effect [11]. Various dopants have been incorporated
into graphene, including sulfur (S), phosphorus (P), selenium (Se), oxygen (O), silicon (Si),
iodine (1), as well as metals. The inclusion of dopants such as chromium and manganese
increases the sensitivity of pristine graphene towards SO2, which has been investigated by Shao
et al. [45].

Graphene subjected to modifications by introducing defects and incorporating transition
metal dopants, such as Ca, Co, and Fe, has shown a significantly enhanced affinity towards
H>S [46]. The high interaction energies of the order of -2 eV between transition metals and
hydrogen sulfide (H2S) result in significant alterations in graphene's electronic and magnetic
characteristics. In another research using DFT, it was observed that the introduction of
transition metals, such as Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, and Pt, into graphene, resulted in the
chemisorption of O, onto the transition metal-doped graphene [47]. The study found that
graphene doped with titanium (Ti) showed significant adsorption energies, ranging from -1 eV
to -4 eV, with several gas molecules, including carbon monoxide (CO), nitrogen oxide (NO),
sulfur dioxide (SOz), and formaldehyde (HCHO), in comparison to pristine graphene and
defective graphene [48].

In contrast, boron and nitrogen have gained significant interest from the scientific
community due to their atomic radii, which resemble carbon in size. It is anticipated that the
lattice will maintain its structural integrity. Graphene is often subjected to doping with boron

(B) [49] and nitrogen (N) [50] due to their comparable atomic radii (B: 87 pm; N: 56 pm) to
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that of carbon (C) (67 pm), which allows for the preservation of the planar geometry [40]. A
theoretical study [40] has shown that the band-gap of graphene may be effectively modified by
substitutional doping, wherein carbon atoms are replaced with boron or nitrogen atoms. This
substitution induces distinct p-type or n-type semiconductor properties in the material.
Nitrogen, the first dopant incorporated into graphene, has been extensively used to generate n-
type conductivity, therefore serving as a crucial component in advancing microelectronic
gadgets. From an electrical perspective, boron may be seen as the contrasting counterpart of
nitrogen due to its lower electronegativity, which is even lower than carbon.

Consequently, boron can produce p-type conductivity in graphene. While the inclusion of
boron, akin to nitrogen, can induce intriguing chemical and electrochemical behavior in the
basal plane of graphene, the investigation of boron-doped graphene (BG) has progressed at a
slower pace compared to nitrogen-doped graphene (NG). Only recently has the research on
BG caught up in synthesis methodologies, examination of physicochemical characteristics, and
practical utilization in various applications.

The sensitivity of graphene-based gas sensors has been significantly enhanced by
introducing defects and dopants, as shown by the theoretical studies above. This enhancement
is attributed to the more significant adsorption of gas molecules on defective and doped
graphene than pristine graphene [15]. Employing DFT simulations, Zhang et al. [15]
investigated the interactions between several small gas molecules, including NO2, CO, NO,
and NHs. There are modified forms of graphene, including boron-doped graphene (BG),
nitrogen-doped graphene (NG), and defective graphene (DG). These gas molecules exhibited
more pronounced interactions with the modified graphene structures (BG, NG, and DG) than
pristine graphene. The adsorption energies of gas molecules on modified graphene are higher
than on pristine graphene.

The investigation of formaldehyde adsorption on graphene modified with dopants such
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as B, N, S, and defects has revealed that vacancy-defected graphene is a favorable option for
the precise detection of formaldehyde [51]. Though the defective and S-doped graphene have
shown encouraging outcomes, some drawbacks exist. Specifically, S-doping leads to structural
deformation, whereas defects do not exhibit the anticipated level of response. Numerous
software tools based on DFT are used to investigate gaseous molecules' adsorption behavior
on graphene surfaces [15,52]. Most of these experiments demonstrate pronounced
chemisorptive behavior, resulting in comprehensive modifications to the electronic
characteristics of graphene.

Nevertheless, it is anticipated that the metallic nature of a semi-metal, when doped
with a transition metal or a metal, would persist, rendering it unsuitable for use in
semiconductor-based sensing devices. Graphene, when doped with boron (B), nitrogen (N), or
silicon (Si), has shown significant sensing capabilities towards a wide range of commonly
encountered gases, including hydrogen (Hz), water vapor (H20), oxygen (O), carbon dioxide
(CO2), carbon monoxide (CO), nitrogen dioxide (NO2), nitric oxide (NO), sulfur dioxide (SOz),
ammonia (NHz3), and nitrogen (N2) [52]. Further, the modulation of charge carrier type and
density may be achieved by doping at several locations with distinct mole fractions [40]. The
adsorption of various small gaseous molecules on pristine and modified graphene by doping
are discussed below.

1.2.4. (a). H20 adsorption on graphene

Graphene exhibits p-doping due to the adsorption of H20 and O in the atmosphere [5].
However, theoretical investigations by Wehling et al. [39] indicate that intrinsic graphene does
not exhibit sensitivity towards water molecules. It is suggested that the process of doping
graphene with water molecules necessitates the presence of strongly orientated H>O clusters
[35]. Water molecules have a higher chance of adsorption in the carbon rings' central positions

and on bridge sites located between two carbon atoms [35]. The sensitivity of graphene to its
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surrounding environment is determined by the behavior of its m electrons, which are
immediately exposed to molecules present in the ambient surroundings. The adsorption of
ammonia, atomic hydrogen, fluorine, and chlorine is expected to exhibit a distinct preference
for top adsorption sites, in contrast to the above phenomenon.

The interactions between water and graphene indicate that applying graphene as a
coating does not result in substantial modifications [53]. The minor impact of graphene on
wetting behavior may be attributed to its thin atomic structure, uniform composition, and lack
of reactivity. This combination of properties can be compared to a "transparency" towards
surface wetting, and therefore, graphene can be used as a covering material. This finding is
substantiated by research on the hydration of graphene [54], which further demonstrated the
impermeability of water molecules through a graphene layer [55]. Hydroxyl ions exhibit a size
that exceeds the permissible limits for penetration through the graphene film.

Al-doping [56] has shown potential benefits in transforming the hydrophobic nature of
graphene into a hydrophilic one. At ambient temperature, the presence of Al-doped graphene
leads to a significant reduction in the dissociative barrier of H,O molecules on the graphene
surface. This alteration in the electronic properties of graphene results in a spontaneous
transition in its wettability from hydrophobic to hydrophilic and preserves its conductivity.
The above phenomenon operates because aluminum (Al) may enhance the dissociative
adsorption of water (H20) on graphene through hybridization between its p orbital and the 1b1
orbital of the H,O molecule. The impact of Al-doping on the dissociative adsorption of H.O
molecules on graphene is being investigated to assess the potential use of graphene as an
electrode material for supercapacitors and biomaterial supports. It is particularly relevant in
applications where hydrophilic and conductive graphene is desired.

1.2.4. (b). NHs adsorption on graphene

Multiple experiments have provided evidence that the adsorption of NHz on graphene often
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results in n-type doping [57]. According to theoretical investigations, NHz has been identified
as a significant electron donor, exhibiting an electron transfer to graphene (0.03e) [35]. This
electron transfer is comparatively higher than that of other electron donor molecules like CO
[15]. However, it is essential to acknowledge that the adsorption geometry plays a crucial role
in this phenomenon. Additionally, the correlation between ammonia and graphene, facilitated
by the creation of many p-n-p connections, is shown to be significantly influenced by the
number of graphene layers [58]. It is found that graphene flakes with a few layers had a much
greater reaction to ammonia adsorption than single-layer graphene, with a difference in
magnitude ranging from 1 to 8 orders of magnitude [58].

The ammonia molecules show weak physical adsorption onto the pure graphene [34].
It may be attributed, at least in part, to the weak van der Waals interactions between ammonia
and graphene [35]. Furthermore, it is noteworthy that the minimum distance observed between
the adsorbed molecule and graphene is 3.17 A respectively. This distance suggests that pure
graphene has limited effectiveness in ammonia adsorption. Chemical doping is used to
enhance the suitability of graphene for ammonia adsorption. Numerous investigations have
been conducted on the surfaces of graphene doped with transition metals. However, a
drawback associated with incorporating transition metal dopants in graphene is their tendency
to induce metallic behavior to the graphene surface, resulting in increased adsorption energies
that ultimately modify the physical characteristics of the surface [59]. To address this
limitation, the graphene material is subjected to substitutional doping with boron and nitrogen
[60]. The results of this modification revealed that boron-doped graphene has favorable
characteristics for ammonia sensing [60].
1.2.4. (c). CO adsorption on graphene
It is found that carbon monoxide (CO) is adsorbed onto graphene by physisorption [35]. The

carbon monoxide (CO) molecule consistently functions as a donor. The capacity of CO
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adsorption can be significantly increased by doping graphene with aluminum (Al) [56]. A
significant alteration in electrical conductivity is observed, which is attributed to the change in
electrical conductivity due to the introduction of a substantial number of shallow acceptor states
resulting from the absorption of CO. Therefore, the Al-doped graphene material exhibits
promising potential for CO gas sensing [56], as the adsorption of CO induces a significant
structural modification in Al-doped graphene, resulting in the protrusion of the Al atom from
the graphene plane by approximately 1.38 A. However, few studies show that carbon
monoxide (CO) on transition metal-doped graphene surfaces is not universally stable. It is
found to be stable on osmium (Os) and iron (Fe) doped graphene surfaces [61].

However, a significant challenge associated with introducing transition metal dopants
into graphene is the complete modification of its transport characteristics and strong adsorption
energies. Doping of graphene with boron and nitrogen is considered to be the most stable for
sensing of CO [60].

1.2.4. (d). NO2 adsorption on graphene

Nitrogen dioxide (NO2) and ammonia (NH3) are well recognized as electron acceptor and donor
species, respectively, and can potentially engage in charge transfer processes when interacting
with graphene. There have been few investigations of the adsorption of these molecules on
pristine graphene and its derivatives [62,63]. However, it has been shown that pure graphene-
based sensors have certain limitations, such as low response signals, extended recovery time,
and inadequate selectivity towards NO2. These limitations have hindered the practical use of
pristine graphene-based sensors [64]. Leenaerts et al. [35] studied the adsorption
characteristics of NO2 on pure graphene using DFT calculations. The results revealed a low
adsorption energy of 0.067 eV and a charge transfer of -0.099 e, suggesting a weak interaction
between NO> and pristine graphene [35]. In contrast, the use of noble nanoparticle doping has

been shown as a straightforward and efficient approach for enhancing the NO2 sensing by
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graphene [15].

In a study conducted in 2019, Yang et al. [65] demonstrated that introducing group 10
transition metals into graphene significantly increased the sensitivity of the materials towards
NO and H2S. Among the transition metals, Ni and Pt are renowned for their robust adsorption
capabilities with NO> [65]. Another study demonstrated that NO exhibits strong
chemisorption on Ag-doped graphene and that significant Mulliken charge transfers occur from
graphene to NO- [66]. Introducing a transition metal dopant onto the graphene surface results
in an irreversible modification after the adsorption of NO2 gas. This modified surface may
then be used to detect additional gases. It is now established that boron-doped graphene
exhibits optimal suitability for NO adsorption due to the strong interaction between the boron
(B) and nitrogen (N) atoms [67]. This interaction results in notably high adsorption energy of
-1.37 eV and the formation of a tightly bonded B-N structure characterized by a bond distance
of 1.67 A. Additionally, this adsorption process involves a discernible charge transfer of 0.34e
from the B-doped graphene to NO-.

1.2.4. (e). NO adsorption on graphene

Surprisingly, whereas NO> generates rather significant p-type doping, the comparable NO
molecule induces n-type doping. The charge transfers and back-donation interaction between
graphene and adsorbates cause this difference [35]. The adsorption process of NO on pristine
graphene exhibits the lowest exothermicity, with a value of -0.30 eV. Additionally, the
distance between the NO molecule and the graphene sheet is measured to be 2.43 A, suggesting
that the interaction between NO and pristine graphene is physisorption. This finding resembles
previous studies on NO adsorption on carbon nanotubes [68]. Zhang et al. [15] proposed that
the enhancement of sensitivity and selectivity in sensors based on graphene may be
significantly achieved by introducing dopants or defects into the graphene material. Graphene

doped with boron and sulfur has promising potential as a sensor for detecting harmful gases,
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namely NO and NO2 [67]. In the context of boron-doped graphene, the considerable interaction
between B and NO results in significantly enhanced adsorption energy (-1.52 eV) and a strong
B-N bond (with a bond distance of 1.52 A). This contact is followed by an observable charge
transfer of 0.15e from NO to the graphene sheet. For the N-doped graphene, the adsorption
energy is -0.40 eV, and the closest distance is 2.32 A.

1.2.4. (f). N20 adsorption on graphene

The N20, naturally present in the gaseous form at equilibrium, has a higher acceptor character
than NO2. However, N2O works as a weak donor when adsorbed on graphene and does not
result in a significant doping impact, as reported in previous studies [5]. The NO2 molecule,
characterized by a single, open-shell configuration, has a pronounced affinity for accepting
electrons. Conversely, when N2O is in its gaseous equilibrium form, it assumes a weak dopant
role and has no substantial doping impact. In contrast to the paramagnetic monomer, the dimer
N20 lacks unpaired electrons and exhibits diamagnetic properties following its synthesis from
two monomers. N20O and NO- can induce p-type doping in graphene, but there is a significant
difference. The individual open-shell monomer has a far higher affinity for accepting graphene
electrons than the dimer. It is essential to acknowledge that while the DOS at the Fermi level
is substantial, the dimer and the monomer lack Jahn-Teller activity due to the absence of orbital
degeneracy [69].

1.2.4. (g). Oz adsorption on graphene

Among the potential gas adsorbates/molecules, oxygen (O2) holds considerable significance
due to its ability to induce significant changes in material properties through doping [70].
Additionally, as the second most prevalent gas in the atmosphere, oxygen will impact the
performance of devices in practical applications. Theoretical simulations have been done to
study the interaction between O2 molecules and O atoms with 2D materials [71]. However,

the accuracy of the obtained adsorption energies has been compromised by conflicting results,
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due to the inability of the approximation functionals used to describe the dispersion forces. It
is crucial to understand the accurate value of the adsorption energy since it indicates the degree
to which the adsorbate interacts with the 2D material and how much of its characteristics are
changed.

The oxygen adsorption characteristics of graphene vary depending on the dopants.
Oxygen adsorbs only weakly to boron and nitrogen-doped graphene surfaces, preventing the
doped graphene's oxidation. Chemical adsorption of Al-, Si-, P-, Cr-, and Mn-doped species
onto graphene has been reported [47]. The chemical adsorption of oxygen may alter doped
graphene's electronic structure and local spin polarization. Specifically, the chemical
adsorption of O, on Cr-doped graphene exhibits antiferromagnetic behavior [70]. It has been
shown that the physical adsorption of O, molecules may occur on both graphene and N-doped
graphene surfaces [70]. Also, oxygen undergoes chemisorption on defective graphene [72].
However, a significant drawback of defective graphene is its tendency to decrease the transport
characteristics.
1.2.5. Bilayer graphene
The principle of bilayer graphene fundamentally diverges from the mere superposition of one
layer of carbon atoms onto another. To comprehend the notable distinctions between bilayer
and single-layer graphene, it is crucial to consider the relative locations, also known as stacking
order, and the electron hopping energy between atoms in distinct layers [73]. Two prevalent
forms seen in bilayer graphene are AA stacking and Bernal stacking. In the first scenario, the
layers are arranged precisely aligned on top of the corresponding atoms in the other layer so
that the atoms of both layers have identical lateral coordinates [74]. Conversely, in the second
scenario, the top layer is displaced laterally with the bottom layer, referred to as AB-stacking
[75]. The orientation and stacking order of bilayer graphene, as seen in Figure 1.5, have the

potential to impact its electronic and optical characteristics. The AB bilayer graphene structure
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consists of a hexagonal carbon lattice, whereby the top layer is composed of A atoms, and the
bottom layer is designated as B atoms [76]. AB-stacking or Bernal stacking is the predominant
arrangement in naturally occurring bilayer graphene samples [77]. Experimental observations
have confirmed the existence of both stacking configurations [78]. It has been shown that AB
stacking is energetically favored over AA stacking by a margin of 5 meV per carbon atom [76].
Furthermore, it is now possible to generate high-quality, large-area samples of this
configuration [79]. The AA-stacked structure exhibits metallic properties, but the AB-stacked

configuration has characteristics typical of a semiconductor material [80].
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Fig. 1.5. Three distinct variations of bilayer graphene doped with boron and nitrogen are
shown. Boron or nitrogen atoms are substituted at one carbon atom in the upper layer. The
replacement sites containing boron and nitrogen atoms are shown by the open circles. This
illustration is adapted from [81].

It is not unexpected that several characteristics of bilayer graphene exhibit similarities
to those seen in monolayer graphene [82]. These characteristics encompass exceptional
electrical conductivity, with room temperature mobility reaching up to 40,000 cm? V' s7!in
air [83]. The electrical properties can also be adjusted by modifying the carrier density through
gating or doping [84]. Furthermore, they exhibit a high thermal conductivity, with a room
temperature value of approximately 2800 W m™! K™! [85]. These materials also possess
mechanical stiffness, strength, and flexibility, with an estimated Young's modulus of around

0.8 TPa [86]. Moreover, they demonstrate high transparency, transmitting approximately 95%

24



of white light [87], exhibit impermeability to gases, and can be chemically functionalized [88].
Similar to monolayer graphene, bilayer graphene shows potential for various applications in
different fields. These applications encompass transparent and flexible electrodes for touch
screen displays, high-frequency transistors, thermoelectric devices, photonic devices such as
plasmonic and photodetectors , energy-related applications like batteries, composite materials,
etc. [89].

It is important to emphasize that bilayer graphene has characteristics that set it apart
from monolayer graphene. Similar to a monolayer, an intrinsic bilayer lacks a band-gap
between its conduction and valence bands. However, the low-energy dispersion in an intrinsic
bilayer is quadratic, in contrast to the linear dispersion seen in a monolayer. Additionally, the
quasiparticles in an intrinsic bilayer are characterized by their large chirality, as opposed to the
massless nature of quasiparticles in a monolayer [90]. Bilayer graphene is considered the most
minimal form of an intercalated material due to its two-layer structure [91]. The independent
manipulation of individual layers in bilayer graphene can provide novel functions, such as the
ability to modulate an energy band-gap of about 300 meV via processes such as doping or
gating [92]. Recently, the band-gap has been used to fabricate devices using the technique of
electrostatic confinement utilizing gates. Bilayer or multilayer graphene devices may be more
advantageous than monolayer devices in situations where more material is needed to be used
to enhance electrical or thermal conductivity, strength, or optical characteristics [93].

To date, a moderate body of literature exists about the investigation of boron and
nitrogen-doped monolayer graphenes and nanotubes [15,52,94]. This research has been
motivated by B, C, and N elements possessing comparable structural characteristics [95]. The
effects of introducing a single boron or nitrogen atom into AB stacked bilayer graphene have
been examined previously [81,96]. Previous research has shown that the energy required for

boron and nitrogen doping is lower in the bilayer than in the monolayer [97]. It included doping
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both the top and hollow sites, which refer to the position of the dopant atom relative to the
other layer. It has been observed that similar electronic band structures are present for both
sites. Itis found that, the boron and nitrogen prefer hollow sites over top sites, with a difference
in energy of 11 meV and 16 meV, respectively [97]. In AB stacked bilayer graphene, the total
energy exhibits a notable decrease as the distance between the two dopant atoms increases
when one nitrogen atom is present in each layer. Conversely, when doping is carried out using
boron atoms, there is little to no observed dependency of the total energy on the distance [98].
The co-doping of boron and nitrogen in monolayer graphene is energetically advantageous
when boron and nitrogen atoms are paired in the ortho position. Specifically, the energy
difference between boron-nitrogen pairings in the ortho position and their next closest
neighbors is around 20 meV, as reported earlier [99]. There has also been a study of bilayer
graphene with a single boron atom in one layer and a single nitrogen atom in the other [100].
This study suggests that the electronic characteristics of this system are based upon the
occupied sublattice rather than the relative distance between the atoms.

The modification of electronic characteristics in graphene and carbon nanotubes
(CNTSs) by the introduction of boron and/or nitrogen atoms has led to the use of chemically
doped carbon nanomaterials for sensing gases [15,52,61,66,101]. Despite several theoretical
studies on gas adsorption on impurity-doped monolayer graphene and carbon nanotubes, our
current understanding of gas adsorption onto bilayer graphene still needs to be explored [81].
The impact of toxic gas adsorption on the energetics and electronic characteristics of single B-
doped and single N-doped bilayer graphenes is done. Using first-principles electronic-structure
calculations within the density-functional theory framework [102]. The adsorption of carbon
monoxide (CO), carbon dioxide (CO.), nitrogen monoxide (NO), and nitrogen dioxide (NO3)
are considered. These molecules do not show any affinity with the N-doped bilayer graphene.

The adsorption of NO and NO> molecules onto B-doped bilayer graphene occurs via the
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formation of chemical bonds, but CO and CO, molecules do not undergo chemical adsorption.
Based on the analysis of the energy-band structures, it is shown that the NO and NO2 molecules
generate the presence of acceptor states positioned above the Fermi energy level.
Simultaneously, the charge transfer occurs between the NO or NO2 molecule and the B-doped
graphene layer. Inthis scenario, electrons are transferred from the NO molecule to the B-doped
graphene layer. On the other hand, with NO adsorption, electrons are transported from the B-
doped graphene layer to the NO.> molecule [102]. The recent investigation of ammonia
adsorption on p-doped bilayer graphene shows a strong interaction with ammonia depending
on the dopant pattern and is evidenced by appreciable binding energies and charge transfer
[102].

In general, the prospects for bilayer graphene and its derivatives in gas adsorption and
sensing are favorable, with potential applications in gas storage and capture. There is still a
significant amount of work to be undertaken to understand the impact of dopants on the
adsorptive behavior of diverse non-toxic gases, including CHs, H>O, H», and Oa.

1.2.6. Phosphorene

Among the 2D vdW materials in recent years, black phosphorus (BP) nanostructures have
gained attention as semiconductor nanomaterials due to their optical absorption, high carrier
mobility, etc [103]. Inside the phosphorene layer, each phosphorus atom covalently bonds to
three neighboring phosphorus, forming a puckered honeycomb structure similar to graphene,
as shown in Figure 1.6 [103]. The surface possesses the inherent ultrahigh surface-to-volume
ratio due to sp®hybridization, and the unique features make it a suitable candidate for the
adsorption of gases. Moreover, it is flat enough to confine electrons so that charge flows
quickly, with a relatively high mobility and chemical activity [103]. Due to these unparalleled
features, the phosphorene may be superior to the many other 2D materials, for adsorption

application. Furthermore, phosphorene's electronic structure and properties can be tuned via
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substitutional doping. [104].

L. (a) Lo (b)

Fig. 1.6. The (a) top and (b) side view of the single-layer phosphorene structure represents

armchair (AC) and zigzag (ZZ) along the x-axis and y-axis respectively.

In particular, small molecules such as CO H20, NHsz, NOz2and Oz physisorbed in
phosphorene have been investigated for applications in gas sensing, and the interactions are
found to change the polarity and density of carriers [19]. Two-dimensional BP, which exhibits
a high carrier mobility of about 1000 cm? V! st and an adjustable direct band-gap, has gained
greater acceptance compared to other two-dimensional semiconductors [105]. Moreover,
phosphorene has other favorable characteristics, including anisotropic attributes and a
substantial on-off ratio, therefore setting it apart from other two-dimensional materials [106].
Several disciplines have extensively acknowledged these outstanding properties, including
transistors, photovoltaics, photocatalysis, solar cells, etc. [106]. The band-gap of phosphorene
exhibits a high degree of sensitivity to variations in the number of atomic layers and external
factors and falls within the range of 0.6-1.5 eV [107]. It also has enhanced ductility under x-
axial stress, ultimately transitioning from a semiconductor to a metallic state. The above
fascinating characteristics of phosphorene may contribute to its potential for developing
innovative electronic devices. Pristine black phosphorus (BP) is inert towards greenhouse

gases [108]. However, in order to expand its range of applications, defects and impurities may
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be introduced which can significantly alter its electronic, thermal, and mechanical
characteristics [109].

1.2.6.1. Anomalous doping effects on phosphorene

The adsorption characteristics of phosphorene can be improved by intrinsic and extrinsic
doping [110]. Phosphorene exhibits p-type behavior and demonstrates enhanced stability by
calcium doping. Ammonia (NHs) has a high affinity for the Ca-doped BP structures when
oriented along the armchair direction. It has been shown that including substitutional dopants
with an odd number of valence electrons, such as those from group IlIA (boron), may
effectively maintain the semiconducting properties of the material [111]. The semiconducting
features and anisotropic transport properties of black phosphorene may be preserved by iso-
valence doping with nitrogen from group VA [111].

Consequently, the absence of magnetism is attributed to valence electron pairing between
the dopant and the adjacent phosphorus atoms [111]. A further DFT study demonstrates that
introducing nitrogen doping results in chains composed of alternating nitrogen and phosphorus
atoms, denoted as -N-P—P—P—N—. The introduction of doping elements such as carbon (C),
silicon (Si), and germanium (Ge) from group IVA, which possess an even number of valence
electrons, not only imparted metallic characteristics to black phosphorene but also resulted in
significantly anisotropic transport properties [111]. According to ab initio total energy
calculations, it has been hypothesized that the substitutional carbon dopant establishes
chemical bonds with three adjacent phosphorus atoms at the grain boundary defects by sp?-like
hybridization.

A small amount of boron impurity causes black phosphorene to transition from
semiconductors to semi-metal/metal, increasing chemical reactivity [112]. These doped
systems are anticipated to exhibit thermodynamic stability [111]. The introduction of boron as

a dopant does not result in the induction of magnetism in black phosphorene. It may be
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attributed to the robust electron pairing and hybridization of s-p orbitals between the n-type
dopant and the neighboring phosphorus atoms [113].

The introduction of boron into phosphorene and the increased reactivity due to the same
have shown promise for metal-free catalysis of SO,. However, the strong adsorption associated
with this process limits its suitability for sensing applications [114]. As shown in previous
studies [115], the B-doped system exhibited an indirect bandgap and significant anisotropy,
which is irrelevant for developing optical devices.

1.2.7. Gas adsorption phosphorene- an overview

In early 2014, the successful synthesis of a monolayer of black phosphorus, also referred to as
phosphorene, was achieved [103]. Theoretical investigations [116] along with experimental
studies [117] have indicated its potential as a promising candidate for gas sensors. Phosphorene
has the advantageous characteristics of a direct band-gap property and a buckled structure
[118], rendering it particularly well-suited for gas molecule adsorption and sensing, hence
overcoming the limitations associated with zero band-gap materials. There is a limited body
of literature about the adsorption of gas molecules on phosphorene, of which the majority focus
on the pure form of phosphorene. Numerous studies have focused on using first-principles
computations to investigate the adsorption of CO, CO2, NHz, NO, NO2, SO2, H>S, and CHj4
molecules on phosphorene. These adsorption studies show that there are noticeable alterations
in the transport and electrical properties of phosphorene. Some of the previous studies [119]
show that defects impact phosphorene’s electronic properties and geometry.

The molecule NO; at the concentration of 5 ppb adsorbed on the monolayer and a few
layers of phosphorene in a dry environment was carried out by Abbas et al. [120] and checked
this system's capability as a field-effect transistor (FET). Using both DFT and non-
equilibrium Green's function method (NEGF), the selectivity and anisotropic | — V response of

gas adsorption (CO, CO2, NHs, NO, and NO.) on phosphorene monolayer was also done [19].
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They have observed the anisotropic properties shown by phosphorene along its armchair and
zigzag orientations. Phosphorene offers slightly favorable properties on chemical alterations
via doping and consequent adsorptions. It can be seen as an alternate method to improve its
electronic and optical properties. Many methodologies have been proposed for incorporating
dopants into nanomaterials, including chemical vapor deposition, electron beam irradiation,
and pulsed laser deposition [121].

Zhang et al. [122] conducted a theoretical investigation on the interactions between
electron donor and acceptor molecules on BP. The use of calcium-doped and calcium-
decorated phosphorene as the fundamental substrate was studied for the adsorption of carbon
dioxide (CO2), methane (CHa), hydrogen (H2), and ammonia (NHs) molecules. [110]. The
essential research in the adsorption of small gaseous molecules on doped phosphorene is
reviewed below. It is suggested in a recent study that Si- and S-phosphorene devices may
provide benefits over pristine phosphorene for sensing CO, NO, NO2, and NH3z. Using a
combination of DFT and NEGF methods, the transport properties of both devices have been
investigated. The substitutional doping of Si or S into phosphorene can induce the metallic
feature due to the unpaired valence electron on the Si atom or the non-bonding electrons of the
neighboring phosphorus atom around the sulfur atom [123].

A search for novel CO> capture materials based on phosphorene doped with Fe, Co,
Ni, Ti, Cu, Au, Ag, Ca, Cr, Pd, Pt, V, Sr, Mn, B, C, N, O, Si, Ge, Se, and S were done using
first-principles calculations. The interactions between CO. and pristine phosphorene are
usually low (around 0.2 eV), and metallic dopants help improve the interaction energy.
However, non-metallic dopants do not significantly change the interactions between CO> and
phosphorene. Computational studies consider Fe-, Ti-, and Cr- doped phosphorenes as
promising candidates for CO detection and removal [124]. A theoretical analysis of the

adsorption properties between methanol gas molecule and pristine or heteroatom-doped
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phosphorene like B, N, C, and O were done by Wang et al. [125]. N-doped and O-doped
phosphorene are found to have larger charge transfer values with shorter adsorption distances
and larger adsorption energies for the adsorption of methanol compared to pristine
phosphorene.

In contrast, B-doped and C-doped phosphorene are unsuitable for methanol adsorption.
In a previous study, the pristine phosphorene is sensitive to SO2 gas molecules with moderate
adsorption energy [114]. Doping phosphorene with either B or Si atom exhibits significantly
high reactivity towards SO via strong chemisorption, thus presumably unsuitable as an SO>
gas sensor. They can be applied as metal-free catalysts for activating or catalyzing SO>
adsorbate. Doping with N or S is redundant without improving the SO> sensing performance
of phosphorene.
1.3. Conclusions
Despite the initial promise of graphene as a possible substitute for silicon in next-generation
electronics, its zero band-gap has been a significant barrier to its practical deployment in this
field. Graphene-based FETs have low on-off ratios [126] due to their gapless band structure.
For the concepts of graphene-based FETSs to be viable, it is necessary to induce a band-gap
inside the graphene material. One of the primary focuses in graphene research is the
exploration of methods to introduce a band-gap in graphene while preserving its inherent
characteristics.

Various techniques have been developed to manufacture graphene devices with
enhanced semiconducting characteristics by manipulating band-gaps. Among the several
methods used for controlling the band-gap of graphene, doping methodologies have shown the
most significant potential in their applicability on an industrial scale. The primary consequence
of doping in graphene is generating a band-gap, rendering graphene suitable for various

applications. In addition, introducing electron-deficient and electron-rich heteroatoms into
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graphene may alter its affinity for binding with other molecules, such as ammonia.

The study encompasses several types of graphenes, including intrinsic graphene, doped
graphene, doped and undoped graphene bilayers, and phosphorene. This work investigates the
impact of doping on the structural and electrical characteristics of graphene when it interacts
with gas molecules. Specifically, the adsorption energies, charge density distribution, band
structure, and density of states of graphene-gas molecule adsorption systems are examined.
The present study employs a first-principles method based on density functional theory to
analyze the interactions between multiple gas molecules and graphene sheets that are either
intrinsic or doped with heteroatoms.

Comprehending the principles behind the adsorption process of gas molecules onto the
surface of graphene has considerable importance in advancing gas sensors based on graphene.
Examining charge transfers, electronic band structures, and electronic DOS describes the
adsorption processes. The alterations in the electronic configurations of graphenes resulting
from the physical or chemical adsorption of gas molecules onto the surface of graphene can be
assessed by examining charge distribution and studying band structure diagrams.

The efficacy of doped graphenes as gas sensors is contingent upon their sensitivity to
different constituents in the atmosphere. The findings derived from investigating the impacts
of adsorbed atmospheric elements on doped graphene structures suggest the appropriateness of
using doped graphenes as sensors for detecting dangerous gases in the air. The investigation
of the energy stabilities, structural characteristics, and electronic band structures of boron and
nitrogen substitutional dopants in graphene is undertaken due to their importance in
nanoelectronic device applications. A thorough investigation examined the relationship
between the energy stability and band-gaps in graphene for varying concentrations and
configurations of B- and N- dopants. The outcomes derived from the computations provide

the potential to customize the band-gap according to specific requirements, hence facilitating
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the use of doped graphene in electronic applications.

1.4. Broad Outline of thesis

The thesis is divided into eight chapters. The first Chapter of the thesis contains a general
introduction to two-dimensional materials like graphene, bilayer graphene, and phosphorene
and their unique electronic features. A comprehensive literature review on chemical
modifications of the surfaces and adsorption phenomena on these modified surfaces are also
discussed. It is followed by a detailed write-up on the computational methodology and density
functional theory for elucidating the electronic and adsorption behavior in Chapter 2. This
chapter also included details about exchange-correlation functional, band structure, charge
transfer calculations, adsorption energy calculations, etc.

Chapter 3 discusses our calculations regarding the effects of individual B and N doping
on the structure and electronic properties of graphene sheets. The obtained results are
compared with pure graphene and other previous results. The distance between adsorbate and
adsorbent, adsorption energy, and band-gap are calculated for different hetero-graphene
structures with increasing concentration of boron (nitrogen) doping and by varying the doping
sites. Further, the chapter details the investigation of the adsorption of CO and NHs on these
chemically modified surfaces. The effects of paramagnetic molecules like NO, NO», and
diamagnetic N2O adsorption on chemically modified graphene surfaces are discussed in
Chapter 4. It also includes graphene surfaces co-doped with boron and nitrogen in different
mole fractions. The study is also extended for various doping patterns and mole fractions.

The electronic properties of oxygen in its natural and singlet state upon adsorption on
pure and boron-doped graphene are discussed in detail in Chapter 5. In this chapter, the
structural properties of the adsorption of dioxygen on boron-doped graphene surfaces are also
conducted using spin-polarized density functional theory methods, including van der Waals

correction. In Chapter 6, how adsorption and electronic properties vary upon adsorption of
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ammonia on bilayer graphene is discussed. In this chapter, a discussion of how electronic
properties vary upon doping and increasing concentration with different patterns of doping on
bilayer graphene is explored. In Chapter 7, the adsorption studies are carried out on another
essential two-dimensional surface, phosphorene. In this chapter, black phosphorus is doped
with different p-block elements and made the best phosphorene semiconductors and metals
upon doping. Further adsorption of HCN and HNC on these modified surfaces of phosphorene
was also done. Finally, all results and conclusions are summarized in Chapter 8 followed by
bibliography.
1.5. Scope and limitations
There are various techniques, such as Raman spectroscopy, that may be used to investigate
materials and their electronic characteristics; however, DFT approaches with different suitable
functionals and vdW corrections are considered as the most effective computational approach.
This thesis primarily focuses on the doping of 2D materials like graphene and
phosphorene, adsorption of small gaseous molecules and its subsequent electronic structural
alterations. However, the transport characteristics, such as electrical conductivity are not
studied. Moreover, we have not studied the specificity and selectivity of these surfaces towards
the gas molecules. Nevertheless, this work provides a thorough knowledge of the electronic
properties and adsorption of gas molecules on chemically modified graphene and similar

surfaces, making it a valuable fundamental research.
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Chapter 2

Computational methodology
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This chapter overviews the computational methods employed in the electronic structure
calculations involving various systems, including different adsorbates on intrinsic and
chemically modified two-dimensional adsorbents.

2.1. Introduction

Materials are essential to modern civilization since they support our current
technologies, buildings, transportation, clothing, food supply, health, etc. =~ Complex
interactions occurring within material on various time and length scales are the source of
successful new uses for the material. Solid-state materials are highly sought-after due to their
distinct qualities and technological benefits. Due to the advancements in contemporary
material science, there is an ever-growing demand to understand phenomena that describe the
atomistic-level features of materials and processes that occur in materials.

The field of computational material science focuses on using computational methods
and techniques to study and understand the properties and behavior of materials. Material
science, an area expanding quickly, has much potential for managing multidisciplinary
simulations in physics, chemistry, and engineering under realistic settings. Completing
complex, multi-body problems that were unsolvable a few years ago now requires using quick,
compelling computer systems rather than mathematical approximations used in analytical
theory. The utilization of computational methods in material science enables researchers to
acquire an essential understanding of their structural, magnetic, optical, and electrical
properties. Additionally, these methods aid in investigating phenomena related to materials
design, characterization, and utilization through quantum mechanical simulations.

The utilization of quantum mechanical principles in theoretical computation enables
the analysis of systems that pose challenges in experimental characterization and the prediction
of physical properties for materials that have yet to be synthesized. This technique can

effectively identify and design nanoscale materials for particular applications by examining the
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structure-property correlation of these materials. One approach to investigating complex
many-body systems involves conducting computer simulations utilizing classical and quantum
mechanical (QM) methodologies. Classical methodologies encompass force field or semi-
empirical methods, wherein the forces governing atomic interactions are specified to replicate
experimental outcomes accurately. However, it should be noted that these techniques are
limited in their applicability since they are only suitable for a specific group of molecules.

Furthermore, their effectiveness relies on the availability of trustworthy data, which
must be obtained beforehand from closely comparable systems. In cases where the parameters
remain unknown or when a system exhibits atypical behavior, it is advisable to depend on ab
initio calculations.  "Ab initio" originates from Latin and translates to "from the
commencement.”

DFT has emerged as a significant advancement in quantum mechanical ab initio
simulations [1]. It serves as the fundamental framework for atomic-scale computational
materials science, enabling the incorporation of electron-electron interactions within a single
particle Schrodinger equation through the exchange-correlation functional [2]. Today
advances in exchange-correlation functional and higher-level post-DFT approaches and their
use in highly efficient computer codes make DFT-based computations a valuable tool for
material characterization and processes.

2.2. Ab initio methods

Material science covers several computational techniques, including molecular mechanics,
semi-empirical, and ab initio approaches. These methods are distinguished by their respective
use of approximations, resulting in varying degrees of accuracy in the obtained conclusions.
Molecular mechanics use principles of classical physics to simulate the behavior of molecular
systems, as opposed to solving the Schrodinger equation. This method is vastly helpful for

biomolecules and other macromolecules, where the electronic structure of the individual
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molecules is less critical. Consequently, the outcomes obtained by this approach are defined
with less accuracy. The energy expression consists of simple classical equations, such as the
harmonic oscillator equation in order to describe the energy associated with bond stretching,
bending, rotation and intermolecular forces, such as van der Waals interactions and hydrogen
bonding. All of the constants in these equations must be obtained from experimental data or an
ab initio calculation. Determining all constants included in the conventional equations
necessitates their solving via either ab initio computations or experimental methods. Semi-
empirical methodologies use principles from quantum physics and include empirically
acquired empirical parameters inside the mathematical framework. Due to the various
approximations of the Schrddinger equation, these approaches provide less precise outcomes;
however, they exhibit much enhanced computational efficiency. These approaches may be
effectively used for computations in organic and inorganic chemistry, mainly involving a
limited number of moderately sized components.

As the ab initio methods are derived from basic principles, the calculations exhibit a high
computational cost, although they provide excellent qualitative and quantitative outcomes.
These computations do not use empirical parameters except for fundamental constants and the
atomic numbers of the atoms involved. This technique uses quantum mechanical principles to
compute the molecular characteristics of the systems. One prevalent category of ab initio
approaches uses Hartree-Fock calculations [3], where the central-field approximation is
employed. The Hartree-Fock technique incorporates the exchange interaction between
electrons while neglecting the explicit treatment of electron-electron repulsion (correlation).
Instead, the computation accounts for the average impact of this repulsion, and the correlation
can be included by the Configuration Interaction (CI) approach, but at the cost of increased

computational time with system size.
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2.2.1. Density functional theory

DFT, established by Hohenberg, Kohn, and Sham, presents a more reliable and versatile
method for calculating electronic structure. It is a frequently used computational approach in
physics and chemistry to investigate the electronic configuration of complex systems such as
atoms, molecules, and solids. This method is prevalent in materials science, which can predict
fundamental characteristics of many-body systems, such as the total energy, atomic structure,
electronic configuration, etc.

Computational solid-state physics simulations have gained significant popularity since
the 1970s. Before the 1990s, DFT was not considered precise for quantum-chemical
computations. Including exchange and correlation interactions in the approximations used in
DFT has made this theory suitable for specific quantum chemical applications [4]. This
approach provides significant advantages over traditional ab initio wave function methods, like
HF methods and its successors that rely on the complex many-electronic wave function, since
they can deliver comparable results at much-reduced computing expenses. The cost-
effectiveness and performance of DFT make it a more favorable choice for analyzing larger
molecular systems compared to electron-correlated, wave function-based, ab initio methods
like Mgller—Plesset perturbation theory [5] or coupled cluster method [6]. DFT provides a
satisfactory level of accuracy and demonstrates significant predictive capabilities. The DFT
has established a solid foundation for developing computational methodologies to obtain
valuable insights into atoms' and molecules' energetic, structural, and property characteristics.
It is an exceptionally efficient methodology for characterizing the fundamental features of
solids in their ground states. According to this theoretical framework, the aspects of a system
consisting of several particles may be effectively elucidated using electron density functionals.
The technique developed by Hohenberg and Kohn aims to address the many-body Schrédinger

equation by formulating the system's total energy relative to the overall electron density. The
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fundamental concept of DFT involves substituting the electronic density as the fundamental
entity instead of the wave function, to characterize the features of a system of interacting
fermions. In a solid with N electrons, subject to the Pauli principle and Coulomb interactions,
the fundamental quantity representing the system is a function of just three spatial coordinates
(X, y, and z) rather than the extensive 3N degrees of freedom. DFT finds relevance not only in
the study of conventional bulk materials but has also found applications in the investigation of
intricate structures like bio-molecules and functionalized nanostructures. The basic DFT has
been extended to include a wide range of systems, including but not limited to spin-polarized
systems, nuclei, superconductors exhibiting electron pairing processes, relativistic electrons,
time-dependent phenomena [7,8], excited states, bosons, molecular dynamics, etc.

The first formulation of DFT is attributed to the pioneering work of Thomas and Fermi
in the 1920s [9]. The Thomas-Fermi equation needed to be revised in terms of accuracy due
to its failure to include the exchange energy of an atom, as predicted by the Hartree-Fock
theory. The concept of exchange energy functional was first developed by Dirac in 1928 [10].
2.2.2. Density functional theory- The Kohn-Sham approach
Within the framework of DFT, it is postulated that the overall energy of a given system is only
described by the electron density of the ground state. Essentially, the total energy of a system
composed of atoms can be articulated as a function that depends on the density of its electrons.

E = E[p] (2.1)
According to the fundamental Hohenberg-Kohn theorem, determining various characteristics
of a molecule in its lowest energy electronic state can be accomplished by employing the
electron density function associated with the ground state, denoted as po(X, y, z). It implies that
density po enables the computation of diverse ground-state attributes relevant to the system

being examined, such as its energy. It can be represented as,

Eq [po(x,y, 2)] (2.2)
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meaning that Eo is a functional of the electron density po(X, Y, z). The first Hohenberg-Kohn
theorem postulates that any characteristic of a molecule's ground state may be expressed as a
functional relationship with the electron density function of the ground state. According to the
second Hohenberg-Kohn theorem, the energy obtained from any trial electron density function
will be greater than or equal to the actual ground-state energy. Within the context of DFT
computations, the electronic energy arising from a certain trial electron density is precisely
characterized as the energy associated with the motion of electrons within the potential field
generated by the atomic nuclei. The term “external potential” can denote the nuclear potential,
which can be represented as v(r). It can be expressed as,

E,[p:] = Eolpo] (2.3)
Here, p, represents a trial electronic density, whereas E,[p,] denotes the actual ground-state
energy functional. The trial density must adhere to the specified criterion.

[p(dF=n (2.4)
where n is the number of electrons in the molecule.
The non-relativistic Hamiltonian operator H,,, for a many-particle system can be written as
the sum of electronic, nuclear, and mixed terms as follows:

Hypo = To+ Ty +Vye+ Voo + Vn (2.5)

In this context, T denotes the kinetic energy, V represents the potential energy, and e and N
symbolize electrons and the nucleus, respectively.
Another approximation often used in quantum mechanics is the Born-Oppenheimer or
adiabatic approximation [11]. This approximation requires separating the degrees of freedom
related to the movement of nuclei and electrons. The nuclei, because of their greater mass
relative to electrons, nuclei are much slower compared to the electrons. Consequently, the
contribution of the nuclei's kinetic energy component might be considered insignificant within

the context of the Schrodinger equation. Hence, the total electronic energy of the actual
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molecule in its ground state is determined by the combined contributions of electron kinetic
energies, nucleus-electron attraction, and electron-electron repulsion energies. The ground-
state electronic energy may be expressed using the following equation,

Eq =(T[pol) + (Vnelpol) + (Veelpol) (2.6)
The focus is placed on the middle term, which pertains to the potential energy between the
nucleus and electrons. It includes the summation of the potential energy for each of the 2n

electrons, accounting for the attraction between an electron and all nuclei as,

(VNe> = 212:1 Znuclie -4 Zizglv(ri) (2'7)

TiA
The symbol v(ri) represents the external potential. Therefore, it may be stated that,
S ZEZfaropdt = [p(m)f(dr (2.8)
The function f(r;) represents the dependence on the coordinates of the 2n electrons inside the
investigated system. The average nuclear-electron attraction can be written as,
(Vhe) = [ po(r)v(r) dr (2.9)
Therefore, Eq. 2.6 may be expressed as the following equation,
Eq = [ po(m)v(m)dr + (T[po]) + (Vee[pol) (2.10)
Due to the lack of knowledge about (T'[p,]) and (V.. [po]), it is impossible to use this equation's
current version for energy. To maximize the utilization of Eq. 2.10, Kohn and Sham introduced
the concept of a reference system consisting of non-interacting electrons. They have defined a
A(T[po]) as the variation between the actual kinetic energy (T[p,]) and the kinetic energy of
the reference system (T, [po]),
A(T[po]) = (T[pol) — (Tr[pol) (2.11)
Similarly, A(V,.[po]) is defined as the difference between the actual electron-electron repulsion
energy and the classical charge-cloud coulomb repulsion energy. The classical electrostatic
repulsion energy may be expressed as the sum of the repulsion energies between pairs of finite

volume elements p(r2)dr, and p(ri)dri, separated by a distance ri2. This energy is then
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multiplied by a factor of % to get,

AVeelpol) = (Veelpol) — 5 [ 2272202 gy, iy, (212)

r12

Therefore,

Eo= [po(mv(r)dr + (T.[po]) + %ff%drldrz + A(T[po]) +

A(Vee[pol) (2.13)
The term "exchange-correlation energy functional™ or “exchange-correlation energy Ex." refers

to the combined deviation in kinetic energy from the reference system and the deviation in
electron-electron repulsion energy from the classical system can be written as,

Exclpol = A(T[pol) + A{Veelpol) (2.14)
The symbol A(T) is used to describe the kinetic correlation energy of the electrons, whereas
the symbol A(V,.) symbolizes the potential correlation energy.

Hence, by using Eq. 2.13 and 2.14, it is possible to write,
Eo = [ po(rv()dr + (Tolpol) + 3 [ 222 dr dry + E[po] (2.15)

In Eq. 2.15, four variables need more explanation. If the value of p, is known, the integrals
of the terms may be easily computed. The second element in the equation indicates the
expectation value of the sum of the kinetic energy operators for individual electrons, summed
over the ground-state wave function of the reference system. The third part corresponds to the
energy associated with classical electrostatic repulsion and may be computed given the value
of po. The Exc word refers to the exchange-correlation energy functional of the system. The
primary focus within the framework of DFT is on identifying and selecting accurate exchange-
correlation functionals that can effectively compute the energy term based on the electron
density function.

Eq. 2.15 is now expressed as,

1
Eo = — SnucteiaZa [ 22 dry — 3TE (e (D[P [l (1) +
1
2 [yt g dry + Eyclpo] (2.16)

12
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where & refers to the Kohn-Sham spatial orbitals. The energy in Eq. 2.16 is exact. The KS
equations are derived using the variation principle and the second Hohenberg-Kohn theorem.
It is postulated that the electron density of the reference system is equivalent to that of the
actual system. Hence, the electron density may be expressed as

po = pr = Tvle|’ (2.17)
By substituting Eq. 2.17 into Eq. 2.16 and varying Eo with respect to X8, the KS equation can

be written as,

(=377 = Znucteta i+ [E2dr; + v (D] 9D =€ plo1)  (218)
In this context, the symbol v,.(1) represents the exchange-correlation potential, specifically
assigned to electron number 1. This assignment is arbitrary because the Kohn-Sham equations
consist of a collection of equations for individual electrons, denoted by the subscript ‘i’ ranging

from 1 to n. The exchange-correlation potential v,. may be defined as the functional derivative

of Exc[p(r)] with respect to p(r) as,

SExc[p(r)]
Vae(r) = 2 (2.19)
The KS equations can now be written as,
ks ks _ ks .pks
Ry (1) =€ (1) (2.20)
Where h*S is Kohn-Sham potential energy, expressed as [—%Vf — Yuclei A%+
1

f%er + ch(l)] in Eq. 2.18.

2.3. Spin polarization

Until now, the discourse on DFT has been limited to scenarios without spin polarization.
Nevertheless, specific systems, such as magnetic transition metals or molecules like O, involve
unpaired electrons or molecular radicals, necessitating a spin-polarized approach. In these
systems, the count of electrons with "spin-up" can differ from that of electrons with "spin-

down." The fundamental quantities in the local spin density functional (LSDF) theory include
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the electron density, denoted as p, and the spin density, represented as 6. The spin density is
operationally defined as the variation between the densities of the spin-up and spin-down

electrons relative to the overall electron density.

o(r) = o1(r) — a,(r) (2.21)
According to the LSDF hypothesis, the exchange-correlation potential for spin-up electrons
often exhibits distinctions from the potential associated with spin-down electrons. Therefore,

the spin-polarized Kohn-Sham equations may be expressed as,

[;_:fvz + V(D) | W) = /Wl (), 0 =1or | (2.22)
where
orf(M) = Ve + piclp(), a(r)] (2.23)

The exchange-correlation potential in LSDF theory depends on both the electron density and
the spin density, as given by Eq. 2.23. Here u2,. refers to the exchange-correlation potential
operator. There are two sets of single-particle wave functions, one about electrons with spin-
up orientation and the other about electrons with spin-down orientation. Each set is
accompanied by its respective one-electron eigenvalues. In the scenario when the densities of
spin-up and spin-down particles are equal, the spin density is uniformly zero throughout all
spatial regions, resulting in the equivalence of LSDF theory and the LDF method. It is essential
to observe that inside spin-polarized computations, the occupancy of single-particle states is
restricted to 1 or 0. However, despite this distinction, there remains only a single Fermi energy.
Magnetic systems are expected to designate the electrons with spin-up and spin-down as the
"majority” and "minority" spin systems, respectively.

2.4. Exchange Correlation functional and approximations

Although DFT offers a somewhat accurate depiction of ground state features, its practical

implementation relies on exchange-correlation functionals. The exchange-correlation potential

46



is a theoretical framework that accounts for the influence of the Pauli exclusion principle and
the Coulomb potential, specifically regarding the electrostatic interaction among electrons.
One of the challenges associated with the DFT is the need for knowledge of the precise
functionals for exchange and correlation, except for the free electron gas. Nevertheless, using
certain approximations makes it possible to compute specific physical values with a high
degree of accuracy. The computation with DFT often involves three sorts of approximations.
The first aspect conceptualizes KS eigenvalues and orbitals, interpreted as physical energies
and wave functions. The numerical approximation, the second form of approximation, is used
in the methodologies aimed at effectively solving the differential equation. One crucial factor
to consider is the selection of appropriate basis functions. The third type of approximation
involves the formulation of an equation for the unknown xc functional Ex[n], which
encompasses all the many-electron characteristics of the problem under consideration [12].
There currently needs to be a precise explanation of the exchange-correlation terms in the
present theory. The local density approximation (LDA), which approximates the total energy
of the multi-electron system, is the first simple form that Kohn and Sham developed. The
necessary approximations for the calculation of Exc are discussed below.

2.4.1. Local Density Approximation (LDA)

Local-density approximations (LDA) refer to a category of approximations utilized in DFT to
estimate the exchange-correlation energy functional, Ex.. This approximation relies
exclusively on the electronic density value at each spatial point without considering factors
such as density derivatives or the Kohn-Sham orbitals. Many methodologies may provide
localized approximations to the Ex.. Nevertheless, the local approximations have significantly
succeeded, mainly using the homogenous electron gas (HEG) model. In this context, it is often
understood that LDA is analogous to functionals that rely on the HEG approximation and are

afterward used to study practical systems such as molecules and solids. The exchange-
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correlation energy using a local-density approximation, for the spin-unpolarized system, is,
Ex2[pl = [ p(Mex(p(M)adr (2.24)
where p(r) represents charge density. In systems characterized by gradual variations in
density, the LDA demonstrates favorable performance, effectively reproducing chemical
trends [13]. LDA exhibits significant inaccuracies in systems characterized by high
correlations, where the assumption of independent particles is no longer valid. For example,
the transition metal oxides XO (where X represents Fe, Mn, or Ni) which are insulators, are
predicted to be either semiconductors or metallic according to LDA [14]. The LDA algorithm
often fails to accurately identify the correct ground state in several basic scenarios, for example,
LDA vyields an incorrect ground state prediction for the titanium atom. It fails to include the
influence of van der Waals bonding and provides an inadequate depiction in many cases, for
e.g., hydrogen bonding.
2.4.2. Generalized Gradient Approximation (GGA)
The LDA is ineffective when the density varies quickly, such as in molecules, since it calculates
the actual density's energy using the energy of a local constant density. One of the best ways
to improve is to consider DFT calculations that employ gradient-corrected functionals that
incorporate both the electron density and its gradient, represented by the first derivative of p
with respect to its position. These functionals are commonly referred to as generalized gradient
approximations (GGA). The fundamental concept underlying these schemes involves
incorporating components into the exchange-correlation expressions based on the electron
density gradient rather than solely relying on its value at individual spatial points. Hence, these
adjustments are occasionally denoted as "non-local” potentials. In this particular scenario, the
exchange and correlation functional exhibits dependence on the charge magnitude and the

charge gradient. Consequently, the functional is formulated as,
EZfn (), vn (M) = [ €& n(r),|Vn(@)Dn(r)dr (2.25)
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ESGA is the exchange and correlation energy density per particle in a homogeneous electron

gas of density n(r). The corresponding potential can be expressed as,

GGA _ SESEAm] _
vieA(r) = 2 _

dF yc[n] _
on

3 anc[n]
2310, (a<a«n>))|n=n(r) (2.26)

where Fxc (n, [Vn|) = €S54 (n (1), |Vn (1)) and o stands for the ath component of the gradient.
This novel approximation method effectively addresses several challenges encountered in LDA
and has demonstrated successful applications in various domains, including surfaces,
molecules, and materials. Several proposals have been made for multiple versions of Fxc (n,
IVn|) = €S54 (n (r), [Vn (r)]), with the PBE [15] being the most often used. However, despite
its popularity, the GGA still faces significant challenges as it remains a semi-local
approximation that does not incorporate long-range interactions due to its inherent structure.
The necessary modifications can be done to address these shortcomings, which are discussed
in the next section.

Although the LDA method has just one type, the GGA method has several parameterizations
available. Specific models in this context may be classified as semi-empirical since they use
experimental data, such as atomization energies, in their derivation process. Some of them are
exclusively generated using the first principles approach. The GGA functionals often used in
research include the PW91 functional, developed by Perdew and Yang [16], and BLYP, PBE,
and B3LYP [17,18].

While there are many GGA functionals, the Perdew-Burke-Ernzerhof (PBE) functional is
much preferred due to its non-empirical nature and ability to provide reasonably accurate
results for a broad spectrum of systems. The PBE functional stands out as the most widely
used and favored one among researchers in computational material science. The GGA refers

to a collection of functionals rather than a single functional.
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2.5. DFT corrections

It is apparent that traditional Kohn-Sham density functional theory (KS-DFT) approximations,
as shown by previous studies [4], are inadequate in accurately characterizing London-
dispersion interactions [19,20]. These interactions are non-local in nature and are

asymptotically regulated by a well-known relation [21].

Ce

Edisp X = RS

(2.27)
Eq. 2.27 demonstrates that in the long-range domain, characterized by minimal electron cloud
overlap between two molecular or atomic fragments, the dispersion energy (Edisp) exhibits the
sixth-power dependence on the distance (R) separating these fragments. The coefficient Cs
represents the sixth-order dispersion coefficient. It has been shown that typical density
functional approximations cannot accurately account for the long-range tail of the dispersion
energy, mainly owing to their semi-local character. This situation presented a specific
difficulty, considering that KS-DFT has emerged as a fundamental approach in Quantum
Chemistry. However, we must also consider London dispersion's widespread and substantial
significance in chemical processes. Therefore, several variations/modifications of DFT
corrections, such as DFT-D1, DFT-D2, and DFT-D3, are available.

In 2010, Grimme introduced two refined versions [22] that may be seen as advancements
of his previous studies on the less complex DFT-D1[23] (2004) and DFT-D2 [24] (2006)
variations. The incorporation of additive corrections, namely the DFT-D3 versions, also
significantly changed the understanding of DFT methods [25] and has now been widely used
in quantum-chemical applications. The following section describes DFT-D2 and DFT-D3.
2.5.1. DFT-D2
The corrected DFT method, DFT-D2, incorporates a multipole term that exhibits a sixth-order
dependence on the Rag distance between two atoms, A and B. In other words, the DFT-D2

method considers all potential atom pairs within a particular chemical system and assigns a
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dispersion contribution to each pair based on London's formula (Eq. 2.27). Contributions from
the atom-pair are then added together to get the molecular dispersion correction.

Eqly Pt = — % S6 2A=B %fggr’lr;pz (Rpp) (2.28)
The symbol C2B represents the average, isotropic sixth-order dispersion coefficient for the
atom pair AB. f ;157 corresponds to a damping function, while s signifies a global scaling
parameter. The inclusion of a prefactor of one-half is necessary in order to prevent the
occurrence of duplicate calculations.

It should be noted that while DFT-D2 guarantees a decline of the dispersion contribution
up to the sixth order in the long-range area, the short-range region, which is characterized by
the overlapping electron clouds of the non-covalently bound fragments, is primarily influenced
by the underlying density functional approximation. To prevent any potential duplication of
calculations inside the specified area, applying a damping factor to the DFT-D2 contribution
IS necessary. Furthermore, having a smooth and uninterrupted connection in the regions
between the short-range and long-range components is vital. This area will be referred to as
the "medium-range region™ in subsequent discussions. Both of these prerequisites are satisfied

by using a damping function denoted as fgalg;m, which is characterized by the following

mathematical expression:

1

R
—20(RLrB—1)

foimy (Rap) = (2.29)

1+e

The value of Ry represents the summation of van der Waals radii, which were obtained via
restricted-open-shell Hartree-Fock density contour plots and afterward adjusted by a scaling
factor of 1.10. The selection of this number is motivated by the objective of enhancing
intermolecular distances, especially in systems that include heavier atoms. The choice of the
exponent of 20 in Eq. 2.29 was made to have more substantial corrections for distances that are

neither very close nor exceptionally far.
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The C2B dispersion coefficients used in DFT-D2 are empirical and derived from element-

specific coefficients (C2B and CB) by calculating a geometric mean.

ci8 = /cg ct (2.30)

Undoubtedly, DFT-D2 can be considered a significant addition to the DFT [25]. Although
there were some empirical components, the approach offered a simple, straightforward method
for addressing non-covalent interactions within the framework of KS-DFT. Additionally, it is
user-friendly and does not need much technical expertise, making it accessible to non-experts.
The utilization of DFT-D2 corrected treatments has facilitated a more precise characterization
of non-covalent interactions, but, more significantly, the outcomes from these corrections have
contributed to a deeper understanding of the significance of London dispersion in
thermochemistry [26]. Moreover, these findings have gradually challenged the misconception
that dispersion effects are insignificant due to their perceived smallness [27].

However, it is also essential to address the limitations of this technique. The determination
of van der Waals radii and Ce coefficients was limited to the main-group elements, only up to
xenon. The values for scandium have been allocated to all 3d transition metals, whereas the
values for yttrium have been given to all 4d metals. However, it is well acknowledged that Ce
coefficients are influenced by factors such as hybridization or oxidation states [28]. Specific
issues have also been documented with both charged and neutral compounds of alkaline metals
[22]. As elucidated in the subsequent section, the above concerns have paved the way for
developing DFT-D3 corrections.

2.5.2. DFT-D3

DFT-D3 is envisaged as an enhanced version of DFT-D2. The method's applicability extends
to the first 94 elements of the periodic table. In contrast to the DFT-D2 approach, both main-
group elements and transition metals are now addressed equally. The primary distinction from

its previous version is adaptability and dependence on the system of its dispersion coefficients,
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hence providing a means for broader application and increased robustness. The distinguishing
characteristic of DFT-D3 lies in its coefficients solely dependent upon the specific molecular
geometry provided. The idea of fractional coordination numbers (CNs) is introduced to
determine the coordination number for each atom A in the system. It is calculated using the

following formula:

1

_16(4(RA.COV+RB.COV)_1)
1+e 3RaB

CNA = Yp.a

(2.31)

The covalent radii, denoted as Rco, are determined using a self-consistent additive
methodology developed by Pyykko and Atsumi [29], which combines theoretical calculations
and experimental observations. Determining the fractional coordination number for a
particular atom is mainly influenced by the atoms located in its immediate surroundings. The
improvised DFT-D3, namely the DFT-D3(BJ) variation, was introduced in 2011, and it uses a

rational damping function provided by Becke and Johnson [30].

AB
Cn

DFT-D3(B, n
Rig+ [Fomm - P RED)]

DFT-B3(BJ) _

1
Edisp - EZA:tB Zn=6,8 Sn

(2.32)

Although the DFT-D3(BJ) formulation (Eq. 2.32) is similar to the DFT-D2 corrections, it is
distinguished by the inclusion of two multipole terms. The first term is the well-known sixth-
order component that incorporates isotropic dispersion coefficients C2B for every pair of atoms.
In contrast, the subsequent term is of eighth order and involves dispersion coefficients C35.
This term exhibits a diminishing trend as interatomic distances decrease, ultimately
approaching zero. Its formulation is specifically tailored to include the influence of medium-

range phenomena. In this context of the subject matter, the damping function is

DFT-D3(B
f (B))

damp (Rg?) = ale? + a; (233)

The adjustable parameters al and a2 control the dispersion correction within the short- to
medium-range regimes. The following equation in the DFT-D3(BJ) framework introduces the

parameter R‘§}3, which directly correlates with the dispersion coefficients.
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R = | (2.34)
B] — CgB :

To include DFT-D3 in periodic systems, it is necessary to carry out an extra summation over
the translation vectors T of the system's unit cell.

AB
Cn

1
Egisp = — 5248 Xn=68 LT Sn (2.35)

|RAB+T|"+(a1R'§?+a2)n
The distance between atoms A and B inside the same unit cell is called Rag. The parameters
and variables that have not been previously defined have the exact definition as those specified
before for the molecular scenario. The essential differences between the DFT-D2 and D3
methods are summarized in Table 2.1.

Table 2.1. The significant differences between DFT-D2 and DFT-D3 [31].

Sl.no Properties DFT-D2 DFT-D3(BJ)
1 Multipole terms RS R and Ry,
The first 34 main-group
9 It can be used for elements; limited | The first 94 elements
applicability to 3d and 4d | in the periodic table
metals
Based on fractional
Empirical: fixed for each | 21oMmic coordination
3 Dispersion coefficients P ' numbers,  Flexible
element
and system-
dependent
4 vdW/cut-ff radii Fixed for each element g;)i(fd for each atom
: . sg in EQ. 2.32 and ay,
5 Fit parameters Se In EQ. 2.28 a in Eq. 2.33

2.6. Basis Sets

A basis set refers to a set of functions, also known as basis functions, that are combined by
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linear combinations to construct molecular orbitals in quantum chemical computations. Since
these functions are often atomic orbitals centered on atoms but can be of any unknown function
[32], expressing them as a series of well-known functions is conventional. In quantum
chemistry, computational calculations are often performed using a finite set of basis functions.
The finite basis can be expanded using a complete set of functions so that calculations approach
the basis set limit. This expansion can be represented as,

Y;(r) = Z}‘i1 Cj¢j(r) (2.36)
where {¢;} makes a complete set.
2.6.1. Plane-wave basis sets
Plane-waves can be described as basis functions that are both periodic and delocalized. In the
quantum chemical computation of solid-state materials, plane-wave basis sets may be extended
to complement the existing localized basis sets. Generally, a limited set of plane-wave
functions is used, including just those plane-waves with kinetic energy below a designated cut-
off energy threshold, which is selected for a given computational analysis. In some cases,
plane-wave basis functions may facilitate the coding process for integrals and operations, as
compared to the localized basis set.

One of the challenges connected with using plane-wave basis sets is the discontinuity in
the number of basis states when the energy cut-off is changed [32]. However, this issue may
be resolved by using dense sets of k-points. In practice, using plane-wave basis sets in
conjunction with an 'effective core potential' or pseudo-potential is common. This approach
allows the plane-waves to reflect the valence charge density. The observed phenomenon can
be attributed to the inner electrons' inclination to congregate close to the atomic nuclei. As a
result, there is a significant expansion of the wave function and gradients of density near the
nuclei. Describing these characteristics employing a plane-wave basis set becomes challenging

unless a high energy cut-off corresponding to a small wavelength is employed. Using a plane-

55



wave basis set in conjunction with a core pseudo-potential is sometimes called a pseudo-
potential plane-wave (PSPW) computation.

Moreover, plane-wave basis sets do not exhibit basis-set superposition errors due to the
orthogonal nature of all functions inside the basis and their lack of association with any specific
atom. Another significant benefit of using a plane-wave basis is its built-in capacity to
converge smoothly and monotonically towards the desired wave function. The locations of
atomic nuclei do not influence plane waves. Hence, correction factors are unnecessary for force
calculations, unlike localized basis sets. One limitation of this approach is the need for an
extensive set of basis functions for accurate computations. Additionally, pseudo-potentials are
necessary due to the fast variation of the core wave functions.

2.7. Pseudo-potentials

Hellmann first proposed the pseudo-potential methodology in 1934 [33]. The pseudo-potential
method accounts for the intricate dynamics associated with the movement of the core,
specifically the non-valence electrons and the nucleus of an atom. This method involves
substituting the conventional Coulombic potential term for core electrons, typically present in
the Schrodinger equation, with a modified effective potential term referred to as a pseudo-
potential. The valence wave function produced is made to be orthogonal with all core states.
This approach explicitly considers just the chemically engaged valence electrons, whereas the
core electrons are considered "frozen" and evaluated with the nuclei as hard, non-polarizable
ion cores. Norm-conserving pseudo-potentials are formulated by selecting an atomic state as
a reference and ensuring that the pseudo- and all-electron valence Eigen states possess identical
energies and amplitudes, maintaining consistent densities beyond a specific core cut-off radius

Ic.
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Fig. 2.1. The diagram illustrates the schematic representation of both all-electron potentials
(represented by solid lines) and pseudo-potentials (shown by dashed lines), together with their
respective wave functions [32]. The point where the values of all-electron and pseudo-potential
intersect is often referred to as the critical radius, denoted as rc.

Hence, it is possible to consider the core electron states fixed and develop a pseudo-
potential for each atomic species that incorporates the influences of the nucleus and core
electrons [34]. It does not represent the rapid oscillations, significantly reducing the number
of plane-waves required to describe them (See Figure 2.1). A pseudo-potential is generated to
accurately represent the real potential beyond a certain radius, known as the core radius. It is
expected that every pseudo-wave function would exhibit a match with its respective actual
wave function beyond a certain distance. It is also essential that the charge densities acquired
outside the core area show similarity to the actual charge density. Therefore, it is necessary to
integrate the squared amplitudes of the actual and pseudo-wave functions across the core area

to be equivalent and is often called norm-conservation [35].
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Pseudo-potentials are first computed for an isolated atom generated using an ab initio
approach. The wave functions that accurately represent an isolated atom's quantum state are
determined by using an all-electron DFT approximation. The valence wave functions created
in this process are then adjusted inside the core area to eliminate oscillations while still adhering
to the norm-conservation constraint. The Schrodinger equation is then used reversely to get
the pseudo-potential that would accurately generate the pseudo-wave functions. This pseudo-
potential can be used in a diverse range of systems, in contrast to semi-empirical potentials
specifically designed to define a particular atomic environment.  The projector-
augmented wave technique put forward by Bloch [36] is a more efficient way to do DFT
calculations.

2.7.1. Projected Augmented Wave (PAW) approach

It is an extension of the linear augmented plane-wave and pseudo-potential methods. It is more
precise and efficient than ultra-soft pseudo-potentials (US-PP) and norm-conserving pseudo-
potentials. The basis of the augmented wave approach is that the real electron wave functions
exhibit distinct spatial behaviors, such as fast oscillations around the nucleus and smooth
conduct in the interstitial area. Considering a partial wave expansion of the Kohn-Sham wave
function [y), which is an all-electron wave function,

[p) = Xilg:)C; (2.37)
where ¢; are solutions of the Schrodinger equation, which are difficult to compute because
they vary rapidly near the core region. Therefore, we transform |¢;) into practically convenient
pseudo-wave functions using the transformation operator t. The PAW method is centred on a

change that maps the physical full all-electron wave function [y) onto the nonintersecting

pseudo-wave functions [i)).

lY) = 7|9) (2.38)

Given the knowledge of the transformation T, it is possible to compute physical quantities based
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on the expected value.
(4) = (PlAlp) = (P|" Az|yp) (2.39)

To achieve the difference between [y) and |1/7) in the vicinity of the core by accumulating
local atom-centered contributions, we have

T=1+4+Yptg (2.40)
The variable tzexhibits a non-zero value only inside the augmentation area Q. We can now
create pseudo partial waves using the expanded pseudo-wave function.

) = Xilp:)C (2.41)
The coefficients C; may be expressed as an inner product with a collection of projector
functions, |p;), because the operator 7 is linear.

i = (pil#) @42
In the area of augmentation, they have to fulfill

(pi|®,)) = 8y (2.43)
Therefore, it is necessary to have three quintiles for the transformation t, which are outlined as
follows:
(i) The real or full-electron partial waves may be represented as |¢;).
(i) Pseudo partial waves, denoted as |¢;), are being considered.
(iii) The functions of a projector may be represented as |p;).
Furthermore, it is possible to articulate this concept in a written format.

T =1 +3(I¢:) — [P )(pil (2.44)

The PAW technique is often used with the frozen core approach, whereby the core states are
assumed to remain unperturbed by the surrounding ion environment.
2.8. K-point sampling
The electronic states in a solid are restricted to a certain set of k points, which are determined

by the boundary constraints that apply to the bulk material. The distribution of permissible k
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points exhibits a direct proportionality to the volumetric characteristics of the material. An
unlimited number of k points is necessary to accommodate the infinite number of electrons
present in the material. However, it is important to note that at each k point, only a finite
number of electronic states are occupied. The Bloch theorem [37] enables the transformation
of the task of computing an infinite set of electronic wave functions into the scheme of
computing a finite set of electronic wave functions at an infinite set of k places. The electronic
potential in a bulk solid is influenced by the occupied states at each k point, necessitating a
substantial number of computations to determine this potential accurately. However, the
electrical wave functions at k sites near exhibit high similarity. Therefore, it is feasible to
characterize the electronic wave functions throughout a specific area of k space by using the
wave functions at a singular k-point. In this particular case, it is sufficient to consider the
electronic states at a limited number of k points to calculate the electronic potential and then
ascertain the overall energy of the solid. Various techniques have been developed to provide
very accurate estimations of the electronic potential and the contribution of a filled electronic
band to the overall energy. These methods include determining electronic states at certain k
points inside the Brillouin zone (BZ) [38].

The theory behind the fundamental concepts of electrical energy bands is greatly
influenced by the Brillouin zone, a significant topic in materials science. The area inside the
k-space, represented by an imaginary plane with coordinates kx and ky, where low-k electrons
may exist without experiencing diffraction, is referred to as the first Brillouin Zone and is
shown in Figure 2.2. The next Brillouin zone is seen in the illustration, including electrons
defined by k values ranging from 7/a to 2n/a2. These electrons are in motion along the +x and
+y directions, and the range of permissible k values becomes progressively narrower as the

diagonal orientations are approached.
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Fig. 2.2. The first and second Brillouin zones of a two-dimensional square lattice [39].
In a generic context, the construction of a Brillouin zone may be achieved by adhering to the
principle that a wave incident upon a lattice would experience significant scattering in the
presence of a reciprocal lattice vector K under certain conditions like

k. K= 3K (2.45)
The initial region refers to the collection of points closer to the origin than any other reciprocal
lattice point. The second zone comprises the group of points accessed by passing a single
border of a zone. The third zone includes the collection of points attained by traversing at least
two boundaries between zones. The process of constructing Brillouin zones for a three-
dimensional lattice becomes more complex. As an example, it can be seen that the first
Brillouin zone of a basic cubic lattice has a simple cubic shape. However, in contrast, the first
Brillouin zones of a body-centered cubic (bcc) and a face-centered cubic (fcc) lattice exhibit
much more intricate characteristics. Figure 2.3 illustrates the first Brillouin zone of a basic

cubic lattice, including the symmetry points.
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Fig. 2.3. The Brillouin zone of the simple cubic lattice [40].

The point I' is located near the center of the zone, as seen in Figure 2.3. The point R is located
at one of the corners of a cube, which is linked to the other seven corners so that all eight
corners coincide at a single point. Both I" and R may be represented by the same mathematical
structure, known as the cubic group. Point X is located at the point of intersection between the
k; axis and the bottom face of the cube. Point M is located at the intersection of the key plane
and the vertical edges, with three corresponding points to M. Both M and X possess the same
symmetry elements of 4/mmm. T is equal to the three points located on the remaining vertical
edges. Both points T and A belong to the same point group, 4mm. The point A has a point
group of 3m. The points X and S exhibit holomorphicity for the 2mm symmetry group. Point
Z exhibits the presence of two mirror planes and a two-fold axis. Figure 2.4 illustrates the
Brillouin zone of the hexagonal close-packed structure, specifically in the context of graphene,

showcasing the symmetry points.
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Fig. 2.4. (a) Brillouin zone of a hexagonal lattice. Path: I'-M-K-I'-A-L-H-A|L-M|K-H. (b)
Module obtained from seek-path to visualize band paths in the Brillouin zone of graphene
structures.

The two locations, K and K', located at the corners of the graphene Brillouin zone, as seen in
Figure 2.5, have significant relevance in graphene physics. These structures are often referred

to as Dirac points. The locations of the particles in momentum space are determined by

- (@ ) - (G e
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ky

K

Fig. 2.5. The Brillouin zone corresponding to the Dirac cones is located at the K and K’ points
[41].
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Fig. 2.6. (a) Brillouin zone of Orthorhombic lattice. Path: I'-X-S-Y-I'-Z-U-R-T-Z|Y-T|U-X|S-
R. (b) Module obtained from seek-path to visualize band paths in the Brillouin zone of
phosphorene structures. An example of band structure using this path can be seen in Chapter
7.
2.9. Band structure
The band theory is a theoretical framework in solid-state physics that offers a quantum
description of the potential energy levels available to electrons inside a solid material. This
model also provides valuable insights into the phenomenon of electrical conductivity. The
concept originates from the principles of molecular orbital theory. By using the above
procedures, it is possible to get a proficient estimate of the electronic potential and total energy
of an insulator or semiconductor by calculating electronic states at a reduced quantity of k
locations. Calculating the electronic potential and total energy becomes more challenging in
metallic systems due to the need for a denser collection of k points to accurately describe the
Fermi surface.

The energy levels permitted inside a solid are restricted to a band, the width of which is
typically on the scale of an electron volt. The crystal structure and the degree of overlap

between atomic orbitals dictate this width. The energy band, as its name suggests, represents
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a much broader range in which electrons are allowed to exist. In the context of solid-state
physics, the conduction band refers to the highest energy band inside a solid material, whereby
electrons are not confined to the atomic nucleus's influence, enabling their unrestricted
mobility. Anenergy gap is present between the conduction band and the valence band in solids,
depending on their inherent characteristics, resulting in the exclusion of electrons. The
occupation of energy bands is determined by using Fermi-Dirac statistics, whereby electrons
at a temperature of absolute zero (0 K) occupy all energy levels below the Fermi level.

2.9.1. Direct and indirect band structure

The band-gap measures the minimal energy separation between the maximum energy of
valence band and the minimum energy of the conduction band. However, it is important to
note that the valence band's highest energy level and the conduction band's lowest energy level
do not often occur at the same electron momentum value. In a direct band gap semiconductor,
the momentum values at the top of the valence band and the bottom of the conduction band are

equal, as seen in Figure 2.7.

E
electrons
Conduction band
Energy Gap
Valence band
holes

Direct band gap semiconductors

Fig. 2.7. The figure depicts direct band-gap [42].
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In the context of an indirect band-gap semiconductor, as seen in Figure 2.8, it is observed
that the peak energy of the valence band is situated at a distinct momentum value from that of
the lowest energy point in the conduction band. The distinction between the two entities has
significant relevance in optical devices, primarily due to the photon's capacity to provide the
requisite energy for generating an electron-hole pair. In a direct band-gap semiconductor,
generating an electron-hole pair may be facilitated by a photon with energy, Eg, denoting the
band-gap energy. This process is rather effortless due to the small velocity required for the
electron. Nevertheless, it is essential for an electron to substantially alter its momentum in
order for a photon with energy Eq to generate an electron-hole pair in an indirect band-gap
semiconductor. It is feasible but contingent upon the electron's interaction with a photon for

energy acquisition and a phonon, a lattice vibration, for momentum alteration.
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Fig. 2.8. The figure depicts indirect band-gap [42].
The progress of the indirect process is much slower due to the need for three things - an
electron, a photon, and a phonon to intersect in order for the process to advance concurrently.

This phenomenon may be likened to chemical processes, whereby a specific phase of a reaction
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exhibits a much higher rate when involving the interaction between two molecules compared
to a process that deals with the interaction of three molecules. This idea also applies to the
process of electron-hole recombination, which results in the emission of photons. The
efficiency of the recombination process is much higher in direct band-gap semiconductors than
indirect band-gap semiconductors since the former may undergo recombination directly. At the
same time, the latter necessitates mediation via a phonon. Due to these above factors, gallium
arsenide and other direct band-gap semiconductors, such as graphene and phosphorene, are
used in the fabrication of optical devices such as light-emitting diodes (LEDs) and
semiconductor lasers, as well as gas sensors. Conversely, silicon, an indirect band-gap
semiconductor, is not utilized for these purposes.

2.10. Adsorption energy calculations

In the adsorption process, an atom, ion, or molecule (adsorbate) is bonded to the surface of a
solid (adsorbent), and the resulting decreased energy is known as ™"adsorption energy."”
Adsorption energy, Ea, can be computed by subtracting the energy of the adsorbed structure
from the sum of the energy calculated individually for each structure that makes up the

adsorption complex, which could be written as

E, = |[Esystem — (Eadsorbent + Eadsorbate)] (2.47)

Therefore, to determine the adsorption energy (Ea), it is necessary to compute the energies for
the three models outlined below.
1. A supercell configuration characterizes the structure of the adsorbent.
2. The adsorption structure refers to the arrangement of a surface structure, including the
adsorbent, which constitutes the adsorption system.
3. The adsorbate inside the vacuum (referred to as adsorbate).

To determine the energy of the surface structure, it is advisable first to optimize the unit

cell and then construct the supercell based on the optimized unit cell. Due to the presence of a
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vacuum, the calculation time for a surface structure is very lengthy. However, this issue may
be mitigated by using an optimized structure, which reduces the overall calculation time. When
calculating an adsorption structure, it is essential to exercise caution in selecting appropriate
calculation choices. In contrast to bulk unit cells, the computational time required for surface
calculation is notably longer. The model's symmetry reduction is attributed to the presence of
the adsorbate. To reduce the computational time, it is possible to use a strategy of breaking the
calculation into many sequential parts. In this study, we have used a precise energy cut of 520
eV for graphene computations and 450 eV for phosphorenes, ensuring reliable results.

To determine the energy of the adsorbate, it is necessary to position it inside a sufficiently
large vacuum space. The interaction between periodic images may affect the computation if
the cell size is insufficient due to the assumption of periodic boundary conditions where the
cell (consisting of lattice and basis) is infinitely replicated. Therefore, it is essential to
appropriately and adequately adjust the cell dimensions to ensure that the spacing between
regularly replicated molecules is equal to or greater than 10 A. To prevent further contact
between surfaces, a vacuum of 15 A along the z-axis was implemented for the graphene system.
In contrast, a vacuum of 20 A was used for the phosphorene system calculations.

2.11. Charge calculations: Bader charge analysis

To further study the effects of adsorbed molecules on the electronic properties of graphene,
charge density surfaces are calculated for the systems with and without the adsorption for the
visualizing the various interactions between the adsorbate and adsorbent. The charge transfers
between the gas molecule and the surface is calculated with Bader charge analysis [43]. For
the system of gas molecules adsorbed on various surfaces, the charge density difference Ap is
calculated as the charge density variation of gas molecules before and after the adsorption as
in Eq. 2.48,

Ap = p (adsorbed complex) — (p(surface) + p (gas molecule)) (2.48)
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Where p refers to charge density, the Bader charge analysis, commonly known as the atoms-
in-molecules hypothesis, involves partitioning molecules into individual atoms based on the
concept of zero flux surfaces. A zero flux surface may be described as a two-dimensional
surface where the charge density reaches its minimal value after traversing the surface. The
Bader charge of an atom refers to the aggregate charge contained inside the atomic volume,
also known as the Bader volume, of each atom.

2.12. Available software codes for ab initio calculations

In recent decades, there has been substantial growth in the scope of first-principle simulations
within the field of condensed matter physics. These simulations have now extended beyond
the domains of physics and chemistry, including disciplines such as life sciences, earth
sciences, nanoscale sciences, and materials sciences. This achievement may be attributed to
the simultaneous advancements in computer efficiency and the widespread use of DFT
methodologies. Despite the considerable work needed for program creation, many programs
have been documented in the existing literature. In this context, our focus is limited to software
applications designed for broad molecular computations used by a diverse community of
chemists and physicists. Some examples of computational chemistry software packages
include ONETEP, Gaussian, GAMESS, VASP, QUANTUM-ESPRESSO, DMol3, etc. There
are variations in the implementation of the above codes, as some codes demonstrate greater
compatibility with some specific issues and materials than others. VASP utilizes plane-wave
basis sets for its applications in computational material science.

2.12.1. VASP application

The code was written by Kresse and Furthmuller in 1995 at the University of Vienna in Austria.
VASP 5 offers a robust and efficient platform that grants advanced access to VASP, a
prominent first-principles DFT code well-recognized in the industry. MedeA VASP 5 [44] is

a software program incorporated within the MedeA atomistic simulation environment. It offers
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a range of features, including extensive structural databases, tools for model construction, and
fully automated modules for property analysis. The software also provides a user-friendly
graphical interface, allowing easy navigation and interaction. Additionally, VASP 5 offers
access to automation and large-scale high-throughput capabilities, enabling efficient
processing of large datasets. It also facilitates efficient calculation of properties and allows for
interactive analysis of the obtained results.

To run VASP with minimum configuration, the following input files are necessary: the
INCAR file, the POTCAR file, the POSCAR file, and the KPOINTS file.

The INCAR file serves as the primary input file for VASP, playing a pivotal role in
specifying the tasks to execute and the corresponding methodologies. The INCAR tags, as
provided in the INCAR file, select algorithms and define parameters that VASP uses during
the computation.

The POTCAR file is a crucial component that includes the pseudo-potential for each
atomic species used in the computational analysis. If the number of species exceeds one, it is
customary to merge the POTCAR files of each species using concatenation. The POTCAR
file further contains pertinent details on the atoms, such as their mass, valence, and the energy
associated with the reference configuration used in the construction of the pseudo-potential. In
the case of POTCAR files containing several species, the computation uses the maximum cut-
off values (ENMAX or ENMIN).

The POSCAR file is an essential input file for the VASP software. The file in question
is a plain text format that includes, at minimum, the lattice geometry and the locations of the
ions. Additionally, initial velocities for a molecular dynamics simulation may be optionally
supplied in this section. The format of this file is identical to that of the VASP output file
CONTCAR.

The KPOINTS file specifies the Bloch vectors, also known as k points, that are used for
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sampling the Brillouin zone. The convergence of this sampling is a crucial undertaking in
several computations about electronic reduction. The selection of k points is often
accomplished by using a regular mesh.

VASP 5 is effectively included inside the MedeA Environment, offering a model
development process led by a graphical user interface, quick execution of calculations, and
comprehensive analysis functionalities.

All the charge transfer calculations were done with the help of VESTA (short for
Visualisation for Electronic Structural Analysis) software. It offers a 3D visualization tool for
structural models, volumetric data such as electron/nuclear densities, and crystal morphologies.

Almost all the structures are modeled with the help of Virtual NanoLab. Its graphical
interface presents a method of atomic-scale modeling that is user-friendly. The program
includes interactive tools that enable the user to create nanosystems, set up and run numerical
computations, and see the results. With a few mouse clicks, molecules, nanotubes, crystalline
systems, and two probe systems (a nanostructure connected to two electrodes) may be created.
2.13. Conclusions and discussions
Adsorption of gas molecules on two-dimensional surfaces and van der Waals heterostructures
can be investigated using various ab initio electronic structure calculations. DFT is the most
popular choice currently employed to study properties like binding energy, adsorbate distance
from the surface, electronic band-gaps, density of states, and charge transfers [45].

To study the adsorption characteristics of gaseous molecules, we have used the density
functional calculations, employing periodic boundary conditions. We have considered
supercells of monolayer graphene, bilayer graphene, and phosphorene two-dimensional
materials. In our analyses, we have used each simulated system consisting of 4 x 4and 5 x 5
graphene supercells to see the supercell size effects by checking the results against the available

experimental results. For the studies of black phosphorene, we have considered 3 x 3 supercell
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(36 phosphorous atoms) representing an isolated sheet for which different doping
concentrations and configurations are contemplated.

All the DFT calculations, geometry optimizations, and electronic structure calculations
have been performed using the Vienna ab initio simulation package (VASP) as integrated in
the MedeA® computational environment with the projector augmented wave (PAW) basis sets
and periodic boundary condition. We have mainly used plane-wave basis sets in our quantum
chemical stimulations as they converge smoothly to the target function, contrasting with the
localized basis sets.

The plane-wave basis sets are popular in calculations involving periodic boundary
conditions. They have the advantage in the DFT stimulations: they are orthogonal,
computationally simple, and low scaling methods allow easy transformation between real and
reciprocal space. Certain integrals and operations are much easier to carry out with plane-wave
basis functions than with the localized counterparts. In practice, plane-wave basis sets are often
combined with an effective core potential or pseudo potential so that the plane-waves are only
used to describe the valance charge density. It is because the core electrons tend to be
concentrated close to the atomic nuclei, resulting in significant wave function and density
gradients near the nuclei. These are only easily described by a plane-wave basis set if a very
high energy cut-off is used. The projector augmented wave method (PAW) is used in ab initio
electronic structure calculations. It is a generalization of the pseudo-potential and linear
augmented-plane-wave methods and allows for DFT calculations to be performed with greater
computational efficiency [32].

Valence wave functions tend to have rapid oscillations near ion cores due to the
requirement that they be orthogonal to core states; this situation is problematic because it
requires many Fourier components (or, in the case of grid-based methods, a very fine mesh) to

describe the wave functions accurately. The PAW approach addresses this issue by
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transforming these rapidly oscillating wave functions into smooth wave functions, which are
more computationally convenient and provide a way to calculate all-electron properties from
these smooth wave functions. This approach is somewhat reminiscent of a change from the
Schradinger picture to the Heisenberg picture.

We have employed the GGA-PBE with the Perdew—Burke—Ernzerhof (PBE) [18]
exchange-correlation functional in the DFT framework to investigate the adsorption properties
of various molecules on the chemically doped nanostructures. Though there are many GGA
functions the most popular and preferred function is the PBE. GGA (Generalized Gradient
Approximation) is a group of functional, not a particular one. PBEO is a hybrid functional
(different class from GGA) based on PBE. Hybrid functionals include an additional term
representing the HF exchange, which is not present in GGA functionals. In short, the Perdew-
Burke-Ernzerhof (PBE) functional is very popular because it is a non-empirical functional with
reasonable accuracy over a wide range of systems. While PBE is typically not the most
accurate GGA (generalized gradient approximation) functional for a given system, it usually is
not too far off either.

By tallying with experimental results, we have used van der Waals corrections like
DFT-D2 and DFT-D3 (BJ-damping). The kinetic energy cut-off of the plane-wave expansion
is 520 eV to represent the wave function, and for the charge density with a convergence
criterion of 0.01 eV is kept throughout the calculation in the case of graphene and while

considering black phosphorene calculations, kinetic energy is maintained 450 eV.
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Chapter 3

Electronic modification of chemically
doped graphene surfaces on adsorption
of NHsz and CO
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3.1. Introduction
Adsorption of gases on graphene has gained much interest recently and has been the focus of
many theoretical and experimental investigations due to the wide variety of applications [1,2].
Such adsorption studies can significantly modify the electronic and other transport
characteristics of pristine graphene [3,4]. As graphene-based electronic devices have the
disadvantage of being a zero band-gap semi-metallic conductor, a lot of research, both
experimental [5] and theoretical [6-8], is dedicated to modulating or engineering its band-gap
to change it into the semiconducting regime to tailor its optoelectronic properties. The most
important ways to change the electronic band-gap are intrinsically doping the graphene [7-10]
with p- and n-type dopants and extrinsically by adsorbing various molecular species on its
surface [11-14]. One of the most crucial ways to improve the sensing property of graphene
surfaces has been the introduction of foreign atoms or dopants on the graphene layer [11-15].
It is well established that pristine graphene is insensitive or chemically inert to the presence of
almost all environmental gaseous molecules [16,17]. Therefore, there is a lot of interest in
adsorption on doped graphene and its application as sensors for gaseous species [11-15,18,19].
Some of the previous literature shows that the interaction of graphene with adsorbed
gaseous species can drastically alter the electronic properties and, therefore, be used to design
ultra-sensitive gas sensors [18,20]. The fact that sensors based on graphene can be used even
for sensing individual gas molecules is already established through some experiments [15], as
these surfaces have high sensitivity to chemical doping and show remarkable fluctuations in
conductivity in the presence of gaseous molecules [18] This invaluable result has also been
supported theoretically by Wehling et al. [20]. Such adsorbate/adsorbent systems are reported
to show changes in the transport properties initiated by controlled surface adsorption of gaseous
species [21]. Most adsorption studies deal with strong chemisorption on metal-doped or

transition metal-doped graphene [22-25], with very high adsorption energy, as anticipated.
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This has been established by a few of the previous adsorption studies of gaseous molecules like
CO, NHs, O2, NO2, O3, SO, SOg, etc., on doped and co-doped graphene surfaces [22-27].
Most of these studies show assertive chemisorptive behavior, where the entire electronic
properties of graphene get altered. However, a semi-metal doped with a transition metal or a
metal is expected to remain metallic and will not be suitable for semiconductor based sensing
devices. Therefore, the primary interest is to modulate the band-gap of graphene through
doping and molecular adsorption to improve its selectivity and sensitivity even with traces of
adsorbates. It has been shown by a recent theoretical investigation [7] that the band-gap of
graphene can be opened up by substitutional doping by replacing carbon atoms with boron or
nitrogen, thus inducing p-type or n-type semiconducting characteristics. The type and the
density of charge carriers can also be modulated by doping at different sites with different mole
fractions [7,8].

The previous adsorption studies on doped graphene surfaces focus only on surfaces
with a single dopant [27] and also mainly on transition metal-doped surfaces [22-27]. Our
principal interest in the current work involves the study of molecular adsorption on graphene
surfaces doped with boron and nitrogen, with varied concentrations of the dopants. In
particular, the significant objectives deal not only with the electronic structure alterations with
increased dopant concentrations but also with the different configurational patterns on which
adsorptions of CO and NHs are considered. It is interesting to explore how chemically
modified graphene can be sensors for toxic environmental gaseous species like CO and NHs.
One of our previous investigations showed that boron-doped SWCNT could be a potential
sensor for gases like NHz [28].

Even though there are a few adsorption studies on singly doped surfaces, the aspect of
adsorption onto surfaces with different mole fractions of dopants and varied configurations has

yet to be explored, making this study distinctive and relevant. It is of interest to have the band-
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gap of the semi-metal graphene changed to a semiconducting regime, and the study may open
up its potential applications in new technologies in nanoscale electronic devices. Such doped
graphene surfaces will have an additional advantage over the conventional indirect band-gap
semiconductor, silicon, of being a direct band-gap semiconductor. Therefore, the study on
chemically modified graphene and its molecular adsorptions are fascinating and pave the way
for creating direct band materials for applications in optoelectronic devices. Moreover,
studying the adsorption of potent gaseous molecules like carbon monoxide and ammonia on
surfaces where the transport properties can be governed may find application as potential
sensors for these molecules.
3.2. Results and discussion

To study the gaseous molecules' adsorption characteristics, we have used the first
principle density functional calculations, employing periodic boundary conditions. Each
simulated system consists of a 4 x 4 graphene supercell (32 carbon atoms) representing an
isolated graphene sheet for which different doping concentrations and configurations are
considered. In the case of a singly doped graphene sheet, a boron atom or nitrogen has
substituted a carbon atom. The respective concentration of dopants when one carbon atom is
substituted is 3.12%. Furthermore, increased concentrations of the dopants are also considered,
where the different arrangements of boron yielded different surface configurations, as shown
in Figure 3.1. For the adsorption studies, we construct a cubic supercell of height 15 A with a
single adsorbate molecule inside. We have implemented DFT calculations with a force
convergence criterion of 0.01 eV A and an energy convergence precision of 107 eV for the
adsorption systems. Additionally, only the Gamma point is sampled in its Brillouin zone.
Adsorption of a single molecule of CO and NHs is considered on the different patterns where
the most important physical quantity to define the strength of adsorption interactions is the

binding or adsorption energy, and is calculated with the help of Eq. 2.47 in Chapter 2, described
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as,
Ead = E (CO/NHs—graphene complex) - (E (graphene surface) + E (CO/NHs molecule)).

Here, E (CO/NHs—graphene complex), E (graphene surface), and E (CO/NH3z molecule) are the
total energies of the adsorbed system, intrinsic/doped graphene surface, and the gas molecule,
respectively. According to this definition, the negative value of the adsorption energy implies
favorable adsorption and vice versa.

3.2.1. Boron-doped graphene

Doping with boron and nitrogen is the most appropriate for graphene as the two-
dimensional structure is least disturbed by including similarly sized dopants [28]. Boron is
chosen as a favorable dopant because no substantial distortions in surface lattice geometry are
noticed, and the planarity of the surface is retained. The boron carbon distance is found to be
1.42 A, and after optimization, it has increased in the range of 1.45-1.48 A, and the C—C bond
length in the vicinity of doping is 1.45 A and 1.39 A away from it. A system of 4 X 4 supercells,
with 32 carbon atoms, is constructed with the doping of impurities like boron to study the
adsorption characteristics of common pollutant gases like CO and NH3 on such a surface. We
examine three different concentrations of doping, 3.12, 6.25, and 9.37%, and seven different
doping patterns for boron-doped graphene. Except for the single boron doped, these patterns
are defined in Figure 3.1 for 6.25 and 9.37% dopant concentrations of boron. The graphene
surface with a 3.12% boron concentration is abbreviated to as BG; a similar surface with the
same nitrogen concentration is called NG.

To understand the effect of p- and n-type doping on the semi-metallic Dirac cone
material graphene, we have initially calculated the band structure of boron doped and nitrogen
doped graphene (3.12% of doping concentration). The main idea of doping is to modify the
electronic and optical properties. The electronic band structure diagrams for boron and

nitrogen doped graphene along with that of pristine graphene are plotted in Fig. 3.2.
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Fig. 3.1. The ball and stick model of 6.25% and 9.37% boron-doped graphene surfaces in three
different configurations of the doped boron depicted by the names, ‘al-f1’, respectively. The
grey color represents the carbon atoms, while pink represents the boron atom.

The band-gap for graphene with a boron concentration of 3.12% is 0.14 eV and
corresponds to p-type doping with Dirac cones appearing above the Fermi level, forming hole
states in the valence band. The band-gaps are measured as the difference between the
maximum of the valence band and the minimum of the conduction band at the high symmetry
point ‘K’. This result coincides with the previously reported band-gap opening of 0.14 eV for
single boron-doped graphene [7] and also with the experimental value [29]. Using angle-
resolved photoemission spectroscopy (ARPES) Vyalikh et al. [29] found out the band-gap for
the freestanding boron-doped graphene surface is found to be 0.13 eV, close to the theoretical
value of 0.14 eV.

In addition to the band-gap, the boron-carbon distance of 1.48A and the charge transfer
of -1.85e (from boron to carbon) also coincide with the previous investigations [7]. The charge
transfers of -1.85e are attributed to the hole creation and associated mobility through hole
transport due to electron deficiency. The cyan line in the figures corresponding to the band
structure represents the Fermi level and is uniformly followed throughout all the chapters.

The electronic band structure diagrams for all boron-doped systems corresponding to
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various configurations, from ‘al’ to ‘f1°, with different doping concentrations, are given in
Figure 3.3. When it enters the lattice, the doping atom makes covalent bonds with the carbon
atom and changes the structure of graphene. It would modify the electronic structure of
graphene and suppress the density of states near the Fermi level; thus, a gap is opened between

the valence and the conduction bands.

(a) (b) (c)
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Fig. 3.2. The band structure of pristine graphene (a), showing the Dirac cones with zero band-
gap. Parts (b) and (c) correspond to the band-gap opening with the substitutional doping of
one carbon on the surface with boron (BG) and nitrogen (NG), respectively.

To confirm the dependability of our procedure, we have also looked into the Fermi level
shift of about 0.7— 0.8 eV in the band structure, below the Dirac point in the case of boron-
doped systems. In all the above cases, with p-type doping, the Fermi level shifts below the
Dirac point, as boron is electron deficient. It is interesting to see how the electrical band-gaps
change due to doping.

The electronic band-gaps of graphene, doped with boron and nitrogen, for the various
configurations are compiled in Table 3.1. Interestingly, the band-gaps for specific surface
configurations are improved drastically compared to the un-doped (0 eV) or singly doped
surface (0.14 eV for boron doped and 0.21 eV for nitrogen-doped graphene). Upon doping
with boron (creating hole states), the Dirac point shifts above the Fermi level, and a gap
appears, making it a p-type system. The n-type substitutional doping of graphene is done with

a nitrogen atom with five electrons. The boron orbitals contribute more in the additional levels
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created near the Fermi due to the p-type dopant for all the configurations shown in Figure 3.4.
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Fig. 3.4. The band structure of the 'd1' surface with the orbital contribution (a) Band structure of ‘d1’
surface (b) Boron P, orbitals contribution.

For the doping patterns labeled ‘b1’, with two borons, the band-gaps are 0.37eV. On
further doping, with 9.37%, the band-gaps are further increased to 0.57 and 0.58 eV for the

surface configurations mentioned in ‘d1’ and ‘f1°. Interestingly, the linear dispersion near the
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Dirac point remains almost unaffected for single-doped graphene and is affected moderately
for 6.25 and 9.37% of doping. For specific configurations where the atoms are placed adjacent,
i.e., when the dopant atoms are at alternate sub-lattice positions, as in the ‘c1’ configuration,
the band-gap is reduced to smaller values in the case of boron-doped surfaces. Such effects are
due to the introduction of symmetry by the dopants in the sub-lattices. Similar results were
also observed by Rani et al. [7] in their studies on doped systems.

Table 3.1. The band-gaps for the various configurations were studied for the different doping
concentrations. One boron (BG) and nitrogen-doped (NG) surfaces; 3.12%, a—; (6.24%) and

d-f; (9.37%).

Structure Band-gap (eV) Structure Band-gap (eV)
BG 0.14 NG 0.21
BG NG

0.14 0.21

Literature '] Literature[29]

al 0.21 a2 0.22
bl 0.37 b2 0.40
cl 0.15 c2 0.0
dl 0.57 d2 0.57
el 0.16 e2 0.15
fl 0.58 f2 0.59

The band-gaps for 6.25% boron doping are checked with the available literature, with
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6% dopant concentration calculated with a 6 x 6 supercell [7]. The band-gap corresponding
to configurations ‘al’, ‘b1’, and ‘c1’ are 0.21, 0.37, and 0.15 eV, and the corresponding values
found in the matching configurations in the literature are 0.19, 0.43, and 0.17 eV, respectively.
The results almost match, and minor changes can be attributed to supercell size effects. From
our results, it is clear that the type of configuration or the isomer plays a part in the opening of
the band-gap in addition to the increased dopant concentration. The dopants are placed at the
same sub-lattice positions for a similar type of doping as in 'b1’, 'd1’, and 'f1'. It confirms that
the band-gap is created through the symmetry-breaking phenomena. This remarkable band-
gap opening which turns graphene into a semiconductor, is achieved via sub-lattice-induced
symmetry breaking. Similar sub-lattice-induced symmetry breaking leading to band-gap
opening has been reported in a few earlier studies [7,30]. In the case of configurations where
the dopants are placed at the non-equivalent sites, no appreciable changes in the band-gap are
observed, as in configurations ‘al’, ‘c1’, and ‘e1l’. Rani et al. [7] also studied similar doping
patterns on doped graphene surfaces, and our band-gap calculations yielded identical values.
3.2.2. Nitrogen-doped graphene

Similar to the boron doping mentioned in the previous section, we have also done n-
type doping on the surface with nitrogen. For the nitrogen-doped systems, no significant
changes are observed in the planarity of the surface as the radii of carbon and nitrogen are
almost similar. It shows that the primary two-dimensional structure of the surface remains
unaffected, with a minor change in the bond lengths adjacent to the dopants. Similar to the B-
doped graphene system of 4 x 4 supercell, with 32 carbon atoms, is constructed, and
substitution doping with nitrogen is carried out to study the effect of n-type doping on the
adsorption characteristics of common pollutant gases like CO and NHs. The different
concentrations of nitrogen doping considered are 3.12, 6.25, and 9.37%, with six different

doping patterns. These patterns are defined in Figure 3.5 for 6.25 and 9.37% dopant
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concentrations of nitrogen are mentioned as ‘a2’to ‘f2’, respectively, and correspond to the
similar patterning as in Figure 3.1. The graphene surface with 3.12% nitrogen concentration

is referred to as NG.

Fig. 3.5. The ball and stick model of 6.25% and 9.37% nitrogen-doped graphene surfaces in
three different configurations of the doped nitrogen depicted by the notations, ‘a2’, ‘b2’etc till
‘f2°. Grey color represents the carbon atoms, while blue represents the nitrogen atom.

The results of the band structure calculations of N-doped surfaces are summarized in
Figure 3.6. The studies were carried out with nitrogen-doped graphene for various doping
concentrations. As expected, the Dirac point is about 0.9 eV below the Fermi level due to n-
type doping.

Similar to studies with boron-doped surfaces, the different doping patterns with nitrogen
are conducted, and their electronic band-gap is noted in Table 3.1. Interestingly, the band-gaps
for specific surface configurations, like in boron doping, are improved drastically compared to
the un-doped (0 eV) or singly doped surface (0.21 eV for nitrogen-doped graphene). Our
values coincide with the previous investigation for 3.17% nitrogen-doped with a gap of 0.21

eV [31]. Similarly, charge transfers of 1.15e (from carbon to nitrogen) are observed for
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graphene with singly doped nitrogen, which coincides with the values of 1.16e in the literature

and is attributed to the electronic transport [7,30] due to n-type doping.
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Fig. 3.6. The band structures corresponding to 6.25% (a2, b2 and c2) and 9.37% (d2, e2 and
f2) nitrogen doped graphene.

For the doping pattern ‘b2’, where two nitrogen atoms are doped, the band-gap is 0.4
eV. On doping with 9.37%, the band-gaps are further increased to 0.57 and 0.62 eV for the
surface configurations mentioned in ‘d2” and ‘f2°. For specific structures where the atoms are
placed adjacent, i.e., when the dopant atoms are at alternate sub-lattice positions, as in the ‘c2’
configuration, the band-gap is reduced to zero. Such effects are due to the introduction of
symmetry by the dopants in the sub-lattices.

3.3. Adsorption on Boron-doped and Nitrogen-doped surfaces

Even though the adsorption of various gaseous species on the surface of graphene [18]

doped with single boron and nitrogen has been investigated [27] previously, there have been

no attempts to study the adsorption phenomena on graphene surfaces with various levels of



doping concentration and also with different patterns/configurations of doping. In addition to
the adsorption on graphene with single boron (3.14%), we have investigated the adsorption
characteristics on surfaces having dopant concentrations of 6.25% and 9.37%. Moreover, with
each of these dopant concentrations, adsorption studies are carried out on various arrangements
of the dopant atoms, making different patterns, as mentioned in Figure 3.1, and the results are
presented below. The adsorption energy, the closest distance of the adsorbate gas molecule,
and the band-gaps are shown in Table 3.2 for the adsorption on boron-doped systems. As
mentioned previously, the configurations two boron doped b1 (6.25%) and three boron doped
‘d1” and ‘f1’ (9.37%) show more band-gap opening compared to the other configurations
because of sub-lattice symmetry breaking.

Table 3.2. The adsorption energy, the distance between adsorbate and adsorbent, and the band-
gap of different concentrations for various configurations of boron atoms on graphene. The
notation for the adsorption is adsorbate/adsorbent; for example, CO or NHa/al implies that CO
or NHz is adsorbed on a boron-doped graphene surface with the ‘al’ configuration. Similar
notations are also adopted for the other adsorptions. The band-gaps of free surfaces (BG, ‘al-

1) are also shown for comparison.

) _ Adsorption energy Distance Band-gap
Configuration
Eads. (eV) (A) (eV)
BG - - 0.14
CO/BG -0.105 3.42 0.18
NH3/BG -0.259 3.22 0.24
al - - 0.21
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CO/al -0.025 3.59 0.24
NHs/al -0.561 1.67 0.54
bl - - 0.37
CO/bl -0.031 3.75 0.39
NHa/bl -0.033 3.90 0.39
cl - - 0.16
CO/cl -0.028 4.03 0.16
NHa/cl -1.021 1.646 0.26
di - - 0.57
CO/d1 -0.309 3.06 0.64
NHa/d1 -0.330 3.58 0.65
el - - 0.16
COlel -0.013 4.66 0.16
NHas/el -0.079 3.35 0.15
f1 - - 0.58
CO/f1 -0.291 3.14 0.63
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NHa/f1 -1.047 1.64 0.83

The results of the adsorption of CO on all the boron-doped surfaces show a similar
trend. Though it is a fascinating molecule with both electron-donating and accepting centers
in the different regions, as a whole, it acts like a p-acceptor. At the same time, the surface is
already deficient in electrons with doped boron atoms. Due to this, the attraction towards the
surface is less, resulting in negligible adsorption energies. All the distances with CO adsorption
are found to be more than 3 A, and low adsorption energies indicate that the adsorption falls in
the range of physisorption. This physisorption does not influence the electronic properties, for
example, it remains 0.57 eV for the bare surface of ‘d1’ and 0.64 eV after the adsorption of
CO. There are no significant changes in the band-gaps, which remain almost the same as that
of the doped, adsorbent surface. The total density of states of the adsorbate-adsorbent complex
and the DOS of CO is given. The DOS corresponding to the CO shows the peaks at the same
energy values for all three figures in Figure 3.7. This indicates that a p-acceptor like CO does
not have any effect with respect to the electronic properties of extrinsic doping/ adsorption.

The ‘b1’ surface has an electronic band-gap of 0.37 eV, and CO/b1 shows a band-gap
of 0.39 eV. The partial DOS of CO given in Figure 3.8 shows all the peaks unaltered implying
only physisorption. To see the effect better, the DOS for the surface before and after adsorption
in Figure 3.8. The DOS is almost unchanged after adsorption indicating CO is almost inert to
the surface.

However, there are changes in the adsorption energy on the surface with a concentration
of 9.37%, namely ‘d1’ and ‘f1°, where the symmetry breaking is already present without the
adsorbate. Even though it is not adequate to classify it as chemisorption, and since it is difficult
to classify the sharp dissimilarity between the intermediary cases of adsorption, one may

classify the cases with favorable adsorption energy greater than 0.2 eV as a stronger
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physisorption. For example, such cases are well known in the literature with the interactions

in strong hydrogen bonds [11].
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Fig. 3.7. The band structure and respective density of states (DOS) of CO adsorbed on B-
doped surfaces with different concentrations and configurations (a) CO/b1 (b) CO/d1 and (c)
CO/f1.

The somewhat stronger physisorptions mentioned here, CO/d1 and CO/f1, show closer
distances to the surface of the order of about 3 A compared to the adsorptions on other surfaces.

We have found only negligible charge transfer of the order of 0.08e-0.11e for all these



physisorptions cases. However, this way of extrinsic doping by adsorption of gaseous species
of the intrinsically doped surface further opens up the band-gap to a negligible extent of 0.05—
0.07 eV and, therefore, is not promising. This shows that extrinsic doping with gaseous
adsorbate fails when the adsorbate weakly interacts with the surface. In other instances, in
which the adsorbent symmetry is not broken due to occupation of the dopant in different sites,

like in CO/al, CO/cl, COl/el, etc., the band-gap remains unaltered concerning the adsorbent

surface.
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Fig. 3.8. The DOS of bare surface before and after adsorption of CO on the respective surface
(a) ‘f1’ surface before adsorption of CO (b) After adsorption with CO. The red peaks represent
the DOS of CO after adsorption.

On the other hand, ammonia showed drastically different behavior near the boron-
doped surfaces. For example, the behavior of NHz near some of the adsorbent surfaces like
‘b1’, “‘d1’, and 'f1’ shows a more substantial impact where apparent electronic changes result
from extrinsic doping through adsorption. These are shown in Figure 3.9. Interestingly,
considerable differences in adsorption energy and meaningful adsorption-adsorbent distances
corresponding to the chemisorptive behavior are visible for adsorption on specific

configurations. In addition, the effects are also visual as an appreciable band-gap opening on
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adsorption. For example, for ammonia adsorption on the surface configuration labeled ‘al’,
the adsorption energy is -0.561 eV, with a distance of 1.67 A, where the band-gap is also
increased appreciably from 0.24 eV to 0.56 eV. The charge transfer is about -0.15e from
ammonia to the surface, which is electron deficient due to boron doping. The appreciable
opening of the gap from 0.24 to 0.54 eV is solely due to the adsorption phenomena where a
bond is also formed between the nitrogen of ammonia and one of the boron atoms.

These significant changes are also reflected in the given density of states plot. In almost
all cases, we see that the orbitals of NHs couple with that of the surface. For example, in

NHa/f1, some of the DOS peaks corresponding to NHz are absent near the Fermi level.
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Fig. 3.9. The band structure and respective DOS of ammonia adsorbed on B-doped surfaces
with different concentrations and configurations (a) NHas/b1 (b) NHs/d1 (c) NHs/f1. The DOS
of the gas molecule NHjs is also given.

In the case of NHs/al, the band-gap is solely due to the symmetry breaking due to
adsorption on one of the boron on the surface. Different perspectives of adsorption where the

bond formation is visible are given in the optimized geometries in Figure 3.10.

-
‘

Fig. 3.10. The geometry-optimized structures of ammonia adsorption on the surfaces showing
chemisorption (a) Top and side view of NHs/al (b) Top and side view of NHa/f1.

The band diagram corresponding to the adsorption of NHs/al, shown in Figure 3.11,
shows a noticeable band-gap opening from 0.24 eV of the doped surface to 0.56 eV. The
dispersion near the Dirac point is significantly affected due to the perturbations caused due to
adsorption. Even though the bands show some unstable characteristics, the possibility of
chemisorption cannot be neglected. Similar adsorption is also found on the NHs surface
configuration specified by the surface ‘c1l’. The surface ‘cl’ is one of the most undesirable

adsorbent surfaces where the dopants are placed adjacently. While in the case of the ‘al’
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surface, the boron atoms are separated by two carbons, allowing a certain degree of electron
deficiency distribution. Such a distribution is absent in the isomer ‘c1’, where it accumulates,
forcing adsorption. The band-gap opening is also not palpable in this case, with a 0.1 eV
difference with the adsorbate surface. Therefore, the adsorption is the sole effect that cannot
induce any noticeable change in the band-gap, as seen in the case of NHs/al.

Interestingly, a similar effect is not seen in the case of CO/al or CO/cl adsorptions.
The reason is that the electron-donating capacity of CO from the slightly electron-rich carbon
is negligible compared to that of the nitrogen holding a lone pair in the case of ammonia. This
again shows that extrinsic doping is effective in causing the band-gap to open only with
appropriate adsorbate molecules. It is also worthwhile to note that the band-gap opening can
be used in its application for sensing the ammonia molecule with a surface where the dopants

follow a specific pattern.
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Fig. 3.11. The band structure for the adsorbed complex corresponding to ammonia adsorption
on ‘al’ surface.

Amongst the adsorptions on chemically/intrinsically modified graphene, the most prominent
one is ammonia adsorption on the boron-doped surface with 9.37% dopant concentration and

the boron atoms arranged in an alternate way as in NHs/f1. The adsorption caused a favorable
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energy of -1.047 eV with a distance of 1.64 A between the nitrogen of NH3 and the boron on
the surface, corresponding to chemisorption. Compared with the stronger adsorptions on metal
or transition metal doped surfaces, this moderate chemisorption is an added advantage for its
prospective applications for sensing the gas molecule as it can also be desorbed under milder
conditions. The electronic band-gap is found to be increased from the pure surface value of
0.58 to 0.83 eV. This surface configuration ‘f1’ is one where we can see symmetry breaking
due to boron substitution on dissimilar sites. Therefore, the band-gap opening of an additional
0.25 eV can be attributed to additional symmetry breaking due to the formation of a favorable
adsorption complex. The bond distances match the classical donor-acceptor (1.43 A) B-N
dative bonds. The charge transfer is found to be about 0.17e from nitrogen. The geometry-
optimized structure is shown in Figure 3.9(b), and the band diagram for the surface, NHa/f1,
and the density of states are shown in Figure 3.12.

Figure 3.12 clearly shows a drastic change in the band-gap on adsorption, while
the shifting of the Fermi level concerning the Dirac point is affected by an amount of about
0.25 eV. This shows the additional effects of the lone pair of electrons on the nitrogen of the

adsorbate. The band-gap increase is also visible in the corresponding DOS plot.
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Fig. 3.12. The band diagram corresponding to NH3 adsorption on the configuration ‘f1’ of
three boron-doped graphenes and the corresponding density of states (a) Band structure of f1
(b) Band structure of NH3/f1(c) DOS of NHs/f1.

Similar to the bare boron doped systems, we have seen almost the same trend in band-
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gaps in n-type doped surfaces with nitrogen, except that the Fermi level is shifted above the
Dirac point because of the n-type doping. In similar systems where the doped atoms occupy
the same sub-lattice positions, ‘b2’, ‘d2’, and ‘f2’ showed larger band-gap openings due to
symmetry breaking of the sub-lattice. The band-gap results of these surfaces in Table 3.1 show
an evident change from the semi-metal graphene to a semiconducting surface. The adsorption
energy, distances, and band-gaps summarized in Table 3.3 show that CO and NH3 have little
or no impact on the n-type doped surfaces' electronic structure and are only feebly adsorbed
onto the respective surfaces. On the other hand, favorable stronger physisorption for CO on
the surfaces having dissimilar substitutions, namely, CO/d1 and CO/f1, and the chemisorption
of NHs on specific configurations (NHas/al, NH3/f1) are seen with the boron doped surfaces.

Table 3.3. The adsorption energy, the distance between adsorbate and adsorbent, and the band-
gap for different concentrations and different patterned doped nitrogen atoms on the graphene

surface. Notations used for adsorbate/adsorbent in the table are similar to that in Table 3.2.

Configuration Adsorption energy Distance Band-gap
Eads. (V) A) (eV)
ING - - 0.21
CO/ING -0.006 3.44 0.21
NH3/1ING -0.077 3.80 0.21
a2 - - 0.22
COl/a2 -0.140 3.66 0.20
NHa/a2 -0.007 3.53 0.22
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b2 - - 0.40
CO/b2 -0.034 4.01 0.40
NHa/b2 -0.018 4.58 0.40

c2 - - 0.0
COlc2 -0.021 3.73 0.0
NHs/c2 -0.081 3.51 0.0

d2 - - 0.57
CO/d2 -0.025 3.36 0.57
NH3/d2 -0.092 3.27 0.57

e2 - - 0.15
COle2 -0.015 3.34 0.16
NHa/e2 -0.043 3.50 0.16

f2 - - 0.59
CO/f2 -0.026 3.69 0.62
NH3/f2 -0.105 3.25 0.61

Nevertheless, stronger physisorption and chemisorption are missing for these two

adsorbates, CO and NHs, on nitrogen-doped surfaces, as evident from its band structure in
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Figure 3.13 and Figure 3.14. It is also worth noting that stronger physisorption, present for CO
adsorption on specific p-type configurations, is also absent in CO adsorption on nitrogen-doped
surfaces. This is due to the electron-rich surface in the case of n-doped cases. The reasons for
the behavior in n-doped surfaces can be well explained based on the electron transport present
in these systems in contrast to the hole transport in boron-doped systems. The pentavalent
dopant makes three covalent bonds with the carbon atoms, leaving an electron free for

transport.
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Fig. 3.13. The band structure and respective DOS of CO adsorbed on N-doped with different

concentrations and configurations (a) CO/b2 (b) CO/d2 (c) CO/f2.
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Fig. 3.14. The band structure and respective DOS of NH3 adsorbed on N-doped graphene with
different concentrations and configurations (a) NH3 /b2 (b) NHs /d2 (¢c) NH3 /f2.

The adsorbates CO and NHzs, with lone pairs of electrons, are not attracted to the
electron-rich N-doped surfaces. Therefore, these molecules are only physisorbed weakly onto
such surfaces with distances above 3.25 A. In the case of adsorption on nitrogen-doped

surfaces, all correspond to weak physisorption. For example, the band-gaps remain the same



for three nitrogens (9.37%) doped surface ‘f2’, i.e., 0.62 eV before and after adsorption. From
the band structures provided in Figure 3.15, it is understood that the electronic structure has
not changed with the adsorbate CO molecule for all configurations, unlike in the case of boron-
doped systems. In the case of nitrogen-doped adsorbent surfaces, we have not encountered

cases where the molecule CO or NHz3 binds chemically.
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Fig. 3.15. The band structure of nitrogen-doped graphene surface before and after the
physisorption of CO. The density of states of CO after the adsorption is also given (a) Band
structure of 2 (b) Band structure of CO/f2 (c) DOS of CO/f2.

To confirm the category of adsorptions of CO and NH3 on boron-doped and also on
nitrogen-doped graphene surfaces, we have calculated the potential energy surfaces for a few
relevant cases. For all the adsorption cases with low values of adsorption energy, the potential
energy curves similar to that of physisorption are observed. For example, the potential energy
curves for NHsz on ‘d2’ and CO on ‘f1’ are drawn together in Figure 3.16. It shows
characteristic curves for physisorption without any defined minima indicating weak
interactions. It is evident from the potential energy curves in Figure 3.17 that the adsorption
phenomena are purely physical and that when the single molecule of CO or NH3 approaches
the surface, it only has van der Waals weak interactions. The surfaces remain inert to the

molecule, and the electronic structure remains unaffected.
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Fig. 3.16. The potential energy curves for NHz on d2 (NH3s/d2) and CO on f1 (CO/f1) surfaces
show physisorption.

On the other hand, we have seen cases where ammonia is strongly adsorbed on some
of the surfaces, thus causing perturbations in the electronic structure. For example, for the
possibility of NH3 adsorption on the “f1’ surface, in addition to the band diagrams provided in
Figure 3.12, we can also visualize the effect of adsorption with the potential energy diagram
mentioned in Figure 3.17, which shows the typical characteristics of chemisorption. Though
the adsorption energy values are not very high and are about -1.04 eV, the tendency can be
observed with a clear minimum at a distance of 1.64 A in the potential energy diagram. The
depth of the chemical well represents the intensity of adsorption. In contrast, the global
minimum position at the horizontal axis equals the equilibrium bond distance for the adsorbed
species on this surface, around 1.64 A. For any potential sensing application, it is highly
preferable to have surfaces with moderate adsorption energy values rather than extremely high
ones. The cases we have observed, namely NHs/al, NHz/c1, and NH3/f1, fall into this category
of moderate chemisorption. Therefore, such graphene adsorbent surfaces may find applications

for sensors for ammonia molecules.
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Fig. 3.17. The potential energy curves for NHz on the 'f1° (NHa/f1) configuration showing
chemisorption. The minimum of the curve corresponds to the B-N bond distance of 1.6 A.

As chemisorption involves the bond formation between the gas molecule and the
adsorbent surface, it requires energy corresponding to -1.05 eV. As is evident from Figures
3.11 and 3.12, the strong perturbation induced by the adsorbate influences the doped surface's
electronic structure, leading to an increased band-gap in the case of ammonia on ‘al’ and also
on ‘f1’ types of surfaces. In the case of pure physisorption, such as CO/f1, weak van der Waals
forces are the only attraction between the adsorbing molecule and the surface. As illustrated
in Figure 3.16, the forces in the potential curve are negligible at a relatively wide distance from
the top until a substantial rise in total energy is induced by strong repulsive forces resulting
from overlaps in the electron density.

The minimum characterizes the potential energy curve at a shorter distance when
chemical bond formation occurs, such as in NHs/f1, indicating chemisorption. To further study
the effects of adsorbed molecules on the electronic properties of graphene, charge density

surfaces are calculated for a few systems with and without the adsorption, visualizing the
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various interactions between the adsorbate and adsorbent. The sliced-up surfaces along lattice
planes are done in VESTA to visualize the charge density and difference charge density iso-
surfaces [32]. Figure 3.18 shows the charge density before and after adsorption of one of the
essential cases, NHs, on the ‘f1’ surface as (a) and (b), respectively. As can be seen, the colors
indicate electron deficiency around the region where the doping is done. We constructed
contour plots in the plane containing B-C—B bonds and the nitrogen of NH3z. The charge—
density plots in Figure 3.18 show a dense mixture of charge density between the boron of the
graphene plane and the N atom of NHs, indicating a distinct degree of covalent bonding
between B and N atoms. B—N bonds' bonding states lie on top of the valence bands. From
Figure 3.18, we can see carbon with four electrons and boron with three electrons forms a

covalent bond along the contour of hkl (110).

Max = 0.592345

(@) ()

Min = -9.22064e-005

Fig. 3.18. The two-dimensional charge density surface for f1 (given before (a) and after (b))
adsorption of ammonia. The unit of isovalue is e/A3,

The charge concentration distributed among carbon atoms adjacent to borons involved in the
bond formation is shown in Figure 3.19. The charge difference density is calculated according

to the Eq 2.48 as,
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Ap = p(NHa/f1) — (p (f1) + p(NHs)),
Where p (NH3/f1) denotes the charge density of the ammonia adsorbed on the surface ‘f1’. In
contrast, p(f1) and p(NH3) represent the charge densities of the clean doped surface ‘f1” and
isolated molecule NHz; therefore, the negative charge density regions correspond to areas
where the electron density is lost. In contrast, the positive regions represent the areas where
the electron density is accumulated. The difference between charge densities of the adsorbed
complex and the surface and the gas molecule NHs, according to Eq. 2.48, is plotted in Figure
3.19 in two different perspectives (a) and (b) to visualize the effect of perturbations due to
adsorption. The difference density plot is to understand how the charge density redistribution

occurs due to chemical bond formation and interactions.

Max = 0.592345

Min = -9.22064e-005

Fig. 3.19. The difference charge density contour surface of NH3/f1 (a) Contour plot and (b)
Bird-eye-view perspective. The unit of the isovalue is e/A3.

The effect of ammonia, which chemisorbs onto the surface, is clear from the charge
density plot. The regions where the boron atoms are present still show areas of electron-
deficient nature in the immediate vicinity compared to the rest of the surface. On the other
hand, the physisorption on doped surfaces shows no appreciable change in the charge densities.

The prominent charge accumulation occurs on the bond between the nitrogen atom of NHz and
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the boron atom on the surface, indicating that a sizeable electronic pile is a deciding factor for
forming a strong chemical bond in this adsorption process. Overall, it contributes to
understanding the adsorption process and shows the electron distribution due to forming the
bond between the adsorbate molecule and the doped surface.

3.4. Conclusions

We have investigated the adsorption of CO and NHz on a chemically modified
graphene surface. The chemical modification and alteration of the electronic properties of the
graphene layer are achieved by substitutional doping with boron and nitrogen. We have
demonstrated that the band-gaps can be significantly opened up from a value of 0 eV up to 0.83
eV on molecular adsorption on doped surfaces. It is also interesting to see that the electronic
properties are modified with various mole fractions of doping. However, it does not show a
systematic increase with the increase in the dopant concentration. It is attributed to the sub-
lattice-induced symmetry breaking for specific dopant configurations on the surface.
Therefore, a high doping concentration cannot achieve an increased band-gap. More
importantly, the dopant sites and configurational doping patterns are crucial. The adsorption
of CO on specific isomers of the boron-doped surface is observed to fall in the more robust
physisorption regime. The ammonia molecule adsorbs chemically on particular configurations
of boron-doped surfaces with high adsorption energies ranging from -0.56 to -1.46 eV. The
charge transfers of 0.17e to 0.20e are noticed upon ammonia adsorption on boron-doped
surfaces.

In contrast, the interaction of both CO and NHs with nitrogen-doped surfaces falls in
the physisorption range. Furthermore, this work also suggests that chemically modified
graphene surfaces could be used as promising and valuable materials for possible sensing
applications and their potential applications in new technologies in nanoscale optoelectronic

devices as a direct band-gap semiconductor.
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4.1. Introduction
Oxides of nitrogen such as NO, NO., and N20 are prevalent pollutants, posing a threat
to the health of humans and animals as their prolonged exposure to nitrogen oxides is related
to cardio-respiratory dysfunctions [1]. Among the many materials and techniques suggested
for detecting nitrogen oxides, graphene-based materials are emerging for the sensing process
with advantages, including low detection limits, operating at room temperature, fast sensing,
and high recovery [2]. Even though the experimental investigation by Schedin et al. [3]
has revealed graphene as a unique, two-dimensional material to attract gaseous moieties,
surprisingly, at an individual level, it has been established now that pristine graphene is
chemically inert to many of the gases and that its semi-metallic nature limits its device-
based applications [4].
There is a broad demand for sensors derived from semiconductors, owing to
their better sensitivity and selectivity, even with traces of gaseous species. As stated in the

previous chapter 3, there have been many attempts, both theoretical [4] and experimental
[5]' to transform the zero band-gap graphene into a semiconductor. From our initial studies

shown in Chapter 3 and some of the previous investigations [5-8,9-11]' the band-gap of
graphene can be engineered by substitutional doping, i.e., by replacing carbon atoms with
boron or nitrogen, thus inducing p- or n-type semiconducting characteristics. Doped
graphene has widespread importance in various applications, especially those related to
the sensing of gaseous pollutants [7]. Such intrinsic doping with heteroatoms can open up
the band-gap, making it a semiconductor, eventually enhancing the chemical sensing and,
in some cases, favorably adsorbing them. There have also been many attempts to improve
the chemical affinity of semi-metallic graphene surfaces through a combined effect of
intrinsic and extrinsic doping in terms of molecular adsorption of external gaseous

molecules [4,12-20]. It is also known in the literature that doped graphene and graphene
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with defects [21] adsorb molecules better than the intrinsic surface.

Among all molecular adsorption studies on intrinsically doped graphene,
comprising doping with the transition metals [22-24] are the most explored yet. The
presence of abundant d-electron systems with empty orbitals makes them excellent
candidates to bond with the gaseous molecules with ease. In the same direction, there are
also investigations on noble-metal doped graphenes that show high sensitivity and affinity
to gaseous molecules [25]. As expected, most of these gaseous species adsorb firmly on
such surfaces, forming strong bonds with relatively high binding energies. This eventually
makes the desorption of these gases difficult at ambient conditions, and the entire
electronic structure may get altered during the process. Therefore, a semi-metal like
graphene doped with metal or transition metal is not expected to yield beneficial
optoelectronic properties.

Many investigations of gaseous molecules on doped surfaces [11-13, 15,16] have
employed first-principlescalculations. This chapter considerstheadsorption of some NO,
NO2,and N2O oxides onboron-doped surfaces. These oxidesare atmospheric pollutants
produced by burning fossil fuels in industrial combustion engines and naturally through
combustion at high temperatures during lightning. Both NO and NO: exist in unison
and are primarily considered to have the highest impact on the human respiratory system
and the environment. These oxides have been investigated theoretically and
experimentally on intrinsic graphene, graphene oxide,and doped graphene [19,26-28].
The room temperature sensitivity of these oxides to graphene surfaces [20] and the
study of the adsorption of nitrogen oxides on graphene oxides [29] have also been
investigated. Zhang and coworkers demonstrated [13] that the doped and defective
graphene interacts with molecules like CO, NO, NO2, and NHs. Investigations to

improve the gas-sensing properties of graphene by introducing defects [21] and dopants
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[7,11,12,19] have been explored with small gas molecules. Ali etal. [21] have studied
NO and NO: on defective and ozone-treated graphene and observed high sensitivity
towards these surfaces. A recentinvestigation by Chaudhary et al. [18] looked at a few
molecules on boron and nitrogen co-doped surfaces to check the sensitivity for increased
concentration of dopants on the surface and found a systematic increase in band-gap with
the concentration [18].

In the current study, the first-principles method based on DFT is employed to study the
adsorption of NO, NOz, and N2O on graphene surfaces doped with boron, nitrogen and on
surfaces co-doped with both boron and nitrogen, at various concentrations with dopants
arranged in different patterns. Even though there are a few adsorption studies on singly doped
surfaces, the aspect of adsorption on the surfaces with different concentrations of dopants and
with varied configurations are not conclusively explored, except for a few investigations,
making this study exceptionally important and distinctive. [11,18]. The study of adsorption of
the potent gaseous molecules, N2O, NO, and NOz, on surfaces where the transport properties
can be governed may find application as potential sensors for these molecules. The current
study shows how the electronic structure can vary drastically, not only with increased dopant
concentrations but also with the adsorption of these molecules. The 'flat dispersion-less bands'
that arise due to the adsorption of paramagnetic oxides of nitrogen on boron and nitrogen-doped
surfaces are also investigated. The study of electronic structure with this molecular adsorption
of nitrogen oxides has never been explored previously and is expected to bring novel insights.
4.2. Results and Discussion

This section presents the result of the investigation of the adsorption of the gases N-O,
NO, and NOz on doped surfaces. A few crucial adsorptions on co-doped surfaces are also
discussed. From the previous investigation [11], it is clear that the doping configurations on

the surface or patterns of the dopants on the surface make a difference in the band-gaps
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generated, correlated with the sub-lattice symmetry breaking in the supercell. This result
contrasts with the systematic increase of band-gaps with doping concentration predicted by
Chaudhary et al. [18] for up to 50% doping of a graphene surface where the band-gaps show
an appreciable increase. Because of the doping of graphene with similarly sized boron, the
two-dimensional structure is least affected, with only slight variations of bond lengths from
1.42 A to 1.45- 1.48 A. The doping patterns on which adsorptions are defined, except for the
single boron-doped graphene (3.14% concentration, hereafter referred to as 1B), for 6.25 and
9.37% dopant concentrations of boron surfaces are shown in Figure 3.1. Similar concentrations
are also considered for the nitrogen-doped systems, as shown in Figure 3.4.

To understand the effect of substitutional doping on graphene, the band structure is
initially calculated for the systems discussed above. The electronic band structure diagrams
for all boron-doped and nitrogen-doped systems corresponding to various configurations and
different doping concentrations, from "a' to 'f' are shown in the previous chapter as in Figures
3.3 and 3.5, respectively.

4.2.1. Adsorption of NO and NO2 on doped graphene surfaces

This section discusses the adsorption of the paramagnetic molecules NO and NOz on
boron-doped surfaces, their adsorption mechanisms, and the unusual electronic changes
induced upon adsorption on doped surfaces. To understand both adsorption and the electronic
changes, the calculated values of adsorption energy, the distances from the surface, and the
charge transfer, along with the band-gaps of bare surface and for the gaseous molecules NO
and NO- adsorbed on these surfaces, are presented in Table 4.1 and 4.2 respectively. NO
adsorption on all surfaces other than 'b" and 'c' is strong physisorption with an appreciable
adsorption energy of 0.4 - 0.9 eV and adsorbate - surface distances of 2-2.5 A with typical
charge transfers suitable for physisorptions.

Table 4.1. The adsorption energy, the distance of the adsorbate from the surface, the band-gap
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of the bare surface, and charge transfers of NO gas molecules on graphene surfaces doped with
boron with different concentrations forming various configurations. The positive sign in the
charge transfer indicates charge transfer from NO to the graphene surfaces and vice versa. 1BG

denotes 1boron doped graphene with 3.14% concentration.

Adsorotion Band-gap Charge
Molecule/surface P Distance (A) bare surface transfer
Energy (eV)
(eV) (e)
NO/G -0.0291 3.36 0 +0.010
NO/1BG -0.485 2.46 0.14 +0.014
NO/a -0.600 2.05 0.21 +0.032
1.550-B

NO/b -1.280 1.40 C-N 0.37 -0.880
NO/c -1.521 1.52 O-B 0.15 -0.500
NO/d -0.880 2.42 0.57 +0.017
NO/e -0.456 2.38 0.16 +0.056
NO/f -0.806 2.09 0.58 +0.069

NO adsorption on all surfaces other than 'b' and 'c' is strong physisorption with an appreciable
adsorption energy of 0.4 - 0.9 eV and adsorbate - surface distances of 2-2.5 A with typical
charge transfers suitable for physisorptions. The geometry-optimized structures of the
adsorption of NO on a few boron-doped surfaces with different mole fractions are shown in
Figure 4.1. For adsorption on 'b" and 'c' type patterned surfaces (with both concentrations
6.28%), the molecule NO is chemisorbed as evident from the adsorption energy and the
formation of bonds with the surface. Besides, both surfaces have appreciable charge transfer,

confirming chemisorption. It is worth mentioning that the 'b' surface is where the equivalent
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sites on the graphene supercell are occupied, leading to sub-lattice symmetry. The bond lengths
for carbon to nitrogen are typical C-N single bond distances, and the boron to oxygen distances
are typical tetra-coordinated boron. Itis seen that the adsorption of NO, on most of the surfaces
except for the intrinsic graphene, is strong physisorption or chemisorption with bond formation.
In the case of NO on intrinsic graphene, the molecule is only weakly physisorbed, indicated by
the low adsorption energy and negligible charge transfer. In all other cases, other than with the
'b"and 'c’ type surface, stronger physisorptions can be seen through the higher energies and the
distances to the surface lower than 2.5 A. With distances less than 2.5 A, one can classify them

as similar to interactions in stronger hydrogen bonds.

(a) NO/b || (b) NO/c

Fig. 4.1. The optimized geometry of boron-doped graphene (a) NO/a (b) NO/c (c) NO/d and
(d) NO/e configurations.

Table 4.2. The adsorption energy, the distance of the adsorbate from the surface, the band-gap
of the bare surface, and charge transfers of NO> molecule on graphene surfaces doped with

boron, with different concentrations forming various configurations. The positive sign in the
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charge transfer indicates charge transfer from the molecule to the surface and vice versa. 1BG

denotes single boron-doped graphene with a 3.14% concentration of boron.

Adsorption Band-gap Charge
Molecule/surface Distance (A) | bare surface transfer
Energy (eV)
(eV) (e)
NO./G 0.09256 3.50 0 -0.014
NO2/1BG -1.5097 1.64 B-O 0.14 -0.50
NO-/a -0.7359 1.60 B-O 0.21 -0.64
1.68 B-O
NO./b -0.6272 0.37 -0.45
1.63 C-O
NO2/c -1.4704 1.47 B-O 0.15 -0.70
NO2/d -0.8783 1.61 B-O 0.57 -0.50
NO2/e -0.8381 1.60 0.16 -0.60
NO./f -0.1655 2.98 0.58 -0.16

NO- adsorbs strongly on all surfaces except pristine graphene and the surface pattern 'f'.
It shows chemical adsorption with the bond formation and appreciable charge transfer, in this
case, to the electron-withdrawing molecule NO2. As mentioned in the previous literature, these
paramagnetic molecules are expected to produce significant doping effects [19]. The
interaction of NO and NO: on intrinsic graphene is depicted in terms of the band structure and
the density of states plot to understand the orbital interactions in Figure 4.2. The adsorption
energy of NO on intrinsic graphene is very low, of the order of 0.01 eV, and the charge transfer
to the surface is also low, 0.017e from NO to the graphene, and the molecule lies above 3.4 A
above the surface. NO is a donor molecule, and the HOMO (the LUMO) is degenerate and

half-filled 2p-nm molecular orbitals. The additional level seen in the band diagram originated
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from the adsorbate and is only slightly below the Dirac point (less than 0.1 eV). At the
distances of physisorption, there is no appreciable orbital overlap with the carbon at the p

orbitals on graphene, as can be visualized from the DOS.
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Fig. 4.2. The spin-resolved band structure (a) and the density of states (b) of NO on intrinsic
graphene and that for NO2 on intrinsic graphene ((c) and (d)).

Similarly, for the adsorption of the NO2 molecule, we have found a charge transfer
of 0.014e from graphene to the molecule. As noted for the adsorption of NO and NO; on
pristine graphene by Leenaerts et al. [26], it is seen that the Fermi level is situated below the
Dirac point by about 0.25 eV in the case of NO2, which introduces slightly stronger doping
effects compared to the NO, where the effects of doping are negligible. The peak in the down
spin side of NO2/G shows the HOMO orbital of NO; below the Fermi level.

The changes in the magnetic properties are visible as asymmetry in the molecule's partial
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density of states (PDOS) of Figure 4.2. The band diagram and DOS of pure graphene are

shown in Figure 4.3.

(2) (b)

DOS (states/eV)

M K r -9 -6 3 0 3 6
ENERGY (eV)

Fig. 4.3. (a) The band structure and (b) DOS of pristine graphene.

The introduction of states below the Fermi shows that states created below the Fermi
lead to n-type doping with the adsorption of an electron donor like NO. While NO: is an
electron-accepting species, similar states are formed slightly below the Dirac point. Similar to
the prediction made by Leenaerts et al. [26], no significant doping effects with NO adsorption
on intrinsic graphene are found in this study. The HOMO of NO, a paramagnetic species, is
degenerate, half-filled, and lies slightly below the Dirac point. The small amount of charge
transfer from NO is compensated for by the orbital mixing happening with carbon p-orbitals.
Even though the band-gap is not opened with NO> adsorption on intrinsic graphene, the Dirac
point is shifted above the Fermi level, indicating that the electronic structure of graphene is
sensitive to the NO2 molecule. The results on the intrinsic graphene compare with Leenaerts
et al. [26] but contradict the claim by Wehling et al. [19] that the paramagnetic molecules are
strong dopants found true only in the case of NO..

In the physisorption and chemisorption of NO and NO., adsorbate-absorbent

interactions on the chemically doped surfaces show unusual and interesting electronic effects.

114



In almost all cases of adsorption of NO, chemisorption or strong physisorption occurs wherein
adsorbate induces flattened-out bands with all the systems. The introduction of flat bands in
the band structure can be attributed to the orbital contribution from the adsorbate molecules
and the orbital mixing or hybridizations between the adsorbate and the adsorbent during the
strong interplay with the surface. In this strongly bound limit, wherever strong physisorption
or formations of bonds or chemisorption happen, the behavior of the adsorbate molecule is
dominated by the potential energy. It implies that the band eigenvalues become independent
of the k-vector, thus forming flat bands, as shown in Figures 4.4 for NO and 4.5 for NO,. It
leads to a band structure where the bands are almost horizontal and transform into levels similar
to energy levels in isolated systems. It is observed that such dispersion-less flat bands occur
when the adsorbate molecules are almost localized above the surface. The band structures
obtained for the various adsorptions are shown in Figure 4.4 for the different NO/surface
combinations. In this figure, the band structures of the doped surface without adsorption, for
the adsorption complex, and the total and the projected density of states for the NO adsorbed
on the corresponding surfaces are given, where NO/b and NO/c correspond to chemisorption
and others to strong physisorption.

The effects of adsorbate-adsorbent interactions are very much visible, for example, in
the dispersion-less band diagrams with flat bands and also from the density of states. The NO
orbital interactions are highest in the cases of chemisorption (b) and (c), shown in Figure 4.4.
It is interesting to see that the density peaks vanish from NO partial density of states in both
NO/b and NO/c cases, meaning that the orbitals mix up via hybridization, resulting in bonding
with the surface. In the case of (b) in Figure 4.4, the band-gap of the bare surface is 0.37 eV,

and it vanishes after NO adsorption.

115



(a) ~

(k)

(€}

(@

Fig. 4.4. The band structure and DOS of NO adsorbed on doped graphene surfaces, shown in
each row (a), (b), (c), and (d) are the band structure of the surface, adsorbate surface complex,
and the density of states. Inthe DOS plots, the states for the adsorbed molecules are also shown

in addition to the total DOS (Total Density of States).

ESXERGY {6V

e
i

|

Nl L3 1

ENERCY eV}

NO/AB

ety b )

[CH5]

1

4
=
.
1%

L

LT A I
EXERGY dev)

EXERGY i)

—
e

(LY
194
5
1 R

=i -5 e -4 -2 L]
ENERGY (W)

H

4

L]

SR eV

EXERGY (aV)

[LETE ]

ENERGY eV

— Tk
—0
114
1%
54
#
e o & o 3 R 3 A B

ENFREGY Y]

FESERGY («V)

L

=il

ENEHEY {#V)

—tr
v v ~ 5 T - -
N I I
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visible at around 0.6 eV above the Fermi level.

depicted in Figure 4.4 (c) also, the typical density of states of the pure NO vanishes, implying

There is a complete loss of NO peaks from the lower energy region, and only a state is
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In the other case of chemisorption, NO/c




that the molecule NO is not in its free state.
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Fig. 4.5. The band structure and DOS of NO> adsorbed on doped graphene surfaces. The band

structure of the surface, adsorbate surface complex, and the density of states are shown,
respectively in (a), (b), (c), (d).

Additionally, it is to be noted that there are many states around the Femi due to the adsorbate
NO, both for chemisorption and for physisorption. It indicates that the molecule is localized

over the doped, adsorbent surface. In all the cases of NO/doped surface combinations, the
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electronic structure deals with the complete loss of dispersion of bands, leading to a lack of
special features as in intrinsic Dirac materials.

The spin-resolved band structure and total and partial densities of states are given in
Figure 4.6 for a sample case of adsorption on the 'c' surface to understand the adsorption process
further. The DOS plot for the adsorbed NO species has been changed compared to the bare
NO, and the adsorbed complex NO/c shows a considerable difference from that of the plain
surface, 'c’. In the adsorbed NO molecule, some of the typical peaks around the Fermi level,
shown in Figure 4.6 (b), have disappeared or diminished compared to the bare molecule in
Figure 4.3 (b). Above the Fermi, the clubbing of two or more states can be seen because of the
flat bands, and therefore the system no longer behaves like a semiconductor or semi-metal and
has transformed more into a metallic state. Compared to Figure 4.3 (b), the magnetic property
is also expected to be reduced for the adsorbed molecule as the spin-up and down channels

become less asymmetric than the adsorption on pristine graphene.

(a) _I )
4 ' 10— :
_/ — TNO/c
- L NO
— L NOJe
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- l o
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. ___...-/—- o
= 0- \_ -
] e -
' M K N % 18 9 0 9

ENERGY (eV)
Fig. 4.6. The spin-polarized band structure (a) and DOS of NO/c system (b). The total DOS
of the NO-surface (NO/c) complex and PDOS of NO are given.
Both NO/c and NO/b show appreciable charge transfer from the adsorbate, as shown in

Tables 4.1 and 4.2, followed by considerable orbital overlaps. NO/b surface shows a significant
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overlap of states, even those at lower eigenvalues, with possible hybridization with the carbon
orbitals. The absence of the peak below -8 eV and other less intense peaks for NO/b supports
this result. For both these cases, the charge transfers are of 0.88e for NO/c and 0.5e for NO/b
surface.

In all cases of NO2 except for adsorption on the 'f' surface, the adsorbate molecule interacts
with the surface strongly leading to a dispersion-less band structure. It was observed that the
states are induced in between the valence and the conduction bands of the original doped
surface. Surprisingly, the NO>/f system shows no such effect. The 'f' type doped surface of
boron-doped graphene is of the concentration of about 9.4% dopants, and the borons are
symmetrically substituted in the sub-lattice. The sub-lattice-induced based symmetry is
responsible for the appreciable band-gap of 0.6 eV in the case of this surface. This surface
remains unaffected by the NO> molecule, and this effect is visible in the DOS of Figure 4.5 (d),
where the adsorbate molecule's states remain unchanged on the surface. The unreactive orbitals
appear as flat lines at the Fermi level, much above the Dirac point in the conduction band at

around 2.5 eV and below in the valence band below -2 eV.

(a) NO2/al|(b) NO,/b

i

(c) N02/C (d) NOz/e
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Fig. 4.7. The geometry optimized structures NO2 on boron-doped graphene surfaces (a) NO2/a
(b) NO2/b (c) NO2/c and (d) NO2/e configurations. All show chemisorption of NO-.

The geometry-optimized structures for NO2 chemisorbed on various boron-doped surfaces
are shown in Figure 4.7. To better understand the orbital contributions, the spin-polarized
density of states is drawn in Figure 4.8 only for NO on various substrates. Similar

representative plots for NO are shown in Figure 4.9.
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Fig. 4.8. The spin-polarized density of states for NO adsorption on various boron-doped

adsorbents (a) NO/G (b) NO/b (c) NO/c (d) NO/d (e) NO/e (f) NO/f.
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Fig. 4.9. The spin-polarized DOS showing up (1) and down spin (|) of (a) NO2 on one boron

doped noted as NO2/1B and (b) NO2 on 9.3% doped boron of configuration f noted as NO/f.

Due to the presence of the valence states near Fermi Er, covalent adsorbate-adsorbent

interactions facilitate the spontaneous formation of a bond. The spin-polarized DOS indicates

a clustering of states near the Fermi level, meaning the valence and conduction bands and the

adsorbed complex overlap have turned more into a metallic state.

Table 4.3. The adsorption energy, band-gap after adsorption of NO, band-gaps of surface

without adsorbate, distance of adsorbate from the adsorbent for nitrogen-doped graphene of

different concentrations and configurations, respectively.

Adsorption )
Band-gap Pure surface Distance
System Energy
(eV) band-gap (eV) A)
(eV)
NO/1N -0.05473 0.20 0.21 2.98
NO/a2 -0.184405 0.19 0.22 1.65 C-N
NO/b2 -0.445133 FLAT BAND 0.40 2.62
NO/c2 -0.07872 FLAT BAND 0.0 2.67
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NO/d2 -0.461106 0.27 0.57 1.65 C-N

NO/e2 -0.170969 0.17 0.15 153 C-N

NO/f2 -0.752725 FLAT BAND 0.59 2.63

The NO adsorption calculations on nitrogen-doped surfaces have also been done, and their
optimized geometries are shown in Figure 4.10. Their results are summarized in Table 4.3,
and qualitatively similar effects with completely dispersion-less bands are observed and shown

in Figure 4.11.

(a) NO/a2||(b) NO/b2

Fig. 4.10. The optimized structures of nitrogen-doped 4x4 supercell graphene (a) NO/a2 (b)
NO/b2 (c) NO/e2 and (d) NO/f2 configurations.

On the other hand, with calculations with graphene surfaces co-doped with 3.14% boron
and 9.37% nitrogen, the results agree with what is expected of an n-type doped surface
discussed in our most recent work [11]. Here, the surface is co-doped with both boron and N-
doped, and the n-type doping is more prominent with 3.14% boron and 9.37% nitrogen and
forms an n-type semiconductor with a band-gap of 0.66 eV. The electron donor species NO
does show appreciable interactions in terms of orbital mixing up with this electron-rich surface.
On the other hand, NO- is found to be chemically adsorbed on the co-doped surface without

disruption of the bands. The results are summarized in Figure 4.12; NO does not interact much
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with the electron donor species in terms of orbital mixing up with this electron-rich surface.
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Fig. 4.11. The band structure and respective DOS of NO on (a) 1N, (b) a2, (c) d2, and (d) e2
of graphene surfaces.

NO: is found to be chemically adsorbed on the co-doped surface without disruption of
the bands. The adsorption energy and bond distances are -1.92 eV and 1.53 A. The additional
levels about 0.5 eV above the Fermi level and those below the Fermi are from the adsorbate,
which forms flat bands. In the adsorption of NO2 on a co-doped surface, the interaction of the
NO. acceptor molecule is predominant. Unsurprisingly, the electron-rich surface
predominantly doped with n-type doping strongly adsorbs a molecular species, which is an
electron acceptor. A recent investigation by Chaudhary et al. [18] claimed that co-doped
surfaces are better sensors for nitrogen oxides. The question arises here as to why the
adsorption on co-doped systems does not form flat bands that would have wholly disturbed the
dispersion. Based on the earlier arguments based on the density of states, a clear explanation
can be given that the complete disruption of the band dispersions happens only when the
additional bands are created between the Dirac cones, i.e., between the valence and the

conduction bands.
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Regarding NO and NO; adsorptions on boron-doped surfaces, the interactions between
the adsorbate and surface orbitals are highest near the Fermi level. It is also close to the Dirac
region, creating additional flat bands due to the orbital couplings. In the case of co-doping, the

orbital couplings happen at areas far away from the Dirac point.
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Fig. 4.12. The adsorption of NO and NO- on a co-doped graphene system is denoted as 1B3N,
where 3.14% boron and 9.37% nitrogen are doped together. (a) and (b) are the band structure
and respective DOS of NO/1B3N, (c) and (d) are the band structure and respective DOS of
NO2/1B3N.

To confirm the adsorption mechanism, the potential energy curves for a few
representative cases are plotted in Figure 4.13 for physisorption and where there are strong

chemical interactions and the formation of bonds.
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Fig. 4.13. Typical (a) physisorption and (b) chemisorption behaviors are represented as the
potential energy diagram for representative cases of adsorptions of NO, NO2, and NO.

It is possible to observe a clear minimum corresponding to the bond distances of the
adsorbate gases with the doped surfaces in the case of chemical adsorption and typical curves
for physisorption in the case of weaker adsorptions. The charge density difference plots are
also made for some of the adsorptions, and the plots are available in Figure 4.14 and Figure
4.15. These plots are calculated based on Bader charge calculation using Eq. 2.48.

Max= 1.23323

I (a) (b)

Min=-1.69359%¢-005

Fig. 4.14. The difference charge density contour surface of NO2/b (a) Contour plot and (b)

Bird-eye-view perspective. The unit of the isovalue is /A%,
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Fig. 4.15. The difference charge density contour surface of NO/b (a) Contour plot and (b)
Bird-eye-view perspective. The unit of the isovalue is e/A3.

4.2.2. Adsorption of N2O on doped surfaces
All cases of adsorption of N2O on boron-doped graphene surfaces are physisorptions, as

indicated by the low adsorption energy values and the adsorbate-adsorbent distances given in

Table 4.4. A representative plot is given in Figure 4.16.
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Fig. 4.16. The band structure and DOS of the surface 'd" and the adsorbed complex N.O/d.
The adsorption energy values for the symmetrically doped surfaces, ‘b’, ‘d’, and ‘f’, are
slightly higher. Still, the bare surfaces' band structure is unaffected by these negligible

interactions, and the molecular orbitals of N>O are the least affected. Similar to NO, NO»
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adsorption on a co-doped surface, for N.O, we do not find any flat band near the Fermi level,

but the localized states can be seen as a dispersion-less band near 1.8 eV as can be seen in

Figure 4.17.
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Fig. 4.17. The band structure and DOS of N2O on 1B3N doped graphene (a) Band structure
and (b) DOS.

Table 4.4. The adsorption energy, distance of adsorbate from the surface, the band-gap of the
system, band-gap of the surface, sensing response, and charge transfers of N.O gas molecules

on different configurations and concentrations of boron-doped graphene surfaces.

) Band-gap
Adsorption ) Band- )
Distance pure Sensing
Molecule/surface Energy gap
(A) surface Response
(eV) (eV)
(eV)
N.O/G 0.028 3.41 0 0 Nil
N.O/1B -0.005 3.44 0.20 0.14 0
N2O/a -0.003 3.32 0.14 0.21 1.55%
N20/b 0.088 3.34 0.38 0.37 1.5%
N.Olc -0.100 3.23 0.14 0.15 3.3%
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N-0/d -0.123 3.14 0.56 0.57 3.04%

N2O/e -0.030 3.29 0.16 0.16 0

N2O/f -0.240 3.12 0.61 0.58 3.16%

As the surfaces labeled 1B, a, c, e, etc. show tiny band-gap opening before and after adsorption
of N20O, of the order of 0.14-0.2 eV, the formula is given in Eq. 4.1, based on Drude’s formula
[30], is applied to calculate the sensing response to the gas. Since Drude’s procedure is valid
for transport in metals, the same remains valid for graphene since it is a semi-metal with
significant carrier mobility. The formula is rewritten in Eq. 4.2 in terms of the number of

energy states near the Fermi level in terms of the density of states at the Fermi level with and

without adsorbate gas [31,32]. Here, Nﬁg) and NF(a)are the DOS at the Fermi level with and

without gas molecules, respectively.

§ =129-941 » 100 % (4.1)

aga

NG - N©@

S SE % 100 % (4.2)

S=" @

The sensing responses for N2O for various surfaces are calculated and presented in Figure
4.18. In cases where the electronic band-gaps for the surfaces remain small and are unaffected
by the adsorbate N20O, the sensing responses are low. In this case, where only physisorption

happens, it is also worth assuming that the mobility of the adsorbent surface is independent of

the concentration of the gas molecules.
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Fig. 4.18. The DOS of the system with adsorbate and in comparison with their respective
surfaces (a) N2O/a (b) N2O/b (c) N2O/c (d) N.O/d (e) N2O/e (f) N2O/f. The sensing response
is calculated based on Drude's formula for the weak adsorption of N2O on doped graphene
surfaces. The shaded region corresponds to the bare surface.

The adsorption scenarios where physisorption happens where the band-gaps are not
changed much compared to the pristine graphene showed low sensitivity based on Drude's 5-
10% formula. This value is very reasonable, considering there is only weak physisorption,
even though the formula based on Drude's formula is inappropriate for describing a semi-
metallic system. Also, the Bader charges show that there is only a negligible charge transfer
of the order of 107 or less from or to the surface
4.3. Conclusion

In summary, the exotic effects in the electronic structure of graphene due to the
molecular adsorption of paramagnetic oxides of nitrogen, NO, and NO: are discussed in this
chapter. In both cases of adsorption, the creation of flat bands in the band structure, with the

destruction of the Dirac cone dispersions, is observed. It is attributed to the intense coupling
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of the adsorbate and adsorbent surface states near the Fermi level, where orbitals of both mixes
lead to featureless bands. This kind of flat band offers many types of physical interpretations.
In the case of strong physisorption or chemisorption, the behaviors of the adsorbate molecule
are dominated by the potential energy. It implies that the band eigenvalues become
independent of the k-vector, thus generating the flat bands that are almost horizontal and
transform into the kind of energy levels in isolated systems. It is observed that such dispersion-
less flat bands occur when the adsorbate molecules are almost localized above the surface.
Also, in another way, in the momentum space, it can be viewed as the particle having infinite
effective mass and, therefore, not dispersive.

Interestingly, complete disruption of the band dispersions happens only when the
additional bands are created between the Dirac cones, i.e., between the valence and the
conduction bands. In the case of NO and NO adsorptions on boron-doped surfaces, it is seen
that the interactions between the adsorbate and surface orbitals are highest near the Fermi level,
which is also close to the Dirac region and due to the orbital couplings, additional flat bands
are created. In the case of co-doping, the orbital couplings happen at regions far away from
the Dirac point, and there are only a few states near the Fermi level. A recent paper by Haddadi
et al. [33] discusses the generation of Moire flat bands in the case of twisted bilayer graphenes
at magic angles. In this study, the flat band is induced by the chemical interactions between
the adsorbent and adsorbate, which depends on the nature of adsorbate molecules near the
doped graphene surface. The adsorption of paramagnetic oxides of nitrogen on chemically
modified graphene surfaces thus gives an exciting insight into this new electronic feature of
dispersion-less bands. In addition to the paramagnetic species discussed in this chapter, another
important paramagnetic species, the triplet dioxygen molecule, along with the singlet dioxygen,

are also investigated and are presented in Chapter 5.
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Chapter 5

Adsorption of molecular oxygen In
singlet and triplet states on chemically
modified boron doped graphene
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5.1. Introduction
The effects of oxygen adsorption on carbon nanomaterials have been the focus of a great deal
of research [1-3]. Oxygen detection and assessing sensors are in great demand and have
widespread applications. Numerous industries, from the cement and steel sectors to the
biological and food-processing sectors, chemical facilities, and even vehicles, have found uses
for oxygen sensors [1]. Most commercial oxygen sensors fall into three categories:
potentiometric, amperometric, and semiconducting metal oxide sensors [2]. Amperometric
sensors have a challenging design, whereas potentiometric and metal oxide sensors need
operating temperatures of 300-1000°C [2]. The medical, food industrial, and waste
management sectors all need continuous monitoring of oxygen levels in the ambient
environment [2]. Optical sensors are the only available sensors in the market that can function
in ambient circumstances. Still, they have a slower reaction time (about 40 seconds) and need
a lot of energy to run [3]. There have been theoretical and experimental studies to demonstrate
that graphene has the potential to function as a susceptible gas sensor by exhibiting changes in
transport properties upon exposure to gases such as NO2 and NHs at atmospheric temperatures.
It is seen that the electrical and optical properties of graphene and other similar 2D
materials show deviations upon exposure to gases [4-7]. Understanding the adsorption
characteristics of gases on the surface is extremely important to envisage two-dimensional-
based sensor devices. Following the experimental investigation [4] with individual molecules,
the adsorption of small molecules like Oz, CO, H20, NO2, NO, NHgs, etc., has been explored
[8-12] to understand their influence on the electronic structure properties of pristine graphene.
Nonetheless, most gas molecules can only weakly physisorb on pristine graphene
[13,14,15]. Such physisorptions cannot improve the semiconducting properties of graphene
and, therefore, forbid its potential use in gas sensors and other electronic devices. To enhance

the sensitivity of gases towards the intrinsic graphene, doping the surface with either n- or p-
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type dopants is common. It is expected to alter the electronic and transport properties [5,13].
Regular practice is replacing one or more carbon atoms with metal, transition metals, and non-
metals [16,17] or decorating the surface extrinsically with atoms [18]. It is already established
that B- or N-doped and B- and N- co-doped graphene can significantly improve the sensing of
gases like NO, NO2, NHz, and CO [13,17,19-21]. Metal and transition metal doped [22,23]
graphene are found to alter the electronic structure drastically and, therefore, cannot be
employed in semiconductor devices. On the experimental front, several non-metals doped
graphene-based materials were synthesized successfully with boron, nitrogen, etc. [24,25].
This section discusses an overview of oxygen adsorption on intrinsic and B-doped
graphene. Using the computational first-principles technique, Nakamura et al. [26] found that
oxygen atoms selectively adsorb on intrinsic graphene, forming epoxide rings and modifying
structural and electrical characteristics. There have been a few experimental [5,27-29] and
theoretical attempts [13,16,30-37] to explore the sensing of molecular dioxygen, O2, on pristine
and doped graphene monolayers. Some earlier literature reveals attempts to make oxygen
sensors [27,28] with monolayer graphene. Such oxygen sensors were made at room
temperature by chemical vapor deposition, and rapid changes in the current were shown when
the sensors were exposed to different oxygen concentrations at room temperature [27].
Bagsican et al. [29] employed temperatures programmed terahertz (THz) emission microscopy
(TPTEM) to explore the local O2 adsorption and desorption dynamics on graphene and
tungsten disulfide (WSz). They have found an adsorption energy of about -0.15 eV for oxygen
molecules on pristine graphene.
All the theoretical investigations predict only weak adsorptions with molecular oxygen
[16,30-37], and some studies indicate increased oxygen sensitivity after doping with silicon
[30,33]. It is also suggested that Si-doped surfaces can be a metal-free catalyst for oxygen

reduction reactions (ORRs) [33]. Diffusion Monte Carlo (DMC) calculations were also
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performed for O adsorption on single-layer graphene [31] to accurately describe the
adsorption's nature. They have obtained adsorption energy of —0.142 eV, close to the
experimental value of -0.15 eV [29]. The adsorption of O is also facilitated by topological
defects and compressive mechanical strain [36].

With their pioneering work, Dai and colleagues found that dioxygen adsorbs weakly onto
B-doped and N-doped (each with a single dopant atom). In contrast, it is more robust with
transition metal doped surfaces [13,16]. The adsorption of singlet oxygen molecules onto
aromatic hydrocarbon molecules like benzene, naphthalene, and pyrene, employing ab initio
MO calculations, was also done previously [38]. They have found dioxetane-like metastable
structures on adsorption of singlet O> onto hydrocarbons. Even though it is clear that the
theoretical studies on triplet dioxygen, which is Oz in its natural state, 3%q, were conducted on
graphene and singly B-doped graphene, the investigations on the adsorption of singlet
dioxygen, 1A, is hardly discussed irrespective of its importance. Additionally, the information
on the electronic structure in terms of band structures and density of states (DOS) is not
discussed previously in the literature for both triplet and singlet oxygen.

All previous investigations show that triplet Oz is unreactive to the surface. This
theoretical investigation is the first to discuss the differences between singlet and triplet
dioxygen adsorption and electronic characteristics. Additionally, this work involves adsorption
on graphene with various dopant concentrations and surfaces with different doping patterns.
Therefore, it is vital to understand the scope of using boron-doped graphene to capture singlet
oxygen for its potential uses as nano-catalysts, sensor platforms, and medical-related
applications. Moreover, a boron-doped graphene surface exposed to singlet dioxygen may
limit its use as a sensor for various other gaseous molecules.

5.2. Results and discussion

The results of the electronic structure calculation of adsorption dioxygen, Oz, on graphene
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chemically doped surfaces, are discussed in this section. The adsorption studies explore
oxygen in the paramagnetic triplet (3Xg) ground state and the diamagnetic singlet (*Ag) state on
various B-doped graphene. The effect of the surface doping concentrations, as well as
configurations or the patterns made by the dopants on the electronic band-gaps, has been
discussed in our previous investigations [17,19]. It has been reported that the doping
concentrations and the configurations lead to appreciable variations in the electronic band-gaps
of the graphene, even without the adsorption of gaseous molecules. Based on the sub-lattice
symmetry breaking, some configurations show improved electronic aspects. This study
considers doping with boron atoms as it causes the slightest deformity to the two-dimensional
planar surface on substitutional doping. The dopant concentrations studied are 3.12, 6.25, and
9.37%. The pristine graphene is indicated as PG, and the singly doped graphene with 3.12%
boron is represented as BG. For 6.25% of dopant concentration, the doped graphene surfaces
are designated as al, b1, cl1, whereas for 9.37%, there are three patterns of doped surfaces,
denoted as d1, el, f1 as in Chapter 3. A few doped surfaces show increased band-gaps with
6.25%, and all 9.37% doping concentrations are shown in Figure 5.1. The remaining patterns

of 6.25% dopant concentration, i.e., B-C-C-B, are named al and —C-B-B-C- as c1 and shown

(a) (b) E
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Fig. 5.1. The different patterns of doping on 6.25 % and 9.37 % boron-doped 4 x 4 supercell

in Figure 5.2.
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of graphene in four different patterns indicated by the names, (a) b1 (b) d1 (c) el (d) f1. The

grey color represents the carbon atoms, and the pink represents the boron atoms.

(a) (b)

> bt

Fig. 5.2. The 4 x4 boron-doped graphene supercell configurations with different
concentrations of 6.25% boron, (a) and (b) denoted as al and c1 respectively.

To further confirm the possibility of interactions of -B-C-C-B- (al)/ -B-C-B- (b1) pairs
with their periodic images, we have carried out calculations of adsorption of singlet and triplet
oxygen on the patterns specified, namely -B-C-B-/ -B-C-C-B- on a 5 x 5 graphene supercell.
The doping patterns on the 5 x 5 supercell are considered al/5 x 5 and b1/5 x 5 and are shown

in Figure 5.3. The respective band-gaps are shown in Figure 5.4.

(a)

>

Fig. 5.3. The optimized 5 x 5 boron-doped graphene supercell with a concentration of 4%

with different configurations from (a) and (b) denoted as al/5 x 5 and b1/5 x 5.
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Fig. 5.4. The band structures of boron doped graphene supercell of configurations with doping
percent of 4% as shown in Figure 5.3 (a) al/5 x 5 (b) b1/5 x 5.

We have observed that the supercell size that we have done previously is sufficient to
overcome the image interactions, as the results on 4 x 4 and 5 x 5 supercells showed almost
the same results. The slight variations are due to the minor variations in dopant mole fractions.
The change in band-gap or adsorption energies is not that appreciable. This indicates that our
study with 4 x 4 supercell is sufficient to discuss the adsorption and electronic properties of
the doped systems considered in this study.

5.2.1. Adsorption of dioxygen

Although there are few studies on oxygen adsorption [13,16,36], the effect of the spin nature
of the molecule on the electronic structure and the adsorption characteristics still need to be
considered. The majority of the previous studies deal with adsorption on pristine graphene
surfaces, and other graphene-based materials [14], and a few on transition metal doped [23,30]
and on defective graphene [34,39]. In this chapter, we discuss the results of the adsorption of
dioxygen in both triplet and singlet states. The adsorption studies are conducted for various
dopant concentrations and patterns. A few geometries-optimized configurations are given in
Figure 5.1. The results of the calculations, the adsorption energies, optimized distances, band-

gaps wherever necessary, and charge transfers for the triplet ground state and singlet are
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summarized in Tables 5.1 and 5.2, respectively.
Table 5.1. Represents the adsorption energy in eV, distance of oxygen from the surface, and
the band-gap and charge transfer for triplet oxygen adsorbed on various graphene surfaces are

given. Band gaps for the bare surface is given in parenthesis.

System Adsorption . Band-gap Charge
Distance (A)

3¥g0n energy (eV) (eV) transfer (e)
PG -0.147 3.0 0 0.06
BG -0.265 2.93 0.20 (0.14) 0.03
al -0.144 2.86 Flat line (0.21) 0.02
bl -0.138 2.9 0.41 (0.37) 0.04
cl -0.127 2.97 0.16 (0.15) 0.01
di -0.374 2.9 0.64 (0.57) 0.07
el -0.186 2.9 0.15 (0.16) 0.014
fl -0.367 2.78 0.63 (0.58) 0.05

Adsorption of the oxygen molecule in both its spin states on the graphene surface is
expected to improve the adsorption properties and electronic characteristics. It thus may
contribute to exceptional applications of graphene. Both triplet and singlet oxygen are
physisorbed onto the intrinsic graphene surface at a distance of about 3A, as shown in Tables
5.1 and 5.2. The adsorption energy for triplet oxygen on intrinsic graphene is found to be -
0.147 eV, confirming weak physisorption. This result agrees with the previous experimental
result [29] of -0.15 eV and the earlier calculations of -0.142 eV [35].

Table 5.2. The adsorption energy, equilibrium distance from the surface, and charge transfer

of singlet dioxygen adsorbed on various graphene surfaces are given. The length of the B-O
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bond formed during chemisorption is also given.

System Adsorption Charge transfer
Distance (A)

'Ag On energy (eV) (e)
PG -0.396 2.96 0.08
BG -0.718 2.20 0.22
al -0.664 1.9 0.06
bl -1.222 1.53 0.32
cl -0.932 1.9 0.04
dl -1.747 1.52 0.55
el -0.176 2.97 0.03
fl -1.504 1.54 0.63

Therefore, the DFT-D3 method, including the dispersion correction, can be
conveniently used to investigate adsorption on boron-doped systems. In Table 5.1, the
electronic band-gaps caused by triplet oxygen adsorption are also given. The corresponding
doped, bare adsorbent band-gaps are shown in parenthesis. With the triplet oxygen, the
physisorptions are not strong enough to cause appreciable changes in the electronic band-gaps.
However, with surfaces 'd1’ and 'f1', the band-gaps are slightly more than the bare doped
surface, as seen in Table 5.1. The equilibrium distances are around 2.9-3 A with negligible
charge transfers, suggesting physisorptions. On doping with boron, the adsorption energies
are improved for certain surfaces by 0.05-0.07 eV for the following reasons.

First, p-type doping makes it easier for the oxygen molecule to have the lone pair of
electrons get attracted to the surface, irrespective of the spin nature of the molecule. The

adsorption energies of triplet oxygen on various surfaces are slightly higher in the case of triplet
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adsorption on the doped surface configurations 'dl’ and 'f1' than the other surface
configurations. After doping with boron, the unpaired p-orbitals on the surface are the most
reliable sources of radical spins. The radical spin nature contributes to intermolecular
interactions between graphene and oxygen molecules because of the high reactivity of unpaired
electrons on triplet oxygen. It leads to a slightly larger band-gap opening. The higher
adsorption energies of triplet oxygen in these two cases, i.e., d1 and f1 systems with higher
band-gaps than other systems, are attributed to equivalent site doping, resulting in sub-lattice
symmetry breaking. The optimized geometries of triplet oxygen on various doped surfaces are

shown in Figure 5.5. All of them exhibit physisorption at a distance of around 3A.

L o

Fig. 5.5. The optimized geometries of respective triplet O, adsorption on different modified
graphene surfaces (a) O2(t)/al (b) O2(t)/bl (c) O2(t)/cl (d) O(t)/d1 (e) O2(t)/el (f) O2(t)/f1 ((t)-
triplet states).

The adsorption of triplet oxygen on surfaces specified by al and b1 with a 5 x 5 supercell is
also investigated in order to check for any supercell size effect due to image interaction. The

optimized geometries of triplet oxygen adsorption on these surfaces are shown in Figure 5.6,
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and the respective spin-polarized band structure is shown in Figure 5.7. the adsorption energy,
the distance between adsorbate and adsorbent, the band-gaps, and the charge transfers of these
systems are given in Table 5.3. By comparing Tables 5.2 and 5.3, it is seen that the adsorption

energies, band-gaps, charge transfers, etc, remain the same for both cases.

Fig. 5.6. The optimized geometries of triplet O, adsorption on modified graphene surfaces (a)
Ox(t)/al/5 x 5 (b) O2(t)/bl/5 x 5.

Table 5.3. The adsorption energy, distance of adsorbate from the adsorbent, band-gaps, and
the Bader charge transfers of oxygen in triplet state adsorption on 5 x 5 supercell boron-doped

graphene, respectively. The values in the bracket show oxygen adsorption on 4 x 4 supercell.

System
Adsorption Band-ga Charge
3Zg0n P Distance (A) 9ap g
energy (eV) (eV) transfer (e)
5X5
al
-0.154 (-0.144) 2.80 (2.86) - 0.02 (0.02)
(B-C-C-B)
bl
-0.146(-0.138) 2.85(2.9) 0.39 (0.41) 0.04(0.04)
(B-C-B)
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Fig. 5.7. The band structure of oxygen in triplet state adsorbed on surfaces (a) Oz(t)/al/5 x 5
(b) O2(t)/b1/5 x 5 ((t); triplet state of oxygen).

Comparing the adsorption energies of triplet and singlet oxygen on the same type of
surfaces in Tables 5.1 and 5.2, we see that the singlet adsorptions are more stabilized. It leads
to chemisorption on the doped graphene surface except for the pristine graphene (PG) and
singly doped graphene (BG). By analyzing the adsorption energies, it is found that the
magnitude of the adsorption energies of singlet oxygen is appreciable compared to that of
triplet oxygen adsorption, even on the pristine graphene surface. The adsorption energy value
is -0.39 eV for singlet oxygen adsorption on pristine graphene compared to -0.147 for triplet.
The reason for this is easy to understand. The oxygen molecule in the triplet ground state is
more stable than the singlet by 1eV (experiment value is 0.97 eV), and the bond distance is
smaller than in singlet oxygen. As the triplet oxygen is already in the lowest energy state, like
other diatomic species near bare graphene surface, it is only weakly physisorbed [29,35]. On
the other hand, singlet oxygen is reactive, remains excited at higher energy, and therefore gets
more attracted towards the bare surface to get stabilized. The charge transfer also indicates

that there is stronger adsorption than in the case of triplet oxygen.
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Fig. 5.8. The band structure and respective DOS of oxygen in triplet state adsorbed on surfaces
(@) Oz2(t)/bl (b) O2(t)/dl (c) Oz(t)/fl ((t)-triplet state of oxygen). The purple and black
correspond to the PDOS of oxygen.

The band structures and the corresponding density of states of the relevant cases of
triplet oxygen adsorption are shown in Figure 5.8. The effect of dopant concentration on the
band-gap is discussed elaborately in our previous publications [17]. The triplet oxygen
adsorption on configurations like al, c1, and el with dopant concentrations of 6.25% and

9.37%, respectively, do not show an appreciable change in band-gap after adsorption of the
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adsorbate. The band structures and respective density of states (DOS) are shown in Figure 5.9.
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Fig. 5.9. The band structure and corresponding DOS of oxygen in triplet state adsorbed on
surfaces (a) O2(t)/al (b) Oz(t)/cl (c) Oz(t)/el ((t); triplet state of oxygen). The magenta and
black correspond to the PDOS of oxygen.

However, we do not see a one-to-one correspondence of the band-gap with the dopant

concentration, and the band-gap does not necessarily vary linearly with the dopant
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concentration. The band-gap of Ox(t)/b1 is 0.41 eV, close to the bare surface value of 0.37 eV.
Similar behavior for the other two cases, O2(t)/d1 and O.(t)/f1, is shown in Figure 5.8. Though
the band-gaps for the bare surfaces d1 and f1 show an increase in band-gaps, changes during
the adsorption of triplet oxygen are minimal, without any appreciable differences in the band
structure. The m* orbitals do not participate in any bond formation except for a weak mixing
with the p-orbitals on the surface. The flat bands near the Fermi indicate the contribution from
P, orbitals of the oxygen atoms, creating bands above the Fermi, indicating a p-type nature.
The band-gaps (in Table 5.1) are unaffected and remain similar to the bare surface.

It shows physical adsorption and is confirmed by the density of states (DOS). The
partial density of states (PDOS) for triplet oxygen is drawn together with the total DOS. The
state not participating in bond formation appears as peaks slightly above the Fermi. It is also
possible to see slight mixing and contribution from both n* orbitals and carbon and boron P,
in Figure 5.10. The oxygen P, orbitals remain without much mixing, with a small contribution

from boron, and it appears as a straight band near 1 eV.
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Fig. 5.10. The band structure of triplet with the orbital contribution (a) O2(t)/b1 (b) Ox(t)/bl
mixed orbitals. The line above 0.5 eV indicates oxygen P, and boron p-orbitals.

Three effects are to be considered while understanding the difference in the adsorptive
behavior of triplet and singlet oxygen: repulsive, attractive, and spin-spin interactions. The

triplet oxygen has two electrons occupying two n* antibonding molecular orbitals with parallel

145



spins and is a biradical. The exact spin directions make it more repulsive. Attractive forces
emerge from the tendency of the kinetic energy between the parallel spins to move apart. In
the case of triplet oxygen, the repulsive forces between the biradical oxygen and the doped

surface overcome the attractive interactions with the boron-doped graphene surface.

() .
2y

Fig. 5.11. The optimized geometries of respective singlet O, adsorption on modified graphene
surfaces (a) O2(s)/b1 (b) O2(s)/d1 (c) Oz(s)/el (d) O2(s)/fL ((s)- singlet).

Most singlet oxygen adsorptions proceed through a dioxetane-like (with B-O bonds)
ring formation except for the d1 configuration, where two carbon atoms separate the dopant
borons. The B-O distances in the dioxetane-type ring ranged from 1.52 to 1.54 A. The
geometry of the optimized structure is shown in Figure 5.11, and a detailed figure of the
dioxetane-type ring formed on one of the patterns (f1) is shown in Figure 5.12. Some
unfavorable patterns do not show oxetane ring formation even on singlet oxygen adsorption at

6.25% doping concentration. An example is shown in Figure 5.13, where it only physisorb.
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Fig. 5.12. Represents the dioxetane-type ring formed by O2(s)/f1 (a) Rear view (b) Side view
(pink color represents boron, red for oxygen, and grey represents carbon atoms of graphene).
A study of adsorption of singlet oxygen onto aromatic hydrocarbon molecules [38] found
that singlet oxygen has the potential to chemisorb onto simple hydrocarbons. This attribute
can be compared with the reaction of singlet oxygen with ethylene, where the dioxetane-type
transition state is identified [40]. A similar reaction path cannot be located for dioxetane-type
for the triplet state of oxygen. In other words, the singlet oxygen does tend to oxidize the
corresponding surfaces. The singlet oxygen is chemisorbed onto all surfaces except on

intrinsic graphene and 'el1' with the formation of dioxetane-type rings.

Fig. 5.13. The optimized geometries of singlet O adsorption on modified graphene surfaces
(@) Oz(s)/al (b) O2(s)/cl.
The adsorption of singlet oxygen on al and b1, with 4% doping concentration on non-

equivalent and equivalent sites, respectively, on a 5 x 5 supercell, are also investigated to see
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the supercell effect. The 4 x 4 and 5 x 5 supercells showed the same properties, validating no
supercell size effect. The optimized geometries of singlet oxygen adsorption on these surfaces
is shown in Figure 5.14, and the respective band structure is shown in Figure 5.15. From Table
5.4, we can see that there is no difference in the case of singlet oxygen adsorption on supercell

size.

(b)

Fig. 5.14. The optimized geometries of respective singlet O, adsorption on modified graphene

surfaces (a) O2(s)/al/5 x 5 (b) O2(s)/bl /5 x 5.
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Fig. 5.15. The band structure of oxygen in singlet state adsorbed on surfaces (a) O2(s)/al /5 x
5 (b) O2(s)/ b1/5 x 5 ((s); singlet state of oxygen).

Table 5.4. The adsorption energy, distance of adsorbate from the adsorbent, band-gaps, and
the Bader charge transfers of oxygen in singlet state adsorption on 5 x 5 supercell, 4% boron-

doped graphene are given. The values obtained for 6.25% boron concentration on 4 x 4
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supercell are shown in parenthesis.

System
Adsorption energy Charge
1Ag 0N Distance (A)
(eV) transfer (e)
5x5
al
-0.752 (-0.664) 2.0(1.9) 0.06(0.06)
(B-C-C-B)
bl
-1.152 (-1.222) 1.53 (1.53) 0.34 (0.32)
(B-C-B)

All the band structures for singlet O adsorptions are primarily featureless bands with
ill-defined band-gaps; a few are shown in Figure 5.16, along with the corresponding DOS. The
unremarkable bands result from the intense mixing of p-orbitals of boron, carbon, and
molecular «” orbital of dioxygen formed from p-orbitals. The mixing is depicted in Figure 5.17
for singlet oxygen adsorption on the surface d1. The density of states shows that the adsorbate
orbitals are undergoing appreciable orbital mixing with that of the surface, especially with the
vertical P, orbitals on boron, as can be seen from Figure 5.17 due to chemical bond formation.

The flat lines at around 0.59-0.85eV correspond to the P, orbital of oxygen. In this
model, the p-orbitals of boron, carbons, and n*-orbital of oxygen molecule interact for bonding.
The electrons are arranged according to the Pauli exclusion principle in the singlet oxygen
adsorption. Therefore, it is more attracted to borons on the surface, resulting in strong
physisorption or chemisorption. The ‘el configured surface observed strong physisorption
rather than chemisorption. In this surface pattern, the borons are separated by two carbons.
Compared to the other configurations with a 9.37% dopant configuration, the lower band-gap
is due to the non-equivalent site doping in the el surface configuration. The band structures'

respective DOS of the singlet oxygen adsorption on the remaining surface patterns of doping,
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al, c1, and el, are shown in Figure 5.18.
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Fig. 5.16. The band structure and corresponding DOS of oxygen in singlet state adsorbed on

surfaces (a) O2(s)/b1 (b) O2(s)/d1 (c) O2(s)/f1 ((s); singlet state of oxygen).
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Fig. 5.17. The band structure of triplet with the orbital contribution (a) O2(s)/f1 (b) O2(s)/f1

mixed orbitals. The line above -0.5 eV indicates oxygen P, and boron p orbitals.
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Fig. 5.18. The band structure and corresponding DOS of oxygen in singlet state adsorbed on
surfaces (a) O2(s)/al (b) O2(s)/cl (c) O2(s)/el ((s); singlet state of oxygen). The red represent
the PDOS of oxygen.

On intrinsic graphene, attractive forces are insufficient to form a dioxetane-type
intermediate, even though such systems are predicted to form on aromatic hydrocarbons
without doping [38]. The effect of singlet oxygen adsorption on one of the surfaces is shown
in Figure 5.19. The total DOS of the f1 surface before and after singlet oxygen adsorption is
shown. The states near Fermi are magnified to show the intense orbital mixings due to

chemisorption.
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Fig. 5.19. The total DOS corresponding to the f1 surface before and after adsorption of singlet
0. (al) Magnified image of DOS near Fermi of f1 surface (b1) Magnified image of f1 near
Fermi after Oz adsorption.

To confirm the adsorption mechanism of adsorption of singlet and triplet oxygen on
these graphene surfaces, the potential energy curves for a few representative cases are plotted
in Figure 5.20, along with the total local potential for triplet and singlet oxygen. From the
average potential curves shown in Figure 5.20(b) and 5.21(b), the stable equilibrium of
adsorbate and adsorbent is confirmed to be 1.9 and 2.9 eV, respectively. It is possible to

observe a clear minimum corresponding to the bond distances of the adsorbate gases with the
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doped surfaces in the case of chemical adsorption of singlet oxygen and typical curves for

physisorption in the case of weaker adsorptions for triplet oxygen.
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Fig. 5.20. The typical chemisorption behavior of singlet O is represented as (a) The potential

energy diagram Ox(s)/f1 (b) Total Local Potential.
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Fig. 5.21. The typical physisorption behaviors of triplet O are represented as (a) The potential

energy diagram O»(t)/f1 (b) Total Local Potential.

To visualize the difference in the charge transfers on adsorption, the VESTA

(Visualization for electronic and structure analysis) software is used [41]. The charge density

and the difference density plots with color coding shown in Figures 5.22 and 5.23, respectively,

explain both the physisorption of triplet oxygen and chemisorption with dioxetane-type ring
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formation in the case of singlet oxygen with the surface d1.

Fig. 5.22. The charge density surfaces of (a) Oz(t)/d1 contour plot and (b) O2(s)/d1. Yellow
represents charge/electrons accumulation, while blue represent charge/electrons depletion.
For various partitions of electronic charge densities of O2(s)/d1, the plane hkl (110)
containing O-O-B bonds is employed. The charge density difference between the adsorbed
complex, the surface, and the gas molecule O is computed using Eq. 2.48. Charge density
rearrangement can be seen in the case of chemisorptive adsorption. Electron-deficient patches
may be seen near boron atoms than the rest of the surface. The red color reflects high charge
density oxygen, the green iso-charge surfaces represent 8.95e-06 e/A® charge buildup, and the
bottom cyan color represents 0.55 e/A3 charge depletion on the graphene surface.
Furthermore, the charge collected around the oxygen attracts it to the charge-deficient
area (cyan iso-surface, i.e., boron of graphene iso-surface), contributing to the energy
preference of oxygen to connect with the specific borons doped in graphene. In this case, the
valence charge (cyan) around the boron atoms is drawn to the oxygen atom (from the cyan
toward the green iso-charge surface), leading to the covalent bond formation (dioxetane-type

ring). O-O-B bonds with bonding states on top of the valence bands.
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Fig. 5.23. The difference charge density contour surface of (a) O2(t)/d1 and (b) Oz(s)/d1. The
unit of the isovalue is e/A3.

The graphic depicts the charge concentration spread among carbon atoms near the bond
formation site with boron. In Figure 5.22, the charge transfers between triplet oxygen and
boron are minimal, showing physisorption on the graphene surface of configuration d1. In the
case of triplet oxygen, the contour red color depicts the charge on oxygen. However, the charge
accumulation is much lower than in the case of singlet oxygen, i.e., at 1.16e-05 of green color
and bottom cyan color at 0.037, depicting charge depletion on graphene due to boron atoms.
5.3. Conclusions
The spin-polarized calculations reveal that the results vary drastically upon considering triplet
and singlet oxygen adsorption on doped surfaces. With the intrinsic graphene surface, both
types of oxygen show weak attractions, as is evident from the previous investigations [38].
The triplet oxygen is only physically adsorbed on all chemically doped surfaces, whereas
singlet oxygen undergoes chemisorption. Chemisorption of the singlet follows with the
dioxetane-type intermediate formation on the doped surface. This result can be best understood

from the orbital structures of doped graphene and oxygen and the various possible interactions.
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A considerable amount of orbital mixing of the orbitals of singlet dioxygen and the orbitals of
boron and carbons in the vicinity of bond formation is seen. The charge transfer is also
appreciable, with charge density accumulation near the surface confirming the bond
formations. It is interesting to know the different adsorption behavior with the different spin
states of the adsorbate molecule. Though there is theoretical evidence to support the spin states
and their occupancy on adsorption [15], the experimental evidence to suggest the spin states'
importance is still premature. Though there is little research on the effect of spin states on the
catalytic activity of transition metal oxides [42], the experimental strategies to follow up the
spin states are still under study. Whether the change of spin states changes the adsorption

configuration and reaction path is still unclear.
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Chapter 6

Adsorption of ammonia on bilayer
graphene doped with boron
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6.1. Introduction

The ability to detect ammonia has several important applications, including pollution
monitoring and factory checks. In addition, there are promising applications for ammonia
detection in medical diagnosis. Exhaled ammonia measurements, for instance, may help
distinguish among bacterial and viral infections in lung disorders, which might help support
the administration of antibiotics [1], and the gas ammonia monitoring may be utilized as a
substitute for urea levels in the monitoring of renal disease [2]. Detecting such transmission
of signals metabolic products (disease indicators) and detecting them in trace amounts is
difficult. The minute levels of analyte molecules and their sensitivity to a given analyte are
significant challenges. Low-dimensional materials have recently been prominent for gas
detection [3, 4], and in particular, it has been observed that graphene may be utilized as a sensor
for gases with excellent sensitivity, along with superior reliability for the detection of ammonia
groups [5, 6]. Bilayer graphene (BLG) devices may exhibit distinct electronic characteristics
compared to monolayer graphene (MG) devices [7,8].

Multi-layered graphene, particularly bilayer graphene, has also attracted great
attention as, surprisingly, it shows different electronic properties from monolayer graphene
while retaining much of the physical features of the monolayer [9]. It has also been observed
that multi-layered graphene shows unique properties at room temperature, such as ballistic
transport [10]. Graphene is additionally susceptible to the adsorption of gas molecules [11,12].
The use of graphene and doped-graphene-based systems for developing sensors and other
nanoelectronic devices has been extensively reported [13-17]. This study aims to investigate
the adsorption of ammonia on chemically altered bilayer graphene. To summarize the state of
the art in this area, some recent investigations on the interaction of small gas molecules on
bilayer and doped bilayer graphene are also reviewed. Here, the emphasis is on how small gas

molecules (Hz2, NO2, NO, CO, F2, NHz, H20) adsorb onto bilayer graphene structures and how
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such interactions affect the electronic properties. Some of the adsorbed gases' potential
applications on graphene are also discussed [18].
6.2. Bilayer Graphene

Bilayer Graphene (BLG) is a two-layered structure where a graphene layer is stacked on
top of another graphene layer. The layers are usually stacked in two ways - AA Stacking and
AB stacking (also known as Bernal stacking). In AA stacking, the second layer is directly
above the first layer. In AB stacking, the second layer is slightly displaced, such that one of
the two inequivalent carbon atoms lies above the hollow of the lower layer. DFT studies on
bilayer graphene by Alattas et al. [9] showed that the interlayer distance after optimization for
AA was 3.6 A and that for AB was 3.4 A. The preferred bilayer stacking configuration has
also been empirically observed as Bernal stacking.

Alattas et al. [9] and Fujimoto et al. [19] have investigated the electronic architectures
of BLGs with AA and AB stacking. The Dirac point is observed to be divided into two points
that were situated slightly off the K point in AA stacking. In AB stacking, the valence and
conduction bands overlap at the K point, with the dispersion around the K point being parabolic
as opposed to linear in monolayer graphene. BLG showed a semi-metallic nature in both the
AB and AA stacking, as shown in Figure 6.1.

The impact of dopants on the structures and electrical characteristics of BLG has been further
investigated [9,19]. As would be predicted given the size disparities, the relaxed systems in
both cases exhibited little to no structural deformation, with the bond length of the B-C bond
being more extended than that of the N-C bond. The band structures demonstrated that B-
doped BLG exhibited p-type characteristics while N-doped BLG exhibited n-type
characteristics. Additionally, there was an opening of the band-gap in both cases, with similar

band-gap values.
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Fig. 6.1. The two dimensional of both AA- and AB-stacked bilayer graphene layer in (al) and
(b1), (a2) and (b2) represents the respective band structures, (a3) The energy band structure
AA-stacked bilayer Graphene, under 0 eV electric field, (b3) The energy band structure AB-
stacked bilayer Graphene, under 0 eV electric field. The zero represents the Fermi level.
(These images are adapted from [20-22].

By swapping the dopant atom in each of the inequivalent locations of the higher layer,
Fujimoto et al. [19] also investigated the impact of dopant position in the AB stacking. It was
found that the band-gap opening was around half the value achieved when the dopant atom was
above the hollow of the bottom layer. Based on charge transfer studies [19], charge transfer
occurs from the lower to the top layer when the dopant atom is above the carbon atom. It
reduced the charge difference between the layers, decreasing the band-gap. When the dopant
atom was on top of a hollow of the benzene ring, the charge transfers predominantly occurred
within the layer, increasing the charge differential between the layers, which led to a more

significant band-gap opening.
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6.3. Adsorption of Small Gas Molecules

6.3.1. Undoped Bilayer Graphene

There have been studies on the adsorption of small molecules on a few bilayer graphene.
Shayeganfar [12] employed density functional calculations to investigate the F. adsorption on
the characteristics of bilayer graphene. For each point, the parallel and perpendicular
orientations of the F-F bond to the graphene layers are considered at different places of the F»
molecule between the layers. According to the computational findings, the perpendicular
orientation of F-F bonds was more stable than its parallel orientation due to the effect of the
atoms' closer distances to the layers. The adsorption energies at different places ranged from -
1.3 eV to -2.45 eV. In addition, band-gap opening was observed for both perpendicular and
parallel arrangements of fluorine molecule. The band-gap opening ranged from 0.083 eV at
the lowest to 0.313 eV at the highest. It was also found that an internal electric field was
generated between the layers due to the effect of the dipole moment of the F-F bond. Further,
it was seen that both the electric field and the band-gap varied with the strength of the dipole,
suggesting that the geometry of the F. adsorption could tune the induced band-gap in BLG
[12].

Santos et al. [23] investigated the binding energies and electronic properties of F»
adsorption on bilayer graphene. It was found that the binding energies of adsorption of F,
depend on the sub-lattice of the carbon atoms bonded with the fluorine. When carbon atoms
of different sub-lattices were involved in the C-F bonds, the binding energy was higher than
for the case with a single sub-lattice. It was found that the binding energy for bilayers was
slightly lesser than that for monolayers, with the same qualitative features regarding sub-
lattices. Additionally, the fluorination of bilayer graphene is accompanied by the de-coupling
of the two graphene layers, attributed to the partial sp® nature of the C-F bonds in only one

layer and the resulting lesser interaction between the graphene layers. From the electronic band
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structure calculations, the de-coupling could be clearly observed as the band structure is akin
to the sum of a pristine graphene monolayer and a fluorinated monolayer. At higher fluorine
content, the fluorinated monolayer has a metallic nature for single sub-lattice binding and a
semiconducting nature for multiple sub-lattice binding, which could also be seen in bilayer
fluorinated graphene. This de-coupling could be an exciting method to create an electronically
single-layer graphene sandwiched between a fluorinated graphene layer and a substrate through
F2 adsorption.

Ribeiro et al. [24] studied the effect of water and ammonia molecules on bilayer
graphene using DFT with local density approximations (LDA). Their calculations found that
the binding energies of both ammonia and water on one of the layers of the bilayer graphene
were lesser than those of monolayer graphene. This drop in binding energy is due to sharing
electrons with the bottom layer, thus resulting in a lesser number of electrons that can be
transferred to the adsorbed molecule. The band structures were calculated, and a band-gap
opening was observed for both molecules, with band-gaps of 0.03 eV for water and 0.042 eV
for ammonia. It is commonly known that LDA underestimates band-gaps, implying that the
actual band-gaps due to adsorption could be higher than those obtained from the calculations.
The band-gap for the bilayer is more significant than that of a monolayer, which is expected to
be due to an electric field generated between the two layers. The electric field is caused due to
the dipole moment of the molecules polarizing the carbon atoms of the bound layer, which is
higher for ammonia and is reflected in the band-gaps. This opening of band-gaps using gaseous
adsorbates could be a more feasible method of band-gap opening than straining the structure
or edge functionalization.

Sun et al. [25] fabricated a device using bilayer graphene to experimentally study the
sensing properties of CO- gas at room temperature. It was found that the electronic transport

in BLG is strongly affected by the physisorption of CO2 gas molecules onto the surface.
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Applying a back-gate voltage to the BLG could further control the adsorption rate. DFT and
molecular dynamics (MD) simulations were performed to understand the mechanisms for
enhanced adsorption rate theoretically and changed electronic properties. In the absence of an
electric field, the CO> molecule bounced off the surface easily due to high kinetic energy at
room temperatures [25]. In the presence of an electric field, the dipoles of the molecule are
attracted toward high-intensity field regions, and the subsequent van der Waals interactions are
strong enough to overcome the molecule's kinetic energy. The charge density difference
between CO and BLG was obtained from DFT simulations [25]. Even with negligible charge
transfer from COz due to physisorption, Coulomb scattering of charged impurities creates a
potential energy barrier that is strong enough to block carrier diffusion, thus increasing the
resistance of the BLG. This increased resistance could be used as an indicator to detect the
presence of COz, allowing for its use in gas sensing.

The adsorption of hydrogen adatoms on bilayer graphene was studied by Mapasha et
al. [26], where it was found that multiple competing stable configurations depended on the
arrangement of the hydrogen atoms. In configurations where an H> dimer was physisorbed
between the layers, de-coupling of the layers was observed, suggesting hydrogen intercalation
as a means of graphene exfoliation. Chemisorption of hydrogen atoms at indirect sites led to
various configurations with reduced interlayer distances, bringing the direct carbon atoms into
close contact. Electronic band structure calculations of the multiple configurations showed
that the relatively more stable configurations exhibit semi-metallic or insulating properties,
whereas the unstable arrangements are metallic. Systems with physisorbed H> molecules
retained the original band structure of graphene, with two new bands due to the adsorbed atom.

The interaction of NO2 molecules with bilayer graphene, both free-standing and on a
SiC (0001) substrate, was examined by Caffrey et al. [27]. Adsorption of NO2 was considered

only on one side of the bilayer. The binding energy values with and without substrate being
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considered are similar, with the free-standing bilayer having a higher binding energy of -114
meV. The free-standing BLG band structures after NO> adsorption showed p-doping character,
with the Dirac point shifting above the Fermi level by 0.18 eV. A small band-gap of 0.08 eV
is seen due to the asymmetric doping of BLG by NO> molecules. The charge transfer from
BLG to NO: is also uneven, with the top layer contributing almost 80% of the charge transfer.
It also leads to generating an electric field, which contributes to the band-gap opening.
Graphene layers on silicon carbide (SiC) substrates are found to be heavily n-doped [27].
While the adsorption of NO> is seen to shift the Dirac point closer to the Fermi level by 0.19
eV, a transition from n-p character is not seen for lower NO2 concentrations. The band
structures show a large band-gap opening of 0.24 eV due to the asymmetry induced by the SiC
substrate and the adsorbed NO2. It can be seen that the substrate plays a vital role in the
electronic properties, and therefore can be considered for applications involving the sensing of
gases using BLGs.
6.3.2. Doped Bilayer Graphene

To study the effects of boron and nitrogen doping of the bilayer on the adsorption of
toxic gases (CO, CO, NO, NO3), Fujimoto et al. [20] have done DFT calculations. From the
binding energies, it is seen that all 4 gas molecules are physically adsorbed for N-doped BLG.
For B-doped BLG, CO, and CO: are physisorbed, whereas NO and NO2 molecules are
chemically bound to the B atom in the bilayer. These results are due to the presence of unpaired
electrons in the gas molecules and depend on the nature of the dopant atom. B-doped BLG
shows a p-type character, and the presence of unpaired electrons in NO and NO- leads to the
chemisorption of the molecules.

In contrast, CO and CO- lack unpaired electrons and weakly bind to the boron dopant.
Additionally, N-doped BLG shows an n-type character, with excess electrons of nitrogen

preventing any chemical bond formation with the gas molecules. Electronic band structures of
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NO and NO; adsorbed B-doped BLG revealed a p-type nature for the adsorbed systems, with
a band-gap opening present only in the NO> adsorption case. Charge transfer calculations
showed that in the case of NO, some charge is transferred from NO to B-doped BLG, whereas
in the case of NO2, a more considerable amount of charge is transferred from B-doped BLG to
NO.. It leads to a change in the conduction properties of B-doped BLG upon NO and NO;
adsorption, which could be useful for sensing NO and NO- molecules.

Tang et al. [28] studied the adsorption characteristics of Fe-doped bilayer graphene
towards gases such as NO, CO, HCN, and SO,. All the gas molecules were chemically
adsorbed onto the Fe-BLG with a charge transfer from the Fe atom to the gas molecule and the
graphene layer. NO showed the highest binding energy among all the molecules and produced
a net magnetic moment. The presence of a platinum substrate below the BLG reduced the BE
of all the molecules; however, it gave rise to clear magnetic moments for the system. The
density of states (DOS) calculations revealed the strong interactions between the 3d states of
the Fe atom with the local density of states (LDOS) of the gas molecules. The adsorbed NO
on Fe-BLG showed a semimetallic nature, while CO adsorbed on Fe-BLG showed a
semiconducting nature. These differences could be exploited to use Fe-BLG in gas sensor
devices. Additionally, the change in the magnetic properties due to the addition of substrate
could potentially have applications in electronic and spintronic devices.

6.4. Results and Discussions

We have considered adsorption on doped AB stacked bilayer graphene surface, where
different doping patterns and mole fractions are investigated. AB stacking is preferred for all
calculations due its stability compared to AA stacking. To check the validity of the simulations,
proper referencing is made with the previous results of un-doped bilayer and single boron atom
doped bilayers and compared the results with the existing results [7,9,19]. The calculations

match the results with the previous studies [9,19], and the calculated band structure for the
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single atom doped bilayer with the mole fraction of 1.56% is comparable to that made by
Schwingenschlogl et al. [9]. The results, the band structures, and the corresponding density of
states on un-doped BLG and singly doped BLG are given together in Figure 6.2. We study
three different concentrations of doping, 1.56, 3.12, and 4.68%, and with different doping
patterns. These patterns are defined as 1B-AB for 1.56%, b-AB for 3.12%, and d-AB, e-AB,

f-AB for 4.68% dopant concentrations of boron.
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Fig. 6.2. The calculated band structure and the corresponding density of states of (a) intrinsic
bilayer and (b) doped bilayer graphene in AB stacking with 1.56% boron (depicted as 1B-AB).

The interlayer distance for the intrinsic bilayer is found to be 3.4 A for AB stacking,
which is in agreement with the experimental observations [29]. These values are modified by
the presence of dopant atoms for the concentrations considered in this study, and an in-plane
lattice parameter of ~ 2.5 A is observed for all the doped surfaces. The different configurations

studied with two different mole fractions of doping, 3.12% and 4.68%, are shown in Figure
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6.3.

Fig. 6.3. The optimized geometries of doped bilayer structures, depicted with the notations (a)
b-AB, (b) d-AB, (c) e-AB, and (d) f-AB. b-AB corresponds to the dopant concentration of
3.12%, and all other configurations (b)-(d) correspond to 4.68%.

Two concealed Dirac cones can be seen at the K-point in Figure 6.2 (b), which can
be attributed to the layers doped with B (unoccupied cone) and the bare graphene layer, and a
band-gap of 0.28eV is observed. Such buried cones are also visible for the other configurations
in the band structures in Figure 6.4 and for the surfaces with doping concentrations mentioned
in Figure 6.2. The energetically favourable distance of ~ 2.5 A indicates favourable n-n
interactions between the layers. The electronic band structure of the minimum energy
configurations shown in Figure 6.4 suggests that the occupation of the various sub-lattice
positions has no influence on the band-gap observed, unlike doping in the case of single-layered
graphene [13]. The parabolic bands can be seen in the vicinity of the Fermi energy, as expected

for AB stacked bilayer graphene for all the cases. The band-gaps and the optimized distance
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between the layers corresponding to these different configurations of BLG are given in Table
6.1. Itis seen that the band dispersions are not very much affected, except in the case of specific
configurations, and doping in moderate concentrations leads to a band-gap of about 350 meV.
Table 6.1. The band-gap and the optimized interlayer distanced for graphene bilayer surface

with different dopant concentrations and patterns. D is the interlayer distance after

optimization.
System Band-gap (eV) D (A)
1B-AB 0.28 2.68
b-AB 0.34 2.65
d-AB 0.35 2.71
e-AB 0.38 2.71
f-AB 0.12 2.37

The B-doped graphene systems possess holes in the valence bands and are p-type
materials on which ammonia, with its lone pair of electrons, adsorbs strongly. The results of
ammonia adsorption on these surfaces are summarized in Table 6.2. It is interesting to note
that the adsorption energies of NHz on some of the boron-doped bilayer graphene, for example,
on the ‘d-AB’ and the ‘e-AB' surface are strong, and the adsorption energies and charge
transfers correspond to that of typical chemisorption. On the other hand, in all different
configurations, it is only physisorbed with negligible charge transfer and adsorption energies.
The difference in the adsorptions can be explained in terms of charge differences occurring in
various substrates.

The computed electronic band structures of 'd-AB' and 'e-AB' show a significant variation

in band-gaps before and after ammonia adsorption. The origin of band-gap opening comes
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from the redistribution of surface charge due to the B atoms that break the local symmetry of
the BLG. The redistribution of the charge density of the B-doped BLG gives rise to the
separation of the valence band and conduction band at the Dirac point. A narrowing of the
band-gap in BLG is also induced by interlayer interaction. The computed band-gaps of the 'd-
AB' and 'e-AB' are 0.35 and 0.38 before the adsorption of ammonia and 0.28 eV and 0.16 eV
after the ammonia adsorption, respectively. Interestingly, the band-gaps of the 'd-AB' and 'e-
AB' with the repulsive interaction between the doped layer and bottom layer are relatively
larger than those of the other configurations with the attractive interaction between the layers.
It has been confirmed that the repulsive interaction between the layers forms a direct and large
band-gap, while an attractive interaction induces a small band-gap. With this increase in
repulsion forces between layers of 'd-AB' and 'e-AB' configurations, it is more electron
deficient, attracted towards the lone pairs electrons of ammonia establishing chemical bonds
between boron and nitrogen. In the configurations where it is chemisorbed, the boron atom is
much more electron deficient than in the other patterns and therefore forms a bond with the
nitrogen of ammonia. In this case, the B-N distance is of the order of 1.66A, which falls in the
typical range of B-N single bond distance. Similar adsorption has also been observed for
ammonia adsorption on doped carbon nanotubes [30].

The electronic band structure of these adsorption studies is summarized in Figure 6.5,
where the optimized structures are shown alongside the electronic band diagram and the
corresponding density of states. Interestingly, the electronic band-gaps change by a few meV
for the cases of strong chemisorption and remain unaltered for the physisorptions. Though
these are not appreciable, these changes are expected to cause changes in the transport
properties. The adsorption energies are appreciable for the NHs/d-AB and NHas/e-AB and are
of -1 eV. The DOS of ammonia, shown in red, indicates that there is a shift to lower energy

for two of the bands. To understand the chemisorptive behavior, this is further analyzed.
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Fig. 6.4. Band Structures of stable BLG structures (a) b-AB (b) d-AB (c) e-AB and (d) f-AB
Table 6.2. The adsorption energy (Ea), the distance between two layers after optimization
(D1), the distance between adsorbate and adsorbent (D2), and the band-gaps after adsorption

of ammonia on most stable configurations.

(Ea) D1 D2 Band-gap
System
(eV) (A) (A) (eV)
NHs/1B-AB -0.046 2.59 3.2 0.26
NHs/b-AB -0.222 2.59 3.4 0.31
NHs/d-AB -0.989 2.9 1.66 0.28
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Fig. 6.5. The band structures and respective density of states for different bilayer systems
studied with ammonia as adsorbate (a) NHs/G-AB (ammonia on un-doped, AB stacked BLG)
(b) NH3/1B-AB (c) NHs/b-AB (d) NHs/d-AB (e) NHs/e-AB (f) NHz/f-AB. The partial density
of states for ammonia for these adsorption processes is shown in red.

Analyzing the density of states corresponding to the case where chemisorption is
observed in the case of surfaces d-AB and e-AB, orbital hybridization happens between the
'2al’ orbital, which is a non-bonding p-orbital on the nitrogen of ammonia and the p-orbital on
boron. Figure 6.6 shows the density of states corresponding to ammonia before and after the
adsorption on the surface type 'd-AB." Before adsorption (represented by the black line), it
shows three peaks corresponding to the three molecular orbitals of ammonia. After the
adsorption (blue line), the peak near the Fermi disappears. The peak near the Fermi
corresponds to the '2al’ orbital, the HOMO, non-bonding p orbital of nitrogen, and is occupied.
The absence of this peak corresponding to ‘2al’ in (d) and (e) in Figure 6.5 shows that the
chemisorption takes place with the mixing of this non-bonding orbital and the orbitals of the
electron-deficient boron to form the bond. For comparison, the electronic structure
corresponding to the un-doped bilayer, doped bilayer, and ammonia adsorption are drawn
together in Figure 6.7. The changes in the band-gap are visible from this plot, and there is a
dispersion loss after the adsorption.

To extract and visualize helpful information on the valence charge transfer contours
from the first-principles calculations, the VESTA (Visualization for electronic and structure
analysis) software package [31] is used. Contour plots of the electronic charge density
associated with the valence and conduction bands of NH3z/d-AB are shown in Figure 6.8. We
have constructed the electron density contour plots to investigate the chemical bonding
behavior of B-N bonds in-depth. The plane hkl (110) containing N-B-C bonds for various

partitions of electronic charge densities of NHs/d-AB is used for this purpose.
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Fig. 6.6. The total DOS of ammonia before and after adsorption on surface d-AB of bilayer

graphene. The absence of the blue peak near the Fermi corresponds to the orbital hybridization.
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Fig. 6.7. The band Structures of geometry with doped monolayer, doped and ammonia as
adsorbate respectively (a) G-AB (b) d-AB (c) NH3/d-AB.

The difference between charge densities of the adsorbed complex and the surface and
the gas molecule NHs, according to Eq. 2.48, is plotted in Figure 6.8 in two different
perspectives, (a) and (b), to visualize the effect of perturbations due to adsorption. The

difference density plot is to understand how the charge density redistribution occurs due to
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chemical bond formation or interaction. The impact of ammonia adsorption is evident from
this. The regions where the boron atoms are present still show areas of electron-deficient nature
in the immediate vicinity compared to the rest of the surface. The red color from the figure
represents nitrogen with high charge density, yellow iso-charge surfaces represent 2.24e-05
e/A® of charge accumulation, and the bottom cyan color shows 0.023 e/A® charge depletion on
the graphene surface.

Furthermore, the valence charge accumulated around the nitrogen is attracted towards the
charge-depleted region (cyan iso-surface, i.e., boron of graphene bilayer iso-surface),
contributing to the energetic preference of nitrogen to bond with that particular boron, which
is AB stacked to the bottom layer. Here, the valence charge (cyan) around boron atoms was
attracted towards the nitrogen atom (from the cyan toward the yellow iso-charge surface),
contributing to the energetic preference of forming a covalent bond. The bonding states of B—
N bonds lie on top of the valence bands. Figure 6.8 shows the concentration of charge that has
been distributed among carbon atoms that are adjacent to borons or have formed bonds with

borons.

Max = 0.596851

)l

=

Min = -0.630635e-005
(a) (b)

Fig. 6.8. The electron charge density contour map of ammonia adsorption on the surface d-
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AB (NHa3/d-AB) (a) contour plot and (b) the bird-eye-view perspective. The unit of the isovalue
is e/A3,
6.5. Conclusion

Graphene bilayer and its doped derivatives clearly show favorable properties towards the
adsorption of gases and, correspondingly, show potential for developing gas sensor devices.
As discussed, doping with moderate concentrations and ammonia adsorption on BLG show
specific changes in the electronic properties. The electronic structure for doped systems
indicates a band-gap opening for the semi-metallic bilayer, and adsorption is favored on some
of the surface patterns. It could lead to unique dopant combinations for sensing various specific
gases. Controlling adsorption parameters by use of dopant concentrations and varied
configurations is observed and can be a key factor in developing devices to improve gas sensing
performance.

Overall, the future of bilayer graphene and its derivatives in gas adsorption and
sensing seems promising and could also potentially extend to the storage and capture of gases.
Much effort remains to be made in understanding the effect of dopants on the adsorption of
various non-toxic gases such as NHs, CH4, H2O, Hz, and O2. Advancements for the practical
applications of these chemically modified bilayers include their prospective potential

application in sensing pollutants like ammonia.
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Chapter 7

A first-principles study on adsorption of
hydrogen cyanide and hydrogen
Isocyanide on substituted phosphorene
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7.1. Introduction

There has been a lot of interest in the recent past in the atomic-layer thick two-dimensional
(2D) materials and combinations of such 2D layers as van der Waals heterostructures after the
discovery of graphene. Silicene, boron nitride, transition metal chalcogenides, etc., are a few
such materials, owing to their unique properties compared to the bulk and their numerous
potential applications in nanoelectronic devices have gathered a considerable amount of
interest in recent years [1].

The gaseous pollutants hydrogen cyanide (HCN) and hydrogen isocyanides (HNC),
which are produced as byproducts of industrial operations, are well recognized for their toxicity
and significant risks to human health [2]. Driven by those results, this investigation focuses
on exploring phosphorene's potential as a sensing material for detecting hydrogen cyanide and
hydrogen isocyanide gases. The effectiveness of chemical modification, namely impurity atom
doping, in altering the characteristics of black phosphorous (BP) or phosphorene has been
proven in previous studies [3-5]. We have conducted theoretical studies to enhance the
efficacy of phosphorene gas sensors, including introducing p-type and n-type impurity atoms
for doping purposes. Based on the information presented in Chapter 1, significant research has
been conducted on gas sensors based on 2D materials for commonly found gases in the
environment and some industrial gases, such as SO, and CHa4. However, it is essential to note
that a limited number of studies have specifically focused on investigating the gas-sensing
capabilities of hydrogen cyanide and hydrogen isocyanide molecules [5,6]. It is worth noting
that there is a lack of ab initio calculations on the characteristics of hydrogen cyanide and
hydrogen isocyanides when adsorbed on phosphorene surfaces.

Black phosphorene (BP) is an emerging two-dimensional (2D) material with a
honeycomb lattice where each phosphorous is covalently bonded to three other atoms. The

band-gap of the BP is layer-dependent. Compared to the low band-gap (~0.3 eV) bulk
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phosphorene, the single layer direct band-gap is about 0.80 eV, making it an excellent direct
band-gap semiconducting material. As we add up the layers, the band-gap ranges from 1.51
eV to 0.59 eV. Mechanical exfoliation of black phosphorus crystals has effectively isolated a
novel 2D semiconducting material called few-layer black phosphorus or phosphorene [7,8].
Phosphorene's direct band-gap is large and unusual compared to other 2D materials; it ranges
from 1.51 eV for a monolayer to 0.59 eV for a five-layer structure [9]. Phosphorene has high
on/off ratios, up to 104 mobility [10] and the phosphorene-based field-effect transistor (FET)
has high mobility of 286 cm?/Vs. Phosphorene is a wonderful 2D material for electrical and
optical applications [11], and it has attracted a lot of attention from researchers [12—-14] due to
its valuable properties, such as its anisotropic electric conductance and optical responses.

In addition to its direct semiconducting [15] and ultrahigh mobility at room
temperature [9], mechanical flexibility[16], and high thermoelectric performance [17,18] in
phosphorene properties, it has several other exciting features [7,8]. Its unique set of
characteristics makes it a promising candidate for use in many different fields, including field-
effect transistors [15,19], lithium and sodium ion batteries [20], solar cells [21], photocatalysts
[22], spintronics [23], and gas sensors [24,25].

The primary challenges for phosphorene research are its scarcity and tendency to
degrade quickly. More significant investments for mass manufacture of the material are
needed to address the former, which will be spurred by the gradual discovery of the material's
potential benefits. The rapid deterioration when exposed to environmental conditions is a
second challenge, although there are techniques to overcome that. Encapsulation, modeled
after conventional procedure in the organic light-emitting diode sector, is the first practical and
reliable method. Monolayer and few-layer BP have been successfully encapsulated using every
currently-known technique, including atomic layer deposition (ALD) of alumina,

polymethylmethacrylate (PMMA) encapsulation, and encapsulation in 2D stacked
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heterostructures. Secondly, this capacity for deterioration may be used to one's advantage in
some contexts, such as trace oxygen molecule sensing. Theoretical simulations suggest that a
wide variety of magnetic moments may be produced in Ag-, Au-, Ti-, V-, Cr-, Mn-, Fe-, and
Co-doped phosphorene in all forms of black phosphorene predicted by Kulish et al. [26].
However, simulations using the generalized gradient approximation (GGA) and those adding
the Hubbard U factor (GGA-U) [27,28] show that this doping causes magnetic moments with
DMS (dilute magnetic semiconductor) features [29], and leads to a half-metallic state.
Furthermore, the characteristics of different charge carriers may be adjusted by
adsorbing various atoms on phosphorene.  The structural, electrical, and magnetic
characteristics of atoms adsorbed on phosphorene were comprehensively investigated by Ding
and Wang [30] using the first-principles computations. The capacity of a semiconductor to be
both p-doped and n-doped is necessary for many electrical devices, including the p-n junctions
and complementary metal oxide semiconductors (CMQOS), as is well known. To make this
novel 2D valuable material for various fields, it is essential to utilize certain techniques to alter
its electronic structure. Molecular doping is a promising, simple, and effective technique to
adjust the electronic properties of 2D materials through their interactions with the molecules.
The 3.08 A inter-sheet spacing in phosphorene allows it to accommodate ions like B, C,
N, O, S, and Si [31]. It is well known that substitutional dopants maintain the semiconducting
property with an odd number of valence electrons, such as those in group 1A (B) [32]. Itis
predicted that such doped systems would have high thermodynamic stability [32,33]. Since the
n-type dopant and neighboring phosphorus atoms have a strong electron pairing and
hybridization of s-p orbitals [32—-34]. Doping boron into black phosphorene does not result in
the emergence of magnetism. However, p-doped BP monolayers might undergo a
ferromagnetic-to-antiferromagnetic phase shift when holes or electrons are introduced through

a potential gate [35]. Black phosphorus's semiconducting and anisotropic transport properties
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are maintained by isovalence doping with nitrogen from group VA [32]. Since the valence
electrons of the dopant couple up with electrons from the surrounding phosphorus atoms, no
magnetism is generated [33]. As can be observed from earlier studies [32], the Si- and S-
doping not only confers metallic features on BP, but also gives highly anisotropic transport
properties.  Instead of the simpler substitution geometries observed in tetrahedral
semiconductors, these impurities follow the 8-N coordination rule, typical of amorphous
semiconducting materials [36]. As a result of creating a non-bonding 3p electron of the nearby
phosphorus atom, the ground states of Si- and S-doped systems are magnetic and half-metallic,
but the charged dopants Si*and S* induced no magnetism [33,34]. Primary anionic species like
sulfur have high binding energy, which makes their existence in black phosphorene more stable
[5]. However, it may cause the natural phosphorene’s space inversion symmetry to be broken,
resulting in a Cs symmetry.

After considering the current status of adsorption on doped black phosphorus, the
adsorption of HCN and HNC on N-doped phosphorene monolayer using first-principles
calculations is considered. A hypothetical free-standing two-dimensional phosphorene
structure is taken for the study to elucidate this behavior. Binding energies, electronic
structural properties, and charge transfers were calculated to explore the characteristics of
phosphorene as a potential adsorbent material for gas-sensing applications.

7.2. Results and discussions

In order to study the electronic configurations of the doped phosphorene, we initially
considered a 3 x 3 supercell, wherein a dopant substituted a solitary phosphorus atom to
consider a doping concentration of 2.7%, as depicted in Figure 7.1. The supercell is extended
into z in the conventional direction from the surface with a lattice parameter of 20 A along the

z-axis to avoid an image interaction between neighboring layers.
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Fig. 7.1. The ball and stick model of 2.7% (a) boron, (b) nitrogen, (c) sulphur and (d) silicon
doped phosphorene surfaces. Pink represents the boron atom, blue nitrogen, green sulphur,
and grey silicon; golden represents phosphorous atoms.

The band structures of pristine phosphorene and phosphorene doped with B, N, Si, and
S are computed and shown in Figure 7.2. Calculations in the case of pristine phosphorene
shows a direct band-gap of approximately 0.80 electron volts, consistent with the earlier
findings [31]. Upon analyzing the doped systems, it is evident that the Fermi levels in
phosphorene doped with silicon and nitrogen exhibit a downward shift towards the valence
band. Conversely, as expected, in S-doped phosphorene, the Fermi levels display an upward
shift towards the conduction band, as represented in Figure 7.2.

Since the n-type dopant and neighboring phosphorus atoms have a strong electron
pairing and hybridization of s-p orbitals [32,33], doping boron into black phosphorene does not
result in the emergence of magnetism. The B-doped system shows an n-type semiconducting

nature. On the other hand, as illustrated in Figure 7.2b, it exhibited an indirect band-gap and
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high anisotropy for optical devices [31]. Figure 7.2c shows that the band-gap of nitrogen-
doped black phosphorene can be made to be 0.90 eV, which agrees with the previous
studies[32]. It is found that the Si and S doping not only confers metallic features on BP but
also gives highly anisotropic transport properties [33]. Band-gaps for the 3 x 3 supercell are
shown in Figure 7.2b to be 0.84 (indirect) eV for B-doped phosphorene and 0.90 eV for N-
doped phosphorene, whereas pure phosphorene has a band-gap of 0.80 eV, in agreement with
the findings of Goulant et al. [31]. The band-gap is shown to vary depending upon the valence
electron count of even and odd in dopant atoms. There is a substantial correlation between the
hybridization of p- orbitals between dopants and phosphorene and the decrease or enhancement

of gap opening in doped phosphorene, as shown below.
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Fig. 7.2. The band structures corresponding to pristine and doped phosphorene surfaces, (a)

pristine phosphorene, whereas (b)-(e) refers to band structures for boron, nitrogen, sulphur, and
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silicon doped phosphorene surfaces. Fermi level is shown by the cyan line.

Each phosphorus atom in phosphorene (with valence electron configuration 3s? 3p?)
form sp® bonds with a lone pair of valence electrons of the dopants, thus explaining their
metallic and semiconducting characteristics in doped phosphorene. As can be seen in Figure
7.2, the valence-electron states of dopant atoms readily tune the non-bonding lone-pair
electronic states of pure phosphorene, resulting in the semiconducting or metallic electronic
states at the Fermi level. N-doped phosphorene retains the same semiconducting characteristics
as pure phosphorene because three of the electrons in nitrogen are engaged in bonding with
surrounding phosphorus atoms, leaving one lone pair of electrons on each atom. In contrast,
B-doped phosphorene retains its semiconducting characteristics despite the absence of lone
pairs on boron atoms due to the bonding of all three valence electrons to surrounding
phosphorus atoms. In the case of C-doped phosphorene, the metallic property is because of
the lack of only one electron results in a delocalized energy band that is only half full [32].

In contrast, O-doped phosphorene exhibits metallic characteristics in its half-filled
state due to three non-bonding electrons. When compared to the traditional doping effect in
group IV semiconductors, where n- and p-type dopants cause certain localized doping-induced
states in the band-gap, our results on the metal-semiconductor oscillatory behaviors in doped
phosphorene systems stand out. Total and partial density of states (PDOS) for B-, Si-, N-, and
S-doped phosphorenes are shown in Figure 7.3, which helps to elucidate the underlying
bonding process between the dopants and the phosphorus atoms. Strong hybridization of s-p
orbitals between dopants and phosphorene is shown by the fact that the computed partial
density of states (PDOS) projected onto the 2p-orbitals of each dopant atom exhibits a
comparable pattern and peak locations to that for the phosphorus atom (see Figure 7.3a/b/c/d).
The partial DOS for dopants is widened due to this intense hybridization. In particular, S/Si-

doped phosphorene exhibits metallic behavior because the 2p partial DOS peaks for the S/Si
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dopant and the phosphorus atom are located near the Fermi level. Therefore, this
abovementioned work on doping provides a novel method for controlling electrical

characteristics using dopants.
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Fig. 7.3. The total and partial density of states (PDOS) of B, Si, N, and S-doped phosphorene
(a) 1B/BP (b) 1Si/BP (c) IN/BP (d) 1S/BP. The blue represents phosphorous p orbital, red
represents phosphorous s orbital, magenta is for respective dopants s orbital, and green
represents dopants p orbitals.

1B/BP represents 2.7% doped boron phosphorene and similar nomenclature for 1Si/BP,
IN/BP, and 1S/BP given for phosphorene doped with silicon, nitrogen, and sulphur,
respectively. To investigate whether the above metallic—semiconducting oscillation with a

number of the valence electrons is general, we calculate the band structures of various dopants
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of different concentrations and configurations using a relatively 3 x 3 supercell. The different
concentrations are 5.5%, where two phosphorus atoms are replaced by dopants in the structure
in a 3 x 3 supercell, and another concentration of 8.3%, where dopants replace three
phosphorus atoms. The different configurations of dopants are shown in Figure 7.4. We have
considered the same concentration and configurations for dopants B, N, S, and Si. In systems
doped with boron and nitrogen, the dopant forms connections with three phosphorus atoms.
The bond lengths in these systems (dopant-phosphorus) are always lower than 2.22 A and the
the phosphorus atoms around the impurity have one lone pair of electrons. Consequently, these
atoms continue to form sp® bonds, similar to the structure of pristine phosphorene. The N-
doped system exhibits the highest stability and the greatest binding energy compared to the B,
S, and Si systems. N-doped systems are used because nitrogen (N) has the same valence
electron distribution as phosphorus (P). The N-doped system exhibits the shortest bond length
between the dopant and phosphorene among all systems, which may be attributed to the

dopant's highest electronegativity.

(al)

A
(a4)

Fig. 7.4.1. The optimized geometries of different concentrations and configurations of dopants
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(al)-(a3) 5.5% dopant concentration of boron, (a4)-(a7) 8.3% boron doping concentration.
Similar patterns of doping and concentrations are followed for silicon, nitrogen, and sulphur
dopants. Here below the optimized geometries of these dopants that show metallic nature in

the case of nitrogen dopant and semiconducting nature in the case of silicon and sulfur after

optimization are shown as follows,

Fig. 7.4.2. The optimized structures of (b1) 5.5% dopant concentration of silicon, (c3) 5.5%
concentration of nitrogen, (d1)-(d3) 5.5% dopant concentration of sulphur. Orange color
represents phosphorous atoms; nitrogen is shown in blue. Pink represents boron, grey
represents silicon, and green is shown for sulphur.

The different patterns of boron doping are considered, and they are nomenclature as
2BADJ, 2BOPP, 2BSIDE from (al)-(a3) represents 5.5% of doping as shown in Figure 7.4.1
respectively, and 3BADJ, 3BOPP, 3BV, and 3BEACH from (a4)-(a7) shown for 8.3% of
doping concentration. Similar terminology is followed for nitrogen, sulphur, and silicon
doping as 2NADJ, 2NOPP, 2NSIDE, 3NADJ, 3NOPP, 3NV, and 3NEACH; 2SADJ, 2SOPP,
2SSIDE, 3SADJ, 3SOPP, 3SV, and 3SEACH; 2SiADJ, 2SiOPP, 2SiSIDE, 3SiADJ, 3SiOPP,

3SiV and 3SIEACH respectively. Figure 7.4.2 shows the bond break after optimization of
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geometries, i.e., 2NADJ, 2SiSIDE, 2SADJ, 2SOPP, 2SSIDE are observed. In the case of the
2NSIDE configuration, the nitrogen impurity causes the compression of the phosphorene
lattice along -P-N-N-P-. It leads to the break of the bond between nitrogen atoms. In the case
of sulphur doping, all the configurations show the bond break because of the increased size in
the geometries with concentrations. The atomic size of sulfur is 180 pm, and that of phosphorus
is 195 pm, and the puckered structure makes it challenging to accommodate these dopants.
Though the single-atom dopant is a stable geometry upon increasing doping concentration, few
configurations show bond cleavage, making the optimized geometries unstable.

Dopant like boron and nitrogen, which consists of an odd number of valence
initially with 2.7% of doping, shows semiconducting nature. As the concentration increases
with different types of configuration, this nature changes. The configuration where the dopants
are arranged in the pattern -P-X-P-X-P- and -P-X-P-P-X-P- (X = N, B) shows a semiconducting
character as the phosphorus atom is connected to an odd valence dopant. For dopants like
boron, the band-gap is indirect with different concentrations and configurations as the p-orbital
of boron affects the electron valances of the structure near Fermi, as shown in Figure 7.5. In
the case of nitrogen dopant, the 2.7% dopant shows 0.90 eV of the band-gap, whereas with
different concentrations and configurations, this band-gap varies from 0.41- 0.89 eV as shown
in Figure 7.6, and the band-gaps are shown in Table 7.1. (al)-(a3) of Figure 7.6, represents the
5.5% dopant concentration of boron and (a4)-(a7) represents for 8.3% boron doping
concentration and nomenclature as 2BADJ, 2BOPP, 2BSIDE, 3BADJ, 3BEACH, 3BOPP and

3BV respectively.
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Fig. 7.5. The band structure and respective density of states of boron-doped phosphorene (al)
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2BADJ (a2) 2BOPP (a3) 2BSIDE (a4) 3BADJ (a5) 3BEACH (a6) 3BOPP (a7) 3BV. The cyan
color represents the Fermi level; the red color represents the PDOS of the dopant.
Table 7.1. The band-gap for different concentrations and patterned doped nitrogen atoms on

various phosphorene surfaces.

Configuration Band-gap (eV)
1IN 0.90
2NADJ 0.87
2NOPP 0.79
2NSIDE 0.66
3NADJ 0.53
3NOPP 0.54
3NV 041
3NEACH 0.89

In all the configurations of nitrogen dopant, the structure deformation can be observed because
nitrogen size is 65 pm, which is much smaller than that of phosphorus at 195 pm. In
configuration 2Nside, we see the bond breakage between nitrogens, as dinitrogen tends to form
pn-pmt interactions, which is impossible in this case as nitrogen forms sigma bonds with
adjacent phosphorus atoms. The configuration, like P-N-N-P, shows a metallic nature, as
shown in Figure 7.6(c). This is observed because when two nitrogens are placed side by side,
there is a bond breakage between nitrogen atoms, creating a vacancy with a free electron pair
on nitrogen together, making the total valence even and resulting in a metallic nature of the
surface. This change of metal and semiconducting behavior is absent with 8.3% doping as,

here, all the dopants concentration leads to an odd number of electrons, and here, the
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semiconducting nature is preserved.
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Fig. 7.6. The band structures corresponding to nitrogen-dop‘ed phosphorene surfaces of 5.5%

from (a) to (c), designated as 2NADJ, 2NOPP, 2NSIDE, and 8.3% from (d) to (g), defined as
3NADJ, BNEACH, 3NOPP AND 3NV respectively. The cyan line represents the Fermi level.

The 2.7% nitrogen dopant shows the direct semiconducting band-gap increase among the
boron and nitrogen dopants. In the case of Si, all the configurations and concentrations show
a metallic nature with an indirect band-gap, as shown in Figure 7.7. In the case of sulphur
5.5% doping concentrations show semiconducting nature. In all the configurations of 5.5%
Sulphur dopant bond breakage between phosphorous and in configuration like -P-S-S-P-, we

can observe bond breakage between S-S as shown in Figure 7.4(d3).
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Fig. 7.7. The band structure and the corresponding density of states of silicon-doped
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phosphorene (bl) 2SiADJ (b2) 2SiOPP (b3) 2SiSIDE (b4) 3SiADJ (b5) 3SIEACH (b6)
3SIOPP (b7) 3SiV. The cyan color represents the Fermi level, and the PDOS of the dopant is
shown in red.

Phosphorene doped with sulphur causes metallic behavior which is evident from the
Figure 7.8. Upon doping with sulphur the band-gap from pristine phosphorene 0.80 eV is
reduced to 0.35 eV and further increase of dopant concentration the surface shows metallic
nature, where valence band and conduction band overlaps as seen in Figure 7.9c. These bond
breakages create vacancies in the structure. For configuration where sulfur atoms are doped
side by side designated as 2SSIDE, we can observe the band-gap of 0.60 eV. For all the
remaining configurations, the flat bands are seen, represented in Figure 7.9. With the
calculated information above, we have found that phosphorene with 2.7% nitrogen dopant
shows the best results with an increased band-gap. Therefore, N-doped systems are used for
our further study for the adsorption of hydrogen cyanide and hydrogen isocyanide because it

is having direct band gap and nitrogen has the same valence electron distribution as

phosphorus.
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Fig. 7.8. The band structure of sulphur-doped phosphorene in comparison with pristine
phosphorene. (a) Band structure of pristine phosphorene; (b) Band structure of 2SOPP sulphur
doped phosphorene; (c) Band structure of 3SADJ sulphur doped phosphorene. The cyan color

represents the Fermi level.
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phosphorene (d1) 2SADJ (d2) 2SSIDE (d3) 2SOPP (d4) 3DADJ (d5) 3SEACH (d6) 3SOPP
(d7) 3SV. The cyan color represents the Fermi level; the red color represents the PDOS of the
dopant.

7.2.1. Hydrogen cyanide adsorption

The relaxed lattice constants of pure phosphorene are determined to be a = 13.35 A and b =
9.95 A, which is in excellent accord with earlier studies [37], using a 3 x 3 supercell of the
phosphorene layer. First, the HCN molecule is simulated in a variety of positions and
orientations above the phosphorene to find the most energetically stable adsorption
arrangements. To find the optimal orientation for the HCN gas molecule, we tested two
perpendicular (with the H atom facing up or down) orientations and one parallel to the
substrate. Figure 7.10(a)-(f) shows the energetically preferred adsorption configurations of

HCN molecules adsorbed on undoped and N-doped phosphorene substrates, respectively.

Fig. 7.10. The optimized geometries upon HCN adsorption on the phosphorene surface with
different orientations (@) HCN/BP/N (b) HCN/BP/H (c) HCN/BP/C (d) HCNIN/N (e)
HCN/LIN/H (f) HCN/LIN/C. The dopant nitrogen is shown in blue color.

Figure 7.10 shows different optimized geometries for different orientations of HCN for
adsorption on pristine and N-doped phosphorene. The orientation HCN with H-atom near the

surface is designated as HCN/BP/H. Similarly, nitrogen or carbon near the phosphorene
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surface are defined as HCN/BP/N and HCN/BP/C, respectively. As such, the designation for
N-doped phosphorene for different orientations of HCN on the surface is named accordingly
as HCN/LIN/H (H near to the surface), HCN/IN/N (N near to the surface) and HCN/1IN/C (C
near to the surface). To obtain a quantitative description of the interaction strength of gas
molecules on phosphorene sheets, we calculate the adsorption energy (Eaqd) with the help of Eq.
2.47, and the ‘d’ indicates the minimum distance between the gas molecule and substrate. In
addition, we also calculate the Bader charge transfer (p) with the help of Eq. 2.48 between the
gas molecule and substrate. The results obtained are summarized in Table. 7.2.

Table 7.2. The adsorption energy, band-gap, and distance between adsorbate and adsorbent
for different orientations of HCN on phosphorene and nitrogen-doped surface. The distances,

‘d” given in the table denote the minimum distance between the adsorbate and the surface.

. . Adsorption ener Distance Band-ga Charge transfer
Orientation p(eV) gy A) (eVE)J P g @
HCN/BP/H -0.269 1.8 0.84 -0.19
HCN/BP/C -0.270 2.6 0.83 -0.17
HCN/BP/N -0.198 2.6 0.80 -0.15
HCN/1N/H -0.276 1.8 0.86 0.23
HCN/1IN/C -0.259 2.1 0.85 0.22
HCN/IN/N -0.180 2.6 0.84 0.20

A.E = adsorption energy, d = distance between adsorbate and adsorbent, B.G. = band-gap
Adsorption of a single HCN molecule onto pure phosphorene is seen in Figure 7.10(a), where
the molecule is about in the middle of the puckered honeycomb with the H atom pointing to
the surface. Distance (d) between hydrogen and phosphorene (1.8 A) is greater than the sum
of covalent radii of hydrogen and phosphorus (1.43 A) in an earlier study [38]. Additionally,

the charge transfers between HCN and pure phosphorene is -0.19 e, which is moderate and
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therefore advantageous for any detection. For the HCN molecule and phosphorene, the Eqq is
determined to be -0.269 eV, which is large enough to create a strong hydrogen bond,
substantially greater than typical physisorption conditions [39]. The Eaq (-0.276 eV) and (0.23
e) in the N-doped phosphorene system are in striking contrast to those of impurity-doped
phosphorene. Furthermore, as shown in Figure 7.10(d), after structural optimization, the
hydrogen atom relocates to the top of the doped N atom with the shortest distance of 1.8 A,
which is close to the sum of the covalent atomic radii of H-N (1.07 A). We find that the
obtained adsorption energies of HCN molecule on pristine and N-doped phosphorene are large
enough that they are similar to the situation of HCN on a graphene substrate, as shown in Figure

7.11, suggesting a great level of sensitivity for the HCN detection [40].
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Fig. 7.11. The optimized geometries upon HCN adsorption on graphene surface with different
orientations (a) HCN/G/N (b) HCN/G/H (c) HCN/G/C (d) HCN/1B/N (e) HCN/1B/H (f)
HCN/1B/C. The dopant boron is shown in pink color, and blue color represents nitrogen.
Figure 7.11 shows the adsorption of HCN on graphene and boron-doped graphene with
different orientations of HCN. Here, the adsorption of HCN on pristine graphene with the
orientation of the N-atom of HCN close to the surface is designated as HCN/G/N, similarly,
the orientation of HCN with H- or C-atom close to the surface is defined as HCN/G/H and

HCN/G/C respectively. A similar designation is followed for different orientations of HCN on
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boron-doped graphene as HCN/1B/N (N-atom of HCN is near to the surface), HCN/1B/H (H-
atom of HCN is near to the surface) and HCN/1B/C (C-atoms of HCN is near to the surface).
By comparing the band structures of phosphorene substrates with and without HCN gas
molecule adsorption, as illustrated in Figure 7.12(a)-(c), we have investigated the impact of
HCN orientations adsorption on the substrates' electronic characteristics. The 0.80 eV value
for the band-gap of pure phosphorene is in agreement with previous DFT simulations of
pristine phosphorene [31]. As seen in Figure 7.12(a), the band-gap after HCN adsorption is
only slightly more significant than the band-gap value of free phosphorene at 0.84 eV,
depending on the orientation of HCN. Moreover, as plotted in Figure 7.12(c), in sharp contrast
with the DOS of pristine phosphorene, the adsorption of HCN on phosphorene can trigger an
evident DOS peak in the energy range of -3 to -5 eV. The prominent electronic properties
changes of phosphorene after HCN adsorption indicate that the pristine phosphorene has good

sensitivity to HCN gas molecules.
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Fig.7.12. The band structures and DOS of phosphorene before and after adsorption of HCN.
(a) Band structure of HCN/BP (BP — Black Phosphorene) (b) Total Density of States (DOS) of
HCN/BP (c) DOS of BP. The cyan color represents the Fermi level.

In addition, to get a deeper insight into the interaction mechanism between HCN
molecules and substrates, we also calculate the Bader charger difference analysis, computed
using Eq. 2.48. As shown in the inset of Figure 7.13, the golden yellow spots and green region

represent the charge accumulation and depletion, respectively. It is clear to see that there is a
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charge accumulation close to the phosphorus atom between the gas molecule and phosphorene.
However, it also shows a slight charge depletion around the H atom of the gas molecule.
Besides, the Bader charge transfer of the H, C, and N atoms are 0.023 ¢, -0.018 e, and -0.197
e, respectively. The positive value of 0.023 e indicates that the charge of the H atom is
decreased after the HCN gas adsorbs on the pristine phosphorene.

The electronic properties of N-doped phosphorene surfaces are explored to gain insight into
the bonding between the HCN molecule and N-doped phosphorene. Of all the orientations of
HCN on N-phosphorene, the case where the hydrogen atom of HCN is near to nitrogen dopant
(Figure 7.10(d)) shows the best results among the three, as HCN being acidic, tends to react
with base nitrogen dopant to form cyanide ions. Figure 7.14 displays the band structure, DOS,
and PDOS calculations for the HCN on the N-doped phosphorene system. Between -3 and -5
eV, there is abundant evidence of orbital hybridization between H-1s and N-2p orbitals. The
discussion of the charge density differential helps to elucidate the mechanism of interaction
between the HCN molecule and the N-doped phosphorene. Because of the charge transfer
(0.23 e) between N-doped phosphorene and the HCN molecule, the charges are redistributed
across the molecule, as illustrated in the top inset of Figure 7.15. The range of redistribution
is also substantially broader in contrast to pure phosphorene. Thus, we foresee HCN and N-
doped phosphorene interacting more favorably than pristine phosphorene. The resistivity of
the substrates ought to be modified due to the charge transfer generated by the HCN adsorption.
The change of resistance is a critical factor in determining the sensing performance of the
substrate materials. Herein, we mainly focus on the nitrogen-doped phosphorene with and
without HCN gas molecule adsorption. The above analysis shows that the nitrogen-doped

phosphorene may be a potential candidate for HCN sensing.
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Fig. 7.13. The difference charge density plots of HCN on pristine phosphorene (a) Contour

plot (b) 3D representation. The unit of the isovalue is e/A3.
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Fig. 7.14. The band structure and density of states along with the partial density of states
(PDOS) upon adsorption of HCN on N-doped phosphorene (a) Band structure of HCN
adsorbed on N-phosphorene (b) DOS of HCN/IN, the red line shows the PDOS of HCN’s H-

atom s-orbital and blue line represents p-orbital of nitrogen.
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Fig. 7.15. The difference charge density plots of HCN on nitrogen-doped phosphorene (a)
Contour plot (b) 3D representation. The unit of the isovalue is e/A3.

The study indicates that the adsorption of HCN gas molecules significantly impacts
the transport efficiency of the N-doped phosphorene. Charge transfer from the phosphorene to
the HCN gas molecules under study is evidence of substrate oxidation and target gas reduction,
as mentioned above. Also, N-doped phosphorene is a p-type semiconductor. Therefore, hole
carriers predominate. While the band-gap does fall from 0.90 eV before the adsorption of HCN
to 0.86 eV after the adsorption of HCN, the concentration of hole carriers is considerably
increased, suggesting changes in transport properties. Because of the charge transfer between
the HCN gas molecule and the phosphorene substrate, the conductivity of the HCN/N-
phosphorene system changes at a considerably faster pace than that of HCN/pristine
phosphorene. Based on our findings, we infer that N-phosphorene is a promising material for
HCN detection due to its high sensitivity.

7.2.2. Hydrogen isocyanide adsorption
Our study also includes a simulation of the HNC molecule, an isomer of the HCN molecule,
adsorbed on the phosphorene substrates to investigate its adsorption on N-doped phosphorene.

Figure 7.16 displays the adsorption configurations of HNC molecules that are most
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energetically advantageous for adsorption on both undoped and N-doped phosphorene

substrates. Table 7.3 shows the results of the computations for Eaq, d, and Q.

Fig. 7.16. The optimized geometries upon HNC adsorption on the phosphorene surface with
different orientations (a) HNC/BP/N (b) HNC/BP/H (c) HNC/BP/C (d) HNC/1IN/N (e)
HNC/1IN/H (f) HNC/IN/C. The dopant nitrogen is shown in blue color.

In Figure 7.16, different optimized geometries for different orientations of HNC for
adsorption on pristine and N-doped phosphorene are shown. The orientation HNC with the H-
atom near the surface is designated as HNC/BP/H. Similarly, N or C near the phosphorene
surface are defined as HNC/BP/N and HNC/BP/C, respectively. As such, the designation for
N-doped phosphorene for different orientations of HNC on the surface is named accordingly
as HNC/IN/H (H near to the surface), HNC/IN/N (N near to the surface) and HNC/1IN/C (C
near to the surface).

Table 7.3. The adsorption energy, band-gap, and distance between adsorbate and adsorbent

for different orientations of HNC on pristine phosphorene and nitrogen-doped phosphorene.

Adsorption energy | Distance Band-gap | Charge transfer

(eV) (A) (eV) (e)

Orientation
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HNC/BP/H -0.503 2.0 0.84 -0.20
HNC/BP/C -0.455 2.4 0.82 -0.19
HNC/BP/N -0.355 2.6 0.82 -0.19
HNC/IN/H -0.359 2.1 0.83 0.242
HNC/1IN/C -0.352 3.3 0.81 0.236
HNC/IN/N -0.363 2.6 0.81 0.217

As shown in Figure 7.16(a), the HNC molecule occupies a central position in the hexagonal
honeycomb structure of the pristine phosphorene surface. The diagonal orientation of HNC to
the surface with H towards down gives the best results with an Eaq of -0.503 eV, a distance (d)
of 2.0 A, and a band-gap of 0.84 eV, as shown in Figure 7.17. The obtained distance is larger
than the sum of the covalent radii of the hydrogen and phosphorus atoms (1.43 A). Strong
hydrogen bond formation between the HNC molecule and phosphorene is seen as the Eaq is
high enough and exceeds the criteria for various types of physisorption. In addition, a charge
transfer of -0.20 e is noted between phosphorene and HNC molecule. The significant
adsorption energy of -0.359 eV shows strong adsorption between HNC molecule and N-doped
phosphorene. A charge transfer of 0.24e between HNC (orientation with hydrogen atoms near
to the surface) and doped phosphorene surface is observed. As shown in Figure 7.18, adsorption
of HNC in all the surface orientations reduces the band-gap of N-phosphorene. These
numerical findings demonstrate that the N-doped phosphorene substrate physisorps the HNC

molecule and could be a promising metal-free catalyst for HNC degradation.
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Fig. 7.17. The band structure and density of states along with the partial density of states
(PDOS) upon adsorption of HNC on phosphorene (a) Band structure of HNC adsorbed on
phosphorene (b) DOS of HNC/BP, the red line shows the PDOS of H-atom s-orbital and the
blue line represents p-orbital of carbon and magenta represents p-orbitals of nitrogen.

The band structure of the HNC molecule on the N-phosphorene system, together with
the corresponding DOS, is calculated and shown in Figure 7.18. By comparing the band
structures of N-doped phosphorene surface with and without HNC gas molecule adsorption, as
illustrated in Figure 7.18(a)-(c), we have investigated the impact of HNC orientations
adsorption on the N-doped phosphorene surface electronic characteristics. As can be seen in
Figure 7.18(a), after the adsorption of the HNC gas molecule on the N-phosphorene substrate,
the band-gap of the HNC/N-phosphorene system is calculated to be 0.83 eV, which is only
0.07 eV smaller than that of the band-gap of nitrogen-doped phosphorene (0.90 eV). Moreover,
as plotted in Figure 7.18(b), it demonstrates that the HNC gas molecule adsorption has a slight
effect on the DOS of N-phosphorene, with minor DOS enhancement in the energy range of 0
to -2 and -3 to -6 eV. These slightly enhanced peaks show the interaction of H-1s on the N-
doped phosphorene surface. The prominent electronic properties changes of N-doped

phosphorene after HNC adsorption indicate that the N-doped phosphorene has good sensitivity
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to HCN gas molecules.
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Fig. 7.18. The band structure and DOS of HNC on adsorption of N-phosphorene (a) Band
structure of HNC on N-doped phosphorene (b) DOS of N-doped phosphorene (c) DOS and
PDOS of HNC on N-doped phosphorene. The red line represents the hydrogen atom's orbital.
The cyan line represents the Fermi level.

We compute the charge density difference of pure phosphorene with HNC adsorption and HCN
on N-phosphorene to investigate the interaction mechanism between the two molecules. After
the adsorption of the HNC molecule on the N-phosphorene substrate, the charges are relocated,
as illustrated in the inset of Figure 7.19, establishing that the HNC molecule is adsorbed on the

N-phosphorene substrate. However, it does not show any bond formation.
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Fig. 7.19. The difference charge density plots of HNC on pristine and nitrogen-doped
phosphorene (a) Contour plot of HNC on pristine phosphorene (b) Contour plot of HNC on N-
phosphorene. The unit of the isovalue is /A3,

As mentioned above, HCN and HNC gas molecules adsorb on pristine phosphorene
systems and nitrogen-doped phosphorene with distinct physisorption properties. The resulting
material, N-phosphorene, exhibits better properties than pristine phosphorene in sensing HCN
and HNC, as discussed above (the band-gap shifts by 0.04 and 0.07 eV, respectively, upon
adsorption of HCN and HNC).

7.3. Conclusion

The present study employs ab initio density functional calculations to investigate the electronic
characteristics of phosphorene that has substitutionally doped with group B, N, S, and Si
elements. Our research has revealed that dopants belonging to group of S and Si, possessing
an even number of valence electrons, exhibit metallic properties. Conversely, dopants
belonging to group boron and nitrogen, having an odd number of valence electrons, retain their
semiconducting properties. The manifestation of distinct electronic properties in doped
phosphorene based on equality is attributed to the robust s-p orbital hybridization between the
dopants and the phosphorene. In continuation of our investigation into the metallic-
semiconducting conflict, as determined by valence electrons, we have analyzed various doping
patterns with total concentrations of 2.7%, 5.5%, and 8.3%.

Among the dopants mentioned above, it has been observed that nitrogen at a
concentration of 2.7% yields optimal outcomes, characterized by an augmented band-gap of
0.90 electron volts and a semiconductive disposition. Subsequently, a thorough examination
of the adsorption of HCN and HNC gases on intrinsic phosphorene and nitrogen-doped
phosphorene are conducted through first principles DFT computations. The outcomes of our

study reveal that the phosphorene doped with nitrogen impurities manifests distinct sensing
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traits towards HCN or HNC gases. Among the various orientations of HCN and HNC, it has
been established that the adsorbate exhibiting favorable adsorption characteristics with both
pristine phosphorene and nitrogen-doped phosphorene is the one positioned perpendicular to
the surface, with the hydrogen atom oriented downwards. In its unadulterated state,
Phosphorene exhibits a visible susceptibility to HCN and HNC gases, demonstrating a
moderate degree of adsorption energy and adsorption distance. Of crucial significance, the
band structure elucidates that the electronic conductivity of unadulterated phosphorene has
been considerably augmented after the adsorption of HCN or HNC gas, thereby developing the
increased reactivity of the phosphorene sensor to HCN and HNC gas molecules.

The outstanding phosphorene material showcases commendable efficacy and remarkable
sensitivity and selectivity, positioning it as a promising contender for distribution as a sensor
for HCN and HNC gases. The introduction of nitrogen atoms into phosphorene results in a
marked reduction in its reactivity towards HCN and HNC gases, with the formation of physical
bonds. As such, N-doped phosphorene may be a metal-free catalyst for HCN or HNC
adsorbate activation and catalysis. Doping phosphorene with nitrogen of high concentrations
and configurations is only helpful in improving HCN or HNC sensing performance as the
surface is unstable. Additionally, doping phosphorene with B, S, or Si is unnecessary since it
does not improve the stability of the surface performance, although these elements are
semiconducting and metallic, respectively. In light of our computation, the unadulterated
phosphorene exhibits considerable promise as a gas sensor, particularly in detecting hazardous

gases such as HCN or HNC.
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Chapter 8

Conclusions and future scope
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8.1. Summary and conclusions

Gas detection technology is now gaining recognition as a significant use for smart devices
and is attracting growing interest from both business and academia. The detection and
monitoring of gaseous species released during industrial and greenhouse processes have
become increasingly important due to environmental concerns. These activities are crucial in
various fields, such as environmental monitoring, industrial chemical processing, public safety,
food production, agriculture, medicine, and indoor air quality control. The current gas sensors
based on metal oxide semiconductors often face challenges such as extended recovery times,
limited selectivity, and high operating temperatures. These limitations have hindered their use
in dynamic gaseous environments with quickly changing conditions. Therefore, there is a
growing need for materials that can detect toxic gaseous species with high sensitivity and
selectivity.

Graphene, an ultra-thin layer of carbon atoms organized in a hexagonal crystal lattice, has
shown significant potential in gas sensing due to its exceptional structural and electrical
characteristics. Graphene derivatives, including graphene oxide and reduced graphene oxide,
possess notable features such as a large surface area, chemically reactive sites, and adjustable
chemical and electronic properties. These attributes have been shown to offer enhanced gas
sensing capabilities compared to pristine nanostructured metal oxide, carbon nanotubes
(CNTSs), and conductive polymers. Although both carbon-based nanomaterials, such as CNTs
and graphene, exhibit unique electronic properties that make them suitable for potential gas
sensing applications, the observed higher sensitivity of graphene-based materials compared to
CNTs can be attributed to their larger surface area per unit volume. This increased sensing
area is due to the two-dimensional structure of graphene, in contrast to the one-dimensional
structure of CNTs.

Additionally, the planar configuration of graphene renders it more conducive for use in
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conventional microlithography techniques, facilitating the integration of graphene devices
compared to CNTs. Through more progress, it has been discovered that the alteration of the
surface of graphene has shown to be very effective in attaining heightened sensitivity and
offering selectivity towards a specific gas. Some previous studies show that incorporating
dopants on the surface of graphene improved the detection limit and reaction time at ambient
temperatures. These are crucial for enhancing the performance of gas adsorption systems.

The investigation of graphene-gas molecule adsorption systems has shown the presence
of weak physisorption between gas molecules and intrinsic graphene. This discovery presents
a significant obstacle to using graphene-based gas sensors for future applications. Both
practical and theoretical investigations have shown that the efficacy of graphene's interactions
with gas molecules may be enhanced via heteroatom doping. Computational quantum
mechanical calculations can be employed for studying gas adsorption on intrinsic and hetero-
atom doped graphene. This approach enhances our understanding of the fundamental processes
governing sensing mechanisms and assists in pinpointing optimal doping strategies for
graphene, thereby facilitating the further advancement of gas sensors.

This thesis aimed to examine the impact of gas molecule adsorption on intrinsic and
heteroatom-doped graphene's structural and electronic properties. The objective is to analyze
how doping affects the susceptibility of graphene towards gas molecules and to explore the
potential of graphene's unique characteristics in developing susceptible gas sensors for
practical applications in gas detection.

The structural properties of B- and N-doped graphene are first analyzed using DFT-based
methods. The analysis considered different doping mole fractions and configurations. The
results revealed that the planar hexagonal structure of the graphene sheet remained unaffected
following B- and N-doping, but significant alterations were observed in the bond lengths. The

cohesive energies of the doped graphene systems tend to increase as the doping concentration
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increases, resulting in a reduction in the energetic stabilities of the doped systems with higher
doping levels. The stability of N-doped graphene structures is greater than that of their B-
doped counterparts. The cohesive energies of graphene structures with dopant atoms
positioned at alternating sublattices are the lowest across all doping concentrations.
Consequently, these structures exhibit the highest level of stability. The arrangement of dopant
atoms on various sites on the surface determines the stability and band-gap opening.

The investigation of the electronic configurations of graphene supercells containing
several B- or N-atoms has shown the presence of non-zero band gaps near the Dirac point. The
calculations indicate that all graphene systems doped with B and N have shown both p-type
and n-type semiconducting characteristics, regardless of the presence or absence of band gaps.
Graphene is doped with boron and nitrogen of 3.12, 6.25, and 9.37% of doping concentrations
and different patterns of doping configurations. These observations are based on the specific
doping concentrations and configurations. The highest band gap is seen when the dopant atoms
occupy the same sublattice, whereas a minimal band gap is observed when the dopants are
situated on alternating sublattice positions. The band structures of graphene supercells with B
and N co-doping do not drastically change the band gap and doping configurations. The
findings derived from the first-principles simulations demonstrate that the band gap of
graphene can be carefully modified by incorporating B- and N-dopants.

This study investigates the adsorption behavior of several small gas molecules (NH3,
CO, NO, NO2, N20O, Oz, HCN, and HNC) on intrinsic and chemically modified graphene
surfaces with B- and N- doping, bilayer, and phosphorene surfaces. DFT calculations are used
to analyze the adsorption properties to explore the possible application of these materials as
effective adsorbents for harmful gases. The addition of 6.25% boron doping did not exhibit
significant improvement in CO adsorption, and it has been reported that the 'd1' configuration

doped with 9.37% boron demonstrates the ability to adsorb CO molecules. Consequently,
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increasing graphene's doping concentration with boron may serve as a CO sensor. Among
several configurations, we find that a few configurations with 9.37% have shown the most
favorable outcomes in N-doped graphene. The adsorption of ammonia is most effectively seen
on a boron-doped graphene system, as well as on nitrogen-doped graphene in a few patterns.
These configurations have resulted in an enhanced band gap and improved adsorption
capabilities. The adsorption of NO and NO: significantly impacts B-doped graphene's
structural and electronic characteristics, mainly owing to the strong interactions between the
molecules and the graphene material. Therefore, it is plausible to consider using B-doped
graphene as an effective gas sensor for detecting NO and NO2 molecules. The significant
adsorption energies and close binding distances observed for NO, and NO on B-doped
graphene suggest the occurrence of chemisorption with chemically modified graphene. The
Bader charge analysis, examination of electronic band structures, and evaluation of the density
of states for CO-, NH3-, NO-, and NOz-adsorbed-doped graphene systems have provided
evidence that the electronic characteristics of B- and N-doped graphene are influenced by the
presence of CO, NH3, NO, and NO2 molecules. The flat band phenomenon occurs in B-doped
graphene configurations when paramagnetic gas molecules, such as NO and NO., adsorb. DFT
calculations were conducted to examine the adsorption of N2O on graphene sheets with
different dopants (intrinsic, heteroatom-doped with boron, nitrogen, and boron-nitrogen co-
doping). These calculations aimed to evaluate the impact of these dopants on the gas-sensing
capabilities of graphene towards NO.

The calculations revealed weak interactions between N2O and the intrinsic, boron-doped,
nitrogen-doped, and boron-nitrogen co-doped graphenes. The findings indicate that intrinsic
graphene and graphene doped with B, N, and co-doped with both B and N exhibit a lack of
sensitivity towards the N2O molecule. The inclusion of an N-dopant in the graphene structure

was seen to enhance the interaction between graphene and N2O significantly. Reasonable
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values for the sensitivity of N2O on B-doped graphene have been obtained from calculations
using Drude's formula. Although there is a slight change in the band gap after the adsorption
of these molecules onto chemically treated graphene surfaces, the examination of charge
distribution, band structure, and density of states (DOS) plots for B-doped graphene, reveals
that the adsorption of individual NO, NO2, and N2O molecules significantly influences the
electronic characteristics of B-doped graphenes. The findings further suggest that B-doped
graphene exhibits optimal characteristics as sensing materials for detecting N2O gas.

The present study used spin-polarized density functional calculations to investigate the
adsorption behavior of O2 on B-doped graphene in both singlet and triplet states. The primary
objective was to assess the susceptibility of B-doped graphene to O, molecules present in the
ambient air. The singlet oxygen has shown the chemisorption of O> on B-doped graphene with
oxetane-like ring formation where triplet is physisorbed on all configurations of B-doped
graphene. The dramatic change of atomic and electronic structures of B-doped graphene by
the adsorbed O2 molecule reveals the sensitivity of B-doped graphene to O2, which affects its
sensing towards other harmful gases and thus the potential usage of B-doped graphene as toxic
gas sensors. From this analysis, we can clearly distinguish between O> in singlet and triplet
states with the help of B-doped graphene.

To investigate the effect of ammonia on layered graphene, we have chosen bilayer AB
stacked graphene over AA stacking, as AA bilayer is less stable and known to exhibit metallic
properties. With the help of first principle calculations, we have followed the doping patterns
of boron similar to that in the monolayer studies. The results show that the boron and nitrogen
doped monolayer graphene shows high band gaps and acts better for the adsorption of gas
molecules compared to bilayers. The advantage of bilayer graphene over monolayer graphene
is that they have less formation energy.

We have investigated other 2D materials for gas adsorption, which is in the subsequent
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advance to graphene, i.e., phosphorene. Though the research on phosphorene has yet to be in
progress, our findings show that phosphorene is also a potential surface for gas adsorption. The
doping effects of phosphorene with different heteroatoms show anomalous features. Doping
with odd valence electrons preserves semiconducting nature; even electron dopant causes
metallic nature. We have studied other heteroatom dopants with different concentrations and
patterns and inferred that single-doped nitrogen shows the best results. We have used single-
doped phosphorene to study the adsorption of HCN and HNC and found that phosphorene is
an excellent sensor for these molecules.

8.3. Gaps covered in our research

Despite the potential of pristine graphene, graphene oxide, and reduced graphene oxide
as gas sensing platforms for detecting gases at room temperature, they are significantly
influenced by various gas species and exhibit slow recovery and inadequate electrical stability
in diverse environmental conditions. One potential approach to address this issue involves
chemically modifying graphene or reducing graphene oxide by introducing defects, dopants,
metal or metal oxide nanoparticles, and polymers. These modifications have demonstrated
promising results in enhancing the sensing capabilities of these materials, including increased
specificity, improved sensitivity, and lowered detection limits.

Various methods for band gap engineering have been examined in the existing body of
literature. These methods include intrinsic approaches, such as substitutional doping, and
extrinsic approaches, including the adsorption of different species onto 2D nanomaterials like
graphene. However, most prior research has focused chiefly on using metals or transition
metals for doping. Furthermore, the investigation of electronic modifications induced by
adsorption necessitates the thorough examination of metal-free doping. In this regard, a
comprehensive investigation explores methods for opening band gaps while minimizing

disruption to the two-dimensional surface structure and the band structure around the Fermi
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level.

Furthermore, the investigation of the dispersion of the band structure in the vicinity of
the Fermi energy still needs to be explored. Further research is required to investigate the
alterations in electronic structure and its dependence on the number of layers and doping of the
layers. This aspect has been addressed in our ongoing research endeavors.

Despite few contributions, there has been a need for comprehensive investigations
covering several adsorption sites, varying concentrations of dopants, and diverse surface
patterns. The investigation of doping with different mole fractions and its influence on the
adsorption properties of these surfaces has yet to be undertaken. Our research endeavors to
examine the adsorption of these gases on different concentrations and geometries, marking it
as a pioneering study in this field. Further investigation is required to understand the impact
of changes in electronic structure on the sensitivity of the material to variations in layer count
and doping. We have effectively addressed this knowledge gap by introducing boron and
nitrogen doping at various concentrations and patterns to address this knowledge gap.
Quantum mechanical calculations and atomic scale simulation tools have shown their efficacy
in determining the appropriate functionalization of graphene for specific target analytes. This
approach may be further applied to developing and simulating graphene-based sensing systems
with increased capabilities.

Enhanced gas sensing capabilities in graphene may be accomplished by introducing
certain heteroatoms, leading to a stronger affinity between the gas molecules and the graphene
surface. Exposure to gases would lead to discernible alterations in the electronic conductivity
of doped graphenes. Enhancing the selectivity of adsorption for gas molecule sensing is of
utmost importance in several domains, such as environmental monitoring, chemical process
control, agriculture, and medicinal applications. The investigation of transport features, such

as conductivity changes resulting from adsorption, provides valuable insights into the nature
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of the adatom. This aspect is thoroughly examined in our research. A limited body of research
focused on examining the van der Waals effect in 2D heterolayers. Concerning this matter, an
extensive examination is conducted to explore the electronic characteristics of the varying
distances between the layers.
8.2. Future scope of work

The current significance of modeling nano-sensing devices using 2D materials is essential,
as it offers the potential to investigate the fundamental sensing principles and evaluate sensor
performance before costly experimental attempts. Investigating the electronic structure and
quantum transport properties of electronic sensors based on 2D materials, both before and
during their contact with gas molecules, has significance in advancing and
producing innovative nano-sensors.

The primary advancement in materials science has been the recent application of the
exciting properties of exfoliated 2D materials, including graphene, which distinguish them
from their 3D counterparts. Two-dimensional (2D) materials can significantly impact various
fields, such as electronics, optoelectronics, energy conversion and storage, and chemical and
biological sensing, owing to their distinctive physical, electrical, and chemical characteristics.
In addition to their helpful electrical properties for gas adsorption, gas sensors based on 2D
materials have demonstrated high sensitivity in detecting a wide variety of gas molecules at
low concentrations. This is due to their maximum sensor surface area per unit volume, low
noise, and superior ability to screen charge fluctuations compared to OD and 1D systems.

Despite significant progress in the domain of graphene-based gas sensors over the last
decade, several enormous challenges must be addressed to satisfy the industry's growing need
to develop high-performance gas sensors. Additionally, theoretical research must be expanded
to comprehend the interaction mechanism between functional nano-hybrids based on graphene

and various gases. This understanding will facilitate the experimental and device fabrication
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processes crucial for developing improved sensors. Although there are investigations into
doped and defective graphene systems, the literature on oxide—graphene and polymer—
graphene hybrid systems are either scarce or nonexistent.

In addition, it is essential to research novel dopants, functional molecules, and
manufacturing processes, considering sensitivity and selectivity as crucial performance
measures. It is necessary to compare current sensing technologies based on graphene with
other gas-sensing materials to identify superior ways. Therefore, it is probable that future
research in gas sensor technology using graphene would prioritize the integration of graphene
with other functional materials to enhance its activity.

It is seen that gases interact with 2D materials like rGO, MoS., phosphorene, and others
very strongly. This makes the desorption process take a long time. Usually, UV light or high-
temperature annealing is needed to help the materials release the gases. This problem with 2D
material-based gas monitors needs to be fixed. It makes them less useful because it lowers
their sensitivity, detection limit, and accuracy. Though the use of 2D materials to sense gases
has already been used in the existing few studies, most had to be done in a controlled setting
because other gases in the real world changed the sensitivity values. So, future research should
focus on making ultra-high selective gas sense devices that can be used in real life with 2D
materials. It was possible to apply the functionalization method to phosphorene, which had
already worked very well for materials made from graphene.

Another problem is that it is not possible to make a lot of 2D things that are good quality
and cover a lot of space. Because 2D materials have such good dynamic attributes, they could
be used to make flexible electronics that work better with the device manufacturing process.
Some of the studies discussed in the previous chapters show that the electronic properties can
be altered by molecular adsorption on graphene. However, only a few reports are available on

similar adsorption studies on phosphorene.

219



The discovery of 2D materials has started a new era of materials science. The
calculations of properties of 2D infinite systems are state-of-the-art in computational materials
science and condensed matter physics. Besides the obvious challenges such as the inclusion of
structural and stoichiometric defects and doping of the surfaces, where electronic and optical
properties depend on the lateral size of the 2D structures, another important problem is the
interaction of the 2D materials with gas molecules present in their environment. The enormous
progress in the field of 2D materials suggests that many of those challenges will be tackled
near future. After addressing the above problems, and fully understanding the properties of
2D materials and their sensing mechanisms, with continued research efforts directed toward
resolving these issues and attaining a comprehensive understanding of the properties of 2D
materials and their sensing mechanisms, gas sensors based on 2D materials are poised to realize
their full potential, offering unprecedented sensitivity, selectivity, and versatility in gas

detection applications.
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