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Summary

In present study, pure and doped graphene nano-ribbon were used to
determined toxic gases which are bromine (Br;), ammonia (NH3) and carbon
monoxide (CO). Present study investigates on a bity a use graphene nano-ribbon

in pure and doped phase as a gas sensor and their use in renewable energy.

Quantum tools that used in the present study was Density Functional
Theory (DFT) and Time Depending - Density Function Theory (TD-DFT). DFT
using to compute ground state properties such as geometrical stricture, total
energy, energy gap, ionization potential, electron affinity and adsorption energy.
TD-DFT method was used to compute excitation state such as UV-Visible
spectrum. Calculation of geometrical stricture show that all bond length of pure
and doped nano-ribbon are in agreement with experimental result. Doped
mechanism by sulfur (S) and aluminum (Al) atom make a modification properties

of graphene structure nano-ribbon.

Theoretically, 116-atom nano-ribbon with a dimension of (N=4 and M=4)
and the length of nano-ribbon equal (1.4 nm) was selected. The adsorption process
was carried out for each of the following toxic gases (ammonia NHs, bromine Br,
and carbon monoxide CO). The nano-ribbons was doped with 4 sulfur atoms in
specific locations for the purpose of improving sensitivity to the mentioned gases.

Then the sulfur atoms were replaced by aluminum atoms for the same purpose.

Practically, the casting method was used to prepare thin films for each of
the graphene G, aluminum Al and graphene-aluminum G-Al films with certain
proportions of these mixtures. It was observed that graphene is stable for all
wavelengths. It was also noted that the absorbance decreases with increasing in
the proportion of aluminum. Al has the highest transmittance, opposite the
graphene which has the lowest.



Adsorption energy calculation for pure graphene nano-ribbon shows that
has high reactivity with Br, gas compared with CO and NH;. Adsorption energy
shows that Br, and CO has chemical interaction with surface of graphene nano-
ribbon. NH3 has physical interaction with surface of nano-system. Doped
graphene nano-ribbons by S and Al modify sensitivity and this clear in S-doped.
NHjs interaction change from physical to chemical adsorption. Br; gas in all system

has high reactivity with surface.

UV-visible calculations show that interaction gas molecule with surface of
pure graphene nano-ribbon have a red shift. Al-doped nano-ribbon have a red shift
of electromagnetic radiation. Finally, S-doped have blue shift of electromagnetic

radiation.

Energy gap in the theoretical and experimental parts in our study has

approximately equal values.
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Chapter One Introduction

Chapter One
Introduction

1-1 Introduction

Single-layer graphene contains of a carbon atom monolayer forming a 2D
honeycomb - like structure. Every carbon atom in a monolayer graphene binds to three
adjacent carbon atoms forming a 2D plane [1]. The edges of graphene can come in two
forms: armchair or zigzag (see Figure 1.1). The monolayer graphene sheet is the
smallest known material [2]. In-plane bonds with both carbon atoms are described as
sp? hybridization. Since the carbon valence shell contains 4 electrons but it is only
bonded to 3 nearest nearby carbon atoms (Figure 1.1b), the fourth bond of the carbon
atoms bending and sharing electrons over the surface of the material. The supplemental
unbound electrons form usually replaced m-orbitals [1].

These bound electrons form graphene’s distinctive valence and conduction band
structure (Figure 1.1a). The band structure and atomic structure of graphene are shown
in Figurel.1la and Figure 1.1b, in both. Graphene's band structure is simulated using
the nearby neighbor's tight binding model [3]. There are 6 points, known as Dirac
points, where even the valence and conduction band of the graphene contact in the
Brillouin zone. Therefore, the untrained monolayer graphene is a zero-band
semiconductor gap [4]. However, band gaps can be presented into graphene by a
variety of ways, including the incorporation of multiple stacked layers [5,6], strain

[7,8] and very limited graphene layers decided to call graphene nano-ribbon [9].
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I Graphene Band Structure |

Figure (1.1): (a) Graphene band structure using a tight-binding model. (b) Graphene

atomic structure [3].

1-2 Some of Graphene’s Characteristics

The remainder outer-shell electron occupies a p, orbital, which is parallel to the
direction. These orbitals hybridize together form two half-filled bands of free-moving
electrons, w and 7*, which are responsible for most of graphene's remarkable electronic
properties [10]. Graphene sheets are positioned to form graphite with an energy gap of
0.335 nm [11].

Graphene sheets in solid form commonly show evidence of graphite (002)
layering refraction. This is accurate for some single-walled nanostructures [12]. Even
so, unlayered graphene with only (hk0) rings was found in the core of presolar graphite
honey. Transmission Electron Microscopy (TEM) have shown facets of flaws in flat

graphene sheets and suggest a role for two-dimensional [13].
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The hexagonal lattice formation of an unconnected, single-layer graphene can be
seen directly by the transmission electron microscopy (TEM) of graphene sheets
suspended between metal grid bars [3]. Some of these pictures were shown a "rippling"
of the flat sheet, with amplitude of about one nanometer. These ripples may also be
inherent to the material due to instability of two-dimensional crystals [2,14,] or may
originate from of the ubiquitous dirt seen in all graphene TEM images. Photoresist
residues, that must be removed in order to obtain atomic-resolution images, may be the

"adsorbates" observed in TEM images and it may explain the observed rippling.

The hexagonal structure is also seen in scanning tunneling microscope (STM)
images of graphene supported on silicon dioxide substrates. The rippling seen in these
images is caused by conformation of graphene to the subtrate's lattice, and is not
intrinsic [15].

1-3 Potential Applications of Graphene

Because of its design and integration challenges, graphene remains a promising
material for a wide range of potential applications, ranging from sensors to transistors
[16,17]. Graphene even has a potential for energy harvesting and storage, which can
be used as storage super capacitors [18] and also photodetectors as well as solar cells
[19,20]. In addition, graphene has a number of other potential energy harvesting
applications [21]. Although the applications are wide-ranging, the main focus of this

work is on sensor applications.
1-4 Gas Sensor

Gas sensing has been a critical subject for a wide range of applications, like
medical, industrial, military as well as aerospace applications. The presence of toxic
and harmful gasses may lead to more serious accidents in both the industrial and

household environments. There must have been some tool to effectively detect the

3
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presence of these gases [22, 23]. The ultimate goal of gas detection is to achieve a high
level of sensitivity with high resolution. The presence of a desired gas with very low
concentrations should been detected. Furthermore, with solid-state gas sensors, such a

high resolution of a gas sensor was not possible [24-26].

Nanomaterials are the promising candidates for the development of low operating
temperature and low temperature gas sensors. The important parameter that defines the
sensitivity of a gas sensing material is its surface-to-volume ratio, that is quite high for
nanostructures. This high surface-to-volume ratio allows nanomaterials to effectively
absorb detectable target molecules and make it suitable candidates and for
development of efficient gas sensors [27]. In order to solve the problems identified in
conventional solid-state gas sensors, graphene has emerged as such an exciting and
promising candidate for more efficient detection of a wide range of organic and
inorganic materials, including gases. Extraordinary electronic attributes of graphene
and its derivatives make it an attractive candidate to substitute solid-state gas sensors
[28-30].

1-5 Adsorption Process and its Varieties

Adsorption process considers one of the most important types of surface science,
defined as a process when molecules and ions called adsorbate stick to the surface of
the solid called adsorbent [31]. Adsorbate attached to the adsorbent surface, the degree
of freedom and surface free energy reduced imbalance forces between two reactors [32].
The transfer of the adsorbate from of the liquid state to a solid state phase continues
until the balance is reached between the amount of adsorbate bound in the adsorbent and
the amount of adsorbate remaining in the solution. The degree of affinity between the
adsorbent and the adsorbate decides this distribution with liquid and solid phases [33].
It is generally classified as a chemical and physical adsorption mechanism [34]. In

chemical adsorption of a high amount with electron transport between two reaction

4
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systems, high energy increases during this process ranged from 40-800 kJ/mol, so this
process has been irreversible. All these results in the presence of a chemical bond
between adsorbent and adsorbate [35]. There is weak van der Waals interactions in
physical adsorption, no electron exchanges between them. A small amount of energy
increases ranged from 5 to 40 kJ/mol. The absence of chemical bonding is an important
factor in reducing energy. Physical adsorption was finally more acceptable to the multi-
layer system [36].

1-6 Adsorption Process on 2-Dimention Nano-Materials

Since solid-state gas sensor has high sensitivity, wide range of application and
low cost [37], the use of carbon nanotubes (CNTS) and semiconductor nanowire had
also demonstrated a new generation of gas sensors in recent years [38]. CNTS is likely
to be a large nanoscale sensor due to its fast response time and high room temperature
sensitivity [39]. Similar to the good sensor properties of CNTS, graphene is considered
to be an excellent sensor material due to its special properties, such as a two-dimensional
structure that maximizes the interaction of layer adsorbates, low Johnson noise and the
few crystal defects [40]. The graphene sample has also been reported to use as a gas
sensor with the possibility of detecting carbon dioxide gas molecules, that have
encouraged theoretical examination of a properties of graphene [41], and it has been
shown that the donor or acceptor molecule on graphene can significantly change the
electronic properties [42]. So when the molecules of gasses adsorbed on the graphene
sheet, there are changes in resistance that makes it possible for graphene to be a solid
state sensor for detection gas molecules. The ability of adsorption and the high surface-
to-volume fraction of graphene makes it the ideal gas-sensing material. Recently,
adsorption of different atmospheric gasses on graphene (like an active surface) had also
recently been studied experimentally and theoretically [43]. A process of adsorption in

pure graphene is really not that varied, and hence, regardless of any exception, using
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pure graphene for adsorption mechanism of gas molecules may not be the best option.
To conquer the insensitivity with these molecules to pure graphene, doped graphene,
due to the formation of a three-dimensional structure, it is also established that the higher

sensitivity of graphene to different molecules can be achieved by doping metals [44].
1-7 Graphene Nano-Ribbons Forms

Graphene nanoribbons (GNRs) are planar, finite, quasi-one-dimensional

graphene structures. Figure (1.2) represents graphene family nanomaterials.

GNRs have been predicted to display high electrical and thermal conductivity,
high breakdown current density, and low noise, which suggest that they can be used as
an alternative to copper for integrated circuit interconnects. In general, GNRs show a
bandgap that can be tuned by tailoring their width and edge structure. Zigzag GNRs are
always metallic, while armchair GNRs can be either metallic or semiconducting [45].
In particular, the bandgap of armchair GNRs has been reported to scale with the inverse
of the width. GNRs with zigzag edges are suggested to have localized states at the edges,
which means that the electrical transport can be spin-polarized. This prediction
combined with recent advances toward the scalable production of GNRs makes the
introduction of graphene as a spintronic material feasible. GNRs have been produced
chemically, in liquid phase by exfoliation, and by etching graphene using high-
resolution electron beam lithography. The nanoribbons obtained by these methods are
generally ~10 nm wide and < 1 um long in the case of liquid-phase produced ribbons.
In most cases, the ribbons display an undefined or functionalized edge structure that

affects the electronic properties [46].
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Figure (1.2): Graphene family nanomaterials structure[46].

1-8 Some Toxic Gases
In this work, the following toxic gases were investigated which are

1- ammonia (NH5)
2- bromine (Br»)

3- carbon monoxide (CO).
Below is a simplified explanation of each gas that was used:

1- Ammonia is lighter than air and has a characteristic pungent odor. Its
chemical symbol is NHs;. Ammonia is highly soluble in water. Ammonia
turns into a liquid at -33.35°C. The ammonia liquid boils at the same

temperature, freezes and turns into a pure solid at -77.7°C. In its

7
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transformation from liquid to gas again, it absorbs a large amount of heat
from the external environment. Ammonia causes infections and irritations
to the skin, eyes, nose, throat and upper part of the device respiratory.
Figure (1.3 a) shows ammonia gas [47].

2- Carbon monoxide is a colorless, flavorless (tasteless), and odorless gas. It
results from the partial oxidation process (incomplete combustion of
carbon) and organic compounds such as coal, and this happens when
oxygen is scarce, or when burning with a very high temperature. It is
considered one of the highly toxic gases, and it is a form of carbon, as well
as some oils and greases from machines and vehicles. It is a heterogeneous
diatomic molecule because it contains two different elements, carbon and
oxygen. This gas can also burn. It is worth noting that carbon monoxide
and air (CO + air) mixtures are highly explosive. Figure (1.3b) shows
carbon monoxide gas [48].

3- Bromine is a chemical element with symbol Br and atomic number 35, and
it is located in the periodic table of the elements within the elements of the
fourth period and in third place in the group of halogens. causes chemical
burns to the skin, Inhalation of bromine gas also leads to irritation in the
respiratory system, which leads to coughing, suffocation and shortness of
breath; If inhaled in large quantities, it may cause death. Chronic exposure
to bromine may cause acute bronchitis and worsen health [49]. Figure (1.3

c) shows Bromine gas.
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Figure (1.3): Represents the toxic gases used [47 — 49].

Previous Studies

I. Khadije, et al. in (2012) studied examined the adsorption of CO, CO,, NO and
NH; particles on an armchair graphene nanoribbon (AGNR). The optimal
adsorption sites and orientations of these molecules were determined on the AGNR.
The adsorption and charge transfer energies and density of states (DOS) were
obtained. NO, CO and CO, were absorbed the molecules acted as the acceptor, and
the adsorbed NH3; molecule acted as the donor [50].

L. Xianging, et al. in (2013) studied the adsorption behavior of H,O, NH3, CO and
NO, on pristine graphene. The adsorption capacity (n) of particles on native
graphene was calculated by statistical mechanics method. NO, contained the largest
n of the order of 108 cm? among the four molecules on graphene at room
temperature and a concentration of 1.0 ppm, but still about two orders of magnitude
smaller than that of the graphene devices estimated from the experimental results.
This is probably due to the strong binding of NO, to the edges of graphene with the
termination of oxygen atoms with Eb with a size of 1.0 eV. Calculations of the
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adsorption capacity of small polar molecules on native graphene and comparison
with experimental values contributed to the understanding of the mechanism and
design of graphene-based gas sensors [51].

X. Huang, et al. in (2013) studied chemically reduced graphene oxide (CRG)-based
NHj3 gas sensors. They used aniline to reduce graphene oxide (GO) to obtain CRGs
attached with different states of polyaniline (PANI). The gas sensing properties of
CRGs-based gas sensors were studied. The results indicate that the free CRG
exhibited an excellent response to NH3 and exhibited a high sensitivity to NH3 with
concentrations at the ppm level. CRG-based sensors showed a response of 37.1%
upon exposure to 50 ppm of NHs. Above all, CRG can be considered as an excellent
sensor material for the detection of NHs. In addition, the sensor can be easily
fabricated by drip drying method, which holds great potential in various fields of
gas sensing, due to its small size, low cost and portable characteristics [52].

R. Ghosh, et al. in (2014) developed a highly sensitive, flexible and low cost
ammonia sensor. The sensing element is based on chemically derived multilayer
graphene and deposited on a 3-inch diameter filter paper. The sensor material was
deposited on filter paper because it is a flexible substrate and also reduces cost.
They obtained multilayer graphene by reducing graphene oxide (GO) with glucose.
The synthetic sensor showed sensitivity to detect ammonia concentrations as low
as 430 ppb. Sensor response characteristics as a function of ammonia
concentrations (ranging from 400 to 4000 ppm) are reported in the paper. They also
describe the variance in the response characteristics at the flat and curved positions
of the sensors [53].

C. Kuru, et al. in (2015) studied a large-scale graphene nano-ribbons (GNRs)
network and applied it to gas sensing. A large area of nanoscale GNR network was
produced to mask graphene made of silver nanowires (Ag NWs) and subsequent

O, plasma etching. The GNR network shows significantly improved sensitivity to

10
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ammonia compared to the original graphene layer. The gas detection sensitivity of
the nanoscale GNR network is improved by decorating the GNR network with
palladium (Pd) or platinum (Pt) nanoparticles, which exhibit a relative resistance
response of 65% and 45%, respectively of ammonia (NHs) in nitrogen (N) at room
temperature as well as good reflectivity in air [54].

C. N. Tien, etal. in (2016) studied the electronic properties and transport properties
which were studied based on the density functional theory along with the non-
equilibrium Greene function method. The absorption energy, density of states,
electron density distortion, charge transfer, current and voltage properties, and
transmission spectra were analyzed. CO and NH3; molecules showed adsorption on
GNRs with low adsorption energies and small charge transfer. The interactions
between CO, and NH3; molecules and GRNs are very weak. The results indicated
that the sensitivity and selectivity of GRN-based gas sensors can be improved by
modifying the electronic structures of graphene [55].

S. Aghaei, etal. in (2017) studied the adsorption behaviors with toxic gas molecules
(NO, CO, NO,, and NHz3) on the graphene-like boron carbide (BC3) investigated
using first-principle density functional theory. The graphene-like BC3; monolayer
Is a semiconductor with a band gap of 0.733 eV. The reserchers found that the
amount of charge transfers on the adsorption of CO and NH; gas molecules on the
BC; to be small. Each band gap changes in BC; due to CO and NH; interactions
were only 4.63 % and 16.7 %, indicating that the BC3 based sensor has such a low
and moderate CO and NHj5 sensitivity, respectively [56].

Z. Gao, et al. in (2018) studied a comprehensive theoretical study that was
performed to investigate the adsorption properties of toxic gases (NO,, NH3, SOs,
and H,S) by using single iron atom catalysts with three graphene-based supports.
The adsorption geometry, adsorption energy, electronic and magnetic properties of

the adsorption system are explored. In addition, the effects of support were

11
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analyzed by d-band center and Fermi smoothness, and thermodynamic analysis
which performed to consider the effect of temperature on gas adsorption. The
support effects have a marked effect on the adsorption properties of the four types
of toxic gases which are determined by the electronic structure of the graphene-
based support, and the electronic structure can be characterized by the Fermi
smoothness of the catalysts. The results could lay a basis for further study of the
effects of graphene-based supports in single-atom catalysts for the development and
design of new graphene-based supports using the idea of Fermi ductility [57].

L. Fernanda, et al. in (2019) studied the adsorption mechanism of CO gas molecule
with graphene dopant boron and nitrogen atoms. Their results indicate that the value
of energy gap changed when gas molecule has interaction also band structure. CO
gas molecule interaction physically with all graphene and dopant system [58].

F. Subhan, et al. in (2019) investigated the possibility of selecting multiple toxic
gases using a single substrate material. They explored the transport property of Ho,
N, O,, CO, CO,, NO, and NH3; gas molecules on two-dimensional (2D g-C4N3)
graphitic carbon nitride. The homonuclear molecule such as H,, N, and O, has a
very weak adsorption energy, and carbon dioxide has an adsorption energy of 0.23
eV. In typical toxic gas particle adsorption systems, they find appreciable charge
transfer. Moreover, by 1-V curve calculations, they find a significant difference in
current. The calculated current was 21, 13.11 and 16.16 pA for the CO, NO; and
NHj; systems with a bias voltage of 0.5 V. Their results indicated that 2D g-C4N3
could be a superior substrate material for sensing multiple toxic gases [59].

N. T. Cuong in (2020) studied presented first-principle calculations made using a
combination of DFT and NEGF methods to investigate the adsorption of CO, and
NH3 molecules on the junctions of straight and U-shaped GNRs. It was found that
the adsorption of CO and NHj3 on the straight GNRs at the edges of the dangling
bond shows a chemical reaction behavior with high adsorption power. Besides, for
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U-shaped ZGRNs without adsorption. Electrons in these positional states are nearly
confined and do not contribute to conduction. However, for U-shaped GRNs with
CO and NH3; adsorbed on DB armchair edge defects, these states become undefined
in the entire U-shaped junction. The current-voltage characteristics showed that the
sensitivity and selectivity of the U-shaped GNRs gas sensors are significantly
improved compared to the original GNR sensors [60].

E. Salih, et al. in (2020) studied constricted zigzag graphene nano-ribbons
(ZGNRs)-based sensor which constructed using the Atomic ToolKit Virtual
NanoLab (ATK-VNL) and then used to detect nitrogen oxide (NO), nitrogen
dioxide (NO;) as well as ammonia (NH3). They calculated the high absorption
capacity for ZGNR-O-OH-NO; with —0.953 eV, when the highest transfer of
charge has been found for ZGNR-OH-NO with —0.146 eV. Therefore, ZGNR-OH
and ZGNR-O-OH can also be considered as promising NO and NO; gas sensors
[61].

A. |. Abdelamir, et al. in (2020) focused on the effect of two important factors using
the three molecules weights (Mw) 4k, 8k and 20k (g mol-1) of polyethylene glycol
(PEG) and reinforcement with a low load ratio of graphene oxide nanosheets
(GONS) on the mechanical properties of a polymer matrix. A range of
characterizations such as structural, rheological and mechanical properties were
considered. These they were characterized using density and viscosity charges,
Fourier transform infrared (FTIR), and X-ray diffraction (XRD), optical
microscopy (OM) and ultrasound. FTIR results showed the most effective
combination of PEGs and GONS, it also confirmed the significant strong
relationship of PEGs with GONS. They were the crystal peaks of the pegs it was
clearly presented in nanocomposites using XRD, while the GONS peak was not
evident showing that of the whole complex. The despair of the GONS in the
samples as presented. From the results they obtained nanocomposites samples lead
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to a good medium for ultrasonic transmission especially in high molecules weights
(20 carats), meaning that it provided good stability against mechanical and
absorption waves [62].

T. Y. Mi, et al. in (2020) studied the adsorption of toxic gas molecules: carbon
monoxide (CO), carbon dioxide (CO,) and ammonia (NH3) on penta graphene
nanoparticles (PGNRs) using first-principles methods. They studied the changes in
the adsorption geometry, adsorption energies, charge transfer, electronic properties
and electrical transport of PGNRs upon adsorption of these three gas molecules.
The result showed that PGNRs are a good candidate for the detection of CO and
NH; molecules when these two molecules are adsorbed in the region above the
double bonds of PGNRs. Most interesting is that the PGNRs upon adsorption of
CO and NH3; molecules show a significant difference in transport coefficients near
the Fermi level compared to that of pure PGNRs. These results open a new
opportunity to develop a nanoscale gas sensor using pentagonal graphene nano-
ribbons core materials. [63].

V. Haridas, et al. in (2020) studied o -Fe,O3 functionalized Less defective graphene
sheets were synthesized by cost-effective green solvent-assisted ultrasonic
graphite-induced exfoliation followed by a hydrothermal method and its chemical
ammonia gas sensing properties were investigated. A plausible sensing mechanism
was suggested, signifying the role of both a-Fe,O3; and graphene leading to the
synergistic response to NH; [64].

F. Mofidia and A. Reisi-Vanani in (2020) studied electronic and structural
proprieties for graphene oxide nano-ribbons. That were check out sensitivity of CO
gas molecule towered graphene nano-ribbons. Their results indicated that CO gas
molecule with GYO (graphene oxide) compared with pure GY (graphene) and
GYO2 (graphene dioxide) also take place physical adsorption [65].

J. Kim, et al. in (2021) studied the interaction of bromine of various types of
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polycyclic aromatic hydrocarbons (PAHs) with oxygen atoms and graphene with
oxygen atoms was estimated by calculating density functional theory and
experimentally clarified by analyzing bromine of aromatic hydrocarbons using gas
chromatography-mass spectrometry. In the experimental and theoretical
bromination reaction of PAHs, the presence of the hydroxyl group increased the
PAH reaction due to the electron-donating nature of the hydroxyl group. The effects
of functional groups on reactivity were also confirmed in graphene. Their study for
estimating the reactivity of bromination of graphene edges provided the basis for

bromination of graphene edges [66].

L)

« E. Salih and A. Ayesh in (2021) studied four armchair graphene nano-ribbons
(AGNR) based sensor materials which have been manufactured using the Atomic
ToolKit Virtual NanoLab (ATK-VNL) and then used to identify carbon monoxide
(CO) and carbon dioxide (CO,) gases. The results showed a significant increase in
adsorption energy almost to 9 times non-doped systems for Pt—-N-AGNR CO cases
and also CO; for both Pt-H-AGNR and Pt—-N-AGNR. As well as, they observed a
rise of almost 13 times in adsorption energy for Pt—H-AGNR CO. In addition to the
adsorption energy (Eaqs), they examined the adsorption distance (D), the load transfer
(AQ), the state density (DOS) and also the band structure to confirm the adsorption
of CO and CO, on the four systems transfer (AQ), state density (DOS) as well as the
band structure to verify the adsorption with CO and CO; on the four systems [67].

% R. Mehla, and S. Singh in (2021) studied the variability in the geometric and

D)

electronic properties of the graphene nano-ribbons (AGNRS) chair along with the
pristine and phosphorous (P-AGNRs) configuration was determined in the presence
of ammonia (NHs). The calculations based on density functional theory were
performed in order to detect and equalize the sensitivity of armchair-modified
graphene nano-ribbons to NHj; sensing. Furthermore, the variability in the

geometric and electronic properties of AGNRs and P-AGNRs was analyzed by
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considering the coherent energy, band structure, density of states, and conductivity.
Their results showed that P-activated AGNRs can increase its sensitivity to NH3;
gas by an order of 106 times due to the improvement in conductivity [68].

Y. Han, et al. in (2021) studied carbon dioxide and nitrogen oxide adsorption
behaviors, and potential redox reactions on the surface of graphene pentahydrate
by first principles calculations. The results showed that the carbon dioxide or
nitrogen oxide molecule favors chemical adsorption on the surface of the graphene
pentagram after overcoming the 0.046 eV or 0.037 eV energy barrier. The energy
barrier for the complete reaction is expected to be only 0.375 eV under the Eley-
Rideal mechanism and is well below 0.970 eV under the Langmuir-Hinshelwood
mechanism, which is very close to the noble metal-catalyzed CO oxidation. Their
results provided a new route not only to catalyze toxic molecules coexisting
together but also to produce N,O through the reaction of NO and CO on the PG
surface, and will be useful for potential applications of PG-based catalyst in the
future [69].

S. J. Kheirabadi, et al., in (2021) used monolayer and bilayer armchair graphene
nano-ribbons (AGNRs) (10 atoms wide) and studied their sensitivity in the
presence of CO, O, and CO, gas molecules. With the Quantum espresso-5.3.0
package, architecture optimizations were done based on (DFT). Their results
showed that the adsorption of CO, oxygen and CO gas molecules on the AGNR
can be significantly modified in the bilayer AGNR with respect to the monolayer.
These gas molecules showed a weak interaction with the AGNR atomic structure
due to the large interaction distances. Thus, they concluded that graphene nano-
ribbon (AGNRs) showed poor gas sensing in the presence of CO, O and CO,
molecules. Meanwhile, bilayer AGNR showed different electronic properties
compared to monolayer AGNR which makes it very sensitive and selective to the

presence of O, and CO gases [70].
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s M. A. Al-Seady, et al., in (2021) used density function theory calculations to
calculate the ground state properties of a pure nano-doped aluminum
(graphene/boron nitride) system. The hybrid function used in this study was
(B3LYP) and the base group 6-31G*. Calculations of the bond length for the pure
and doped nanosystem were in agreement with the experimental measurements.
The adsorption energy calculations showed a low energy rise during the interaction
between the gas molecule and the surface of the nanosystems. Also, their results
showed that the adsorption type was physical. The molecular orbital energy is not
affected during the reaction process. The charge transfer calculation also showed
that the carbon dioxide molecule acts as a donor in the pure graphene system, boron

nitride and graphene and acts as acceptor in boron nitride [71].

1-10 Aim of the Work
This study aims to design a theoretical sample of graphene and its derivatives for
detecting some toxic gases as (NHs, Br, and CO) in nature.
1-11 Steps to Achieve the Aim
Pure graphene nano-ribbon was design to determined sensitivity of toxic gases
which are bromine (Br;), ammonia (NHs) and carbon monoxide (CO). Then nano-
ribbon has been doped with four sulfur atoms in symmetric sites and was employed to
detected the toxic gases. After that, sulfur atoms have been replaced with aluminum

atoms for the same purpose.

1-12 Chapter’s Overview

Chapter one illustrated an introduction to the graphene nano-ribbons and their
properties, information about gas sensor, as well as adsorption and some previous

studies in this field.
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Chapter two is a theoretical background of the method used in present work with
Important equations. This chapter included the employed equations in calculating of the
proposed structures with description for the used programs.

Chapter three the results and discussion, it included the description of designing of
pure and doped graphene nano-ribbons and the final results of the structural, electronic
and optical properties of the nano-ribbons under study.

Chapter four is the conclusions of the major findings in this study with some

suggestions for the future research works.
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Chapter Two
Theoretical Background

2-1 Introduction

Quantum mechanical methods can be divided into two categories: ab initio
methods and semi empirical methods (SE). Ab initio methods include Hartree—Fock
theory (HF), perturbation theory (PT), and density functional theory (DFT). These
methods start with Schrodinger equation and carry out a complete integration,
without introducing empirical factors derived from the experimental measurement
[72]. While the semi-empirical methods have many omissions in addition to the
introduction of some experimental factors in the calculations. For the past 30 years
DFT has been the dominant method for the quantum mechanical simulation of
periodic systems. In recent years it has also been adopted by quantum chemists and

is now very widely used to simulate of the energy surfaces in molecules.

Throughout the theoretical chemistry and physics, the fundamental law of
physics is combined with mathematical methods for studying the progression of
chemical relevance and physical [73]. Molecular modeling methods and physicians
are still widely used to computationally investigate many properties like molecular
energy, molecular geometry, electronic structure, electron and charge distribution,
ultraviolet (UV) and the physical properties of biological, inorganic, organometallic,

polymeric, catalytic and also other molecular systems [74].

2-2 The Schrodinger Equation

The Schrodinger equation which was proposed by Erwin Schrodinger in 1925
Is central to the evolution of quantum mechanics theory. Any problem with the
electronic structure of the matter is [75]:

AY=EV¥ 2-1)
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where ¥ is a wave function, it expresses the mathematical structure of de
Broglie wave associated also with particle, H is the Hamiltonian operator, and E is
the total energy of the system. Once the Schrédinger equation is solved, all electronic
properties of the system can be calculated. The Hamiltonian operator, H, consists of
two terms the Kkinetic energy of the electrons and the nuclei (T) and the potential

energy components (V) [75].

<

T+

an)
I

(2-2)

A~

Te‘l'Tn‘I'V\ne'l'V\ee‘l'Vnn (2_3)
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I

where (T,) and (T,) are the kinetic energy operators of the electrons and nuclei,
respectively. (7,.) the Coulomb attraction between the nuclei and electrons, (7,,) the

Coulomb repulsion between electrons, (¥,,,) the Coulomb repulsion between nuclei.

The kinetic energy operators are represented as [75]:

~ h2

Te= — -~ ¥ Vi (2—4)
-~ h2
T, = —mZAVf\ (2-5)

where: m, and Ma are the electron and nuclear masses, respectively, V2 is the

Laplacian operator of i electrons, which in Cartesian coordinates has the form [75]:

Viz= —_2+—2+7 (2—-06)

I7ne=—ZAZiZA ? (2-7)
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~ e?
Vee = Zi<jr_ij (2-8)

~ ez
Van = 2a<s ZaZp Rane (2-9)
AB

where r;; = [, — 7| and Z, is the charge of nuclei A, rp; is the distance
between nucleus and electron, rj; is the distance between i electron and j electron

and R »p is the distance between A and B nucleus.

The first major step in simplifying the general molecular problem in quantum
mechanics is the Born-Oppenheimer approximation. This approximation is based on
the fact that the nuclear masses are much greater than those of the electrons.
Therefore, nuclei move much more slowly and they are nearly fixed compared with

the electrons motion [76].

2-3 Hartree - Fock (HF) Methods

It is necessary to calculate the many-electron wave functions for the system
using the time-independent Schrédinger equation to describe the quantum
mechanical behavior of all electrons in the systems [77]. To solve the Schrodinger
equation for all electrons in a system requires solving many of simultaneous
differential equations [78]. Since this calculation is very difficult so it needs
simplifying the methods and the problem itself. In 1928 Hartree made such a
simplification through an iterative self-consistent field (SCF) method by making an
assumption about the form of the many-electron wave functions. In a uniform system
the wave functions would take the form of simple plane waves. According to the
variation principle, if a given system is described by a set of unknown parameters,

the set of parameter values which correctly describe the ground state of the system
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Is just that set of values which minimize the total energy, this can be expressed as
[77-80]

_ (®[H|®)

Ep = (B]) >E, (2-10)

where E is the lowest-energy eigen value of the eigen function ® and E, is the
ground-state energy. Using this theorem, the exact ground-state wave function is
approximated from the eigen function that gives the lowest energy. Hartree found
the Hamiltonian equation of the many-electron system and it was possible to treat

each electron separately as a single-particle.

The wave function of Hartree-Fock approach can be written in a compact way
as a Slater determinant. The determinant considers the spin of all the electrons and
the Pauli exclusion principle. Equation (2 - 11) is an example of a Slater determinant

for a system of N-electrons [79,80]:

\P =

Y1(Da(1) P1(DBA) P(Da(l) Yz(DBA) ....... PN(Da(1) ¥n(DB(D)
) Y1(2)a(2) ¥1(2)B(2) Y2(2)a(2) Y2(2)B(2)........ ¥n(2)a(2) ¥N(2)B(2)
— . : :

Y1 (N a(N)¥; (N)BMN) Y, (N)a(N) 2 (N)B(N) ... ... ¥y (N) a(N) ¥y (N) B(N)

2-11)

where YV is the electronic wave function, o and 3 are the spin up and spin down

. 1 . . .
of electrons, respectively, and s normalization factor.

The next step in Hartree-Fock method is introducing the molecular orbital

expansion and determining the corresponding coefficients based on the variation
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theorem [81]. Solving the Hartree-Fock equation using the iterative process of the

self-consistent-field (SCF) producer yields the molecular orbitals v (1;) [79,80].
F¥(¥) = &¥;(P) (2-12)
For closed shell systems the Fock operator F takes the form:

n/2

F=h+ Z(Zjl - K;) (2-13)
=1

The Coulomb operator J; and the exchange operator K, are defined as [79,80]:

INIGE j Lpl*|(f)q1,(r')dv'w@) (2 —14)
r—r

KW (7) = f Lpl*|(f)w;(r')dv'tp(f) 2 - 15)
r—r

A further restriction involves expanding the molecular orbitals in terms of basis
functions o; , linear combinations of one-electron functions according to the linear
combination atomic orbital (LCAO) method. Thus an individual molecular orbital is
defined as [79,80]

N
l'pl' - z C,ui¢ﬂ (2 - 16)
u=1

where C,; represents the molecular orbital expansion coefficients. The basis

functions ¢; are also chosen to be normalized.

For orbital expansion an appropriate set of basis functions have to be selected,

with that the coefficients C may then be adjusted to minimize the total electronic
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energy calculated from the many-electron wave function. The resulting value of the
energy will then be as close as possible to the exact energy E, of the ground state of

the system within the selected limitations [82].
E(q)l,q)z, ...... ,CDN) 2 EO (2_ 17)

The equality sign is applied only in case ¥; is the exact ground state function.

2-4 Density Functional Theory (DFT)

The density functional theory (DFT) is presently the most successful approach
to compute the electronic structure of matter. Applicability ranges from atoms,
molecules and solids to nuclei and quantum and classical. In its original formulation,
the density functional theory provides the ground state properties of a system, and
the electron density plays a key role. DFT predicts a great variety of molecular
properties, molecular structures, vibrational frequencies, atomization energies,
ionization energies, electric, magnetic properties and reaction paths, etc. [83].

In 1927, the functional predecessor to density theory was the Thomas-Fermi
model, developed by Thomas and Fermi. Thomas and Fermi are calculated the
energy of an atom by representing its kinetic energy as a function of the electron
density, combining this with the classical expressions for the nuclear-electron and
electron-electron interactions, which can both also be represented in terms of the
electron density [84, 85].

DFT derives properties of a many particle system as a functional of electron
densityp(r). Electron density is the number of electrons per unit volume for a given
state. It is dependent only on three coordinates regardless of the number of electrons

of the system, as [85]:
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N = [ p(®)d? (2 -18)

The fundamental concepts of DFT rely on the ground state energy and all other
ground state electronic properties are uniquely determined by the electron density.
Furthermore, the exact ground state of the system corresponds to the electronic

density for minimal total energy.

2-4-1 Hohenberg-Kohn Theory

Hohenberg-Kohn results reduced the problem of solving the many body
Schrddinger equations to the problem of minimizing a density functional. They
proved that in 1964 a many-electron system of the ground state can be determined
by the ground state electron density p(r) [84,86,87].

Theorem |: The ground state energy of a many-electron system is a unique

functional of ground state electron density p(r).

Theorem I1: The functional of ground state energy is minimized by the ground state

electron density p(r) for a many-electron system.

Any ground state properties (according to these theorems) of a many electron
systems can be expressed in terms of the ground state electron density p(r). The

ground state energy functional Ey can be described as [88,89]:

Eylp] = j D) Vot )7 + Fu o] 2-19)

where Fuk[p] is a functional of p(r) to be determined which includes kinetic
energy and all the electron-electron interactions. Considering of the particle
conservation, the variation of ground state energy satisfies the following principle
[88,89]:
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S{Ev[p] —KUp(F)dF—N]}: 0 (2 —20)
which give.

. SEV[p] . SFyk(p]
K= 5p(7) ext( )+ 5p(7) (2 - 21)

where (k) is the chemical potential. Note that Fuk[p], where Fuk is a universal
functional of the electron density. The ground state electro properties of many-

electron system can be obtained exactly from Eq. (2 - 20) and Eq. (2 - 21).

Hohenberg-Kohn theorem assumes that Fyk exists, but the actual form of Fyk is

unknown and must be approximated.
2-4-2 Kohn-Sham Equations

The energy functional Fuk, (according to Hohenberg and Kohn) of an

interacting many-electron system can be expressed as [90,91]:

p(r)p
Fulp) jf B drdr+Exc[p] 2-22)

where T[p] is the kinetic energy of the system; the second term is the classical
Coulomb energy:« the third term Eyy; IS the exchange-correlation energy which
describes the non-classical interaction of electrons including all the many-body

effects.

Now, p(7) can be expressed for a non-interacting system by a set of auxiliary
orthogonal function ;(#) as [90,91]:

p() = X (M (7) (2-23)
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and (Y|y7)=6;
The Kohn-Sham kinetic energy was given by [89]:
Tkslpl = ——fZ L AV (P dr (2-24)

Considering the many-body interaction, the true kinetic energy T[p] in
equation (2-22) is not equal to Tks[p]. The difference between them can be

combined with exchange-correlation functional Ex[p] as [89-92]:

Exclpl = Exclp] + Tlp] — Tkslpl (2-25)

and the ground state energy functional can be written as [92]:

Evlp] = Tkslp ﬂ |(:)_p£1’| d7dr’ + Exc[p]

+ j 47 p ()W (P) 2 -26)

By applying the variation principle to equation (2—26):

5 ] N B
M;(?){E[p]— | drzieiwi(r)wxr)}—o (2-27)

This leads to the Kohn-Sham equations:

e (o)
ot [

where Vy[p] is the exchange-correlation potential which has been modified

dT‘ + VXC[,D] + Vext(r) l/) (T) - gllp (T) (2 - 28)

to include all the difference between the interacting and non-interacting Kinetic

energy in equation (2 — 28), Vy.[p] takes the form [92] :
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OF
Veclo] = 5;‘695]

(2-129)

It should be noted that, the Kohn-Sham equation has to be calculated self-
consistently considering that the wave function s;(r)is influenced by the electron
density p(r) included in Hamiltonian. Through solving a set of Kohn-Sham equations

(2 — 28) self-consistently, one can obtain the total energy of the system [92]:

N —>
L p@p(r') . — N "
F=Y fe-3 | T%Rdrdr' +Exclp] - [ 4oV (2= 30)
i
The physics of Kohn-Sham equation is unlike that of Schrédinger equation.
The significance of Kohn-Sham equations consists that, it reduced an interacting
many-body problem to a set of independent equations which describes the state of

single electron in the effective potential of other electrons.

The major problem of DFT is to find the exchange-correlation energy (Exc),
used so far as a mathematical term. This term includes all the effects of exchange
and correlation interactions, such as Pauli exclusion between electrons with same
spin orientations, and the instantaneous reaction of electrons with opposite spins. If
the exact exchange-correlation function is known, the system is solved exactly. As
previously noted, this function is from the difference of the Hamiltonian between
the interacting many-electron systems and the non-interacting single electron system
[85].

2-4-3 Local Density Approximation

The local density approximation (LDA) [85,93] is the simplest approximation

to Exc [p(r)], which assumes that the system is a homogeneous electron gas and Exc
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[p(r)] depends only on the local value of electron density. Therefore, Exc [p(r)] can

be written in a simple form [88]:

B0 = [ ) exc (o)) (2-31)

2-4-4 Local Spin Density Approximation (LSDA)

The local spin density approximation (LSDA) defines the exchange
correlation potential in terms of the density of a and B spins and was developed for

calculating the properties of open-shell systems [90]:

EEPA pas pp] = [ oD exc(p(P) s p(F)p)d7 (2-32)

where exc IS the exchange-correlation energy per particle. LSD approximation
provides better results than HF for certain properties such as equilibrium structures,

vibrational frequencies and dipole moment.

In general, the LSDA provides reliable information for those systems that
closely resemble a uniform electron gas, namely those in which the density varies
slowly with position. However, in reality, atomic and molecular systems do not

possess uniform electron densities and thus more sophisticated models are required.
2-4-5 The General Gradient Approximation

Generalized gradient approximations (GGA's) for the exchange-correlation
energy improve upon the local spin density (LSD) description of atoms, molecules,
and solids. present a simple derivation of a simple GGA, in which all parameters

(other than those) in LSD are fundamental constants [90].

Egé*parpgl = | f(Par P VPar Vg ) dF (2-33)
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This functional generally offer an improvement over the LSDA since they
account for the variation of density with position. To simplify the problem, (Exc) is

often written as the sum of an exchange (Ex) and correlation (Ec) terms [88]:
EXC :EX+EC (2—34)

The exchange-energy functional can then be obtained from the HF exchange
term with the Kohn-Sham orbitals instead of the HF orbitals and approximate
solutions for (Ec) are sought. Various exchange and correlation functionals have
been developed independently and can be combined in various ways. For instance,
one popular (GGA) functional is BLYP, where Becke’s (in 1988) exchange

functional [93] is paired with the Lee-Yang-Parr correlation functional.

2-4-6 The Hybrid Functional
The hybrids functional are very successful in describing a wide range of
molecular properties accurately. In large molecules and solids, however, calculating
the exact (Hartree-Fock) exchange is computationally expensive, especially for
systems with metallic characteristics.
The most popular hybrid functional, B3LYP, [88,90-92,94], uses Becke’s
1988 exchange functional ( EZ%8) and Lee, Yang and Parr’s correlation functional

(ELYP) as gradient corrections to the LSDA exchange and correlation functional
[95].

EFZMYP = (1 — @)EfSPA + aEfZ° + bEF®® + cEE'P + (1 — 0)EESPA (2 - 35)
where the three parameters, a=0.20, b=0.72 and ¢=0.81.
Here  a: specified the amount of exact exchange.

b and c control the contribution of exchange and correlation, respectively.
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2-5 The Wave Function

The wave function ¥ is not physically observable, but its square [W]? can be
interpreted as the probability density, which yields a probability when multiplied by
the volume of a region. Acceptable wave function for a system has to be orthogonal
to each other and normalized (orthonormal) [96]:

[WWdxy = (W|¥) = §;; (2 — 36)
The energy of a wave function can be calculated as an expectation value of the

Hamiltonian operator [96]:

[w*HWY dt

E=<H>= 00

(2 -37)

The wave function ¥ describes a many particle systems.

2-6 Basis Set

Most methods require a basis set be specified. The exceptions consist of a few
methods for which the basis set is defined as an integral part of the method, most
semi empirical methods use a predefined basis set. When ab initio or density
functional theory calculations are done, a basis set must be specified, a basis set is a
set of functions used to describe the shape of the orbitals in an atom. Molecular
orbitals and entire wave functions are created by taking linear combinations of basis
functions and angular functions. The type of calculation performed and basis set

chosen are the two main factors in determining the accuracy of the results [97,98].
2-6-1 Slater Type Orbitals (STO’s)
The Slater type orbitals have the form [99,100]:

X570 = Nr*=1e=87Y,,.(0, 9) (2-38)
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Here n, is a principal quantum number and § is a constant related to the effective
charge of the nucleus. Y;,, is a spherical harmonic which describes the angular part
of the wave function. Slater type functions show a correct behavior nears the nuclei

at r — 0 with a discontinuous behavior.

2-6-2 Gaussian Type Orbitals (GTO’s)

Gaussian type orbitals (GTOs) can be written in terms of Cartesian
coordinates as [98-100]:

)(GTO — lexylyzlze—fr2 (2 — 39)

where: N is a normalization factor, the sum of lx, ly and [z determines the
type of orbitals. & represents the orbital exponent that show compact large ¢ or
diffuse small ¢ is the resulting function, r? dependence in the exponential is a
deficiency of the GTO's with respect to the Slater-type orbitals STO's [101,102].

Subsequently, the tail of the wave function in the GTO is represented poorly.
A rough estimate says that three times as many GTO's as STO's are requird in order
to reach the same level of accuracy. One of the disadvantages of STO's is that many-
center integrals such as Coulomb and HF-exchange terms are difficult to compute
with STO's. Subsequently it does not play a role in modern wave function based
guantum chemistry codes. One of the advantages of the Gaussian basis set is that the
product of two Gaussian functions is another Gaussian function. As a result, for the
calculations of Coulomb and HF-exchange terms the analytical solution is available
for the Gaussian functions. Therefore, the GTO basis function in HF and related
methods is popular because very efficient algorithms exist for analytically

calculating the many-center integrals. In order to improve the GTO basis sets, one
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usually employs a contracted GTO basis set, in which several primitive Gaussian

functions are mixed to gives a contracted Gaussian function (CGF) as [103]:
x5 =2l Cyx ST (2 - 40)

Here, M is the number of Gaussian primitives used in a linear combination. The basis
sets used in Gaussian are classified into: minimal basis sets, split valence sets,

Polarization and Diffuse Functions and others [103].

2-6-2.1 Minimal Basis Sets

The minimal basis sets represent all orbitals up to and including valance
orbitals, it is the minimum number of basis functions y needed to describe the ground
states of the component atoms in a molecule for example (1s, 2s and 2p on carbon
atom). The STO-3G is a common minimal basis set. In these basis sets, the same

number of Gaussian primitives comprises core and valence orbitals [104,105].

2-6-2.2 Split-Valence Basis Sets

A split-valence basis sets of the inner-shell atomic orbitals are represented by
one basis function and the valence orbitals are represented by two or more basis
functions (Pople basis sets) [93,100]. One easy method to extend a basis set is to
increase the number of basis functions used per orbital. Split-valence basis sets
employ more than one basis function of variable orbital exponents for each valence
orbital and only one basis function for each core orbital. For instance, the valence
double-zeta (VDZ) basis set uses two basis functions per valence orbital while the
valence triple-zeta (VTZ) uses three, and so on. Another example of the k-ImnG
basis sets developed by Pople and co-workers, here, k represents the number of
primitive Gaussians used for each core orbital while I, m and n represent the

primitives used for the valence orbitals. For instance, the 6-31G basis set uses a set
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of 6 primitives contracted to one basis function for each core orbital and a split-
valence of 3 and 1 primitives for the valence orbitals. While the split valence basis
sets provide a better description of the molecular orbitals because they for variable

atom size, they are still not able to provide a balanced basis set of their own [103].

2-7 Structure Properties

The highest occupied molecular orbital (HOMO) is the molecular orbital of
highest energy that is occupied by electrons. The lowest unoccupied molecular
orbital (LUMO) is the molecular orbital of lowest energy that is not occupied by
electrons. The HOMO and LUMO are important in determining such properties as

molecular reactivity and the ability of a molecule to absorb light [104].

2-7-1 Geometrical structures
All molecules possess geometry, characterized by [104-106]:
1. Number and types of atoms
2. Number and types of bonds
3. Relevant bond lengths r: 0 <r <o (in units of Angstroms)
4. Relevant bond angles 0: 0 < 0 <180° (in units of degrees)
5. Relevant dihedral angles: -180°< ¢ <180° (an angle between four atoms, which
signifies the 3-dimensional shape of the molecule).

Geometry optimization is a standard chemistry-physical calculation to find
the lowest energy or largest relaxed conformation for a molecule. The approach is
involving an iterative process, at each step, the molecular geometry is modified
slightly and the energy of the molecule is compared with the last cycle. The computer

moves the molecule a little, calculates the energy, moves it a little more, and keeps
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going until it finds the lowest energy. This is the minimum energy of the molecule

and obtained at the optimized geometry [107,108].

2-7-2 Total Energy (Eiot)

The total energy for a system is the sum of total kinetic and potential energies,
at the optimized structure that the total energy of the molecule must be at the lowest
value because the molecule is at the equilibrium point. This means that the resultant
of the effective forces is zero [109,110]

2-7-3 Energy Gap (Egap)

Energy gap is defined as the difference of energy between the bottom of the
conduction band and the top of the valence band of the electrons in a crystalline
solid. The forbidden energy gap is calculated for all molecules by the following
formula [109,110]:

E gaszLUMO_EHOMO (2 - 41)
Where E 4 is the forbidden energy gap.
E Lumo is the energy of the lowest unoccupied molecular orbital.

E nomo IS the energy of the highest occupied molecular orbital.

2-7-4 lonization Potential (IP)

The ionization potential (IP) for a molecule is the amount of energy required
to remove an electron from an isolated atom or molecule and expressed as the energy
difference between the positive charged energy E (+) and the neutral E(n) according
to the following relation [111,112]:

IP = E(;) — E(y) (2-42)
IP = - E Homo (2 - 43)
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2-7-5 Electron Affinity (EA)

The electron affinity (EA) of a molecule or atom is the energy change when
an electron added to the neutral atom to form a negative ion and expressed as the
energy difference between the neutral energy E(n) and the negative charged energy
E(-) according to the following relation [113-115]:

EA =E(,) — E() (2-44)

In molecular orbital (MO) theory with the limitation of Koopman theorem
[116,117], the orbital energies of the frontier orbitals are given by:

EA =- ELumo (2 - 45)

A molecule with high chemical potential will accept electrons from a

molecule with lower chemical potential.

2-8 Ultraviolet — Visible Spectroscopy

Ultraviolet—visible spectroscopy or ultraviolet-visible spectrophotometry
(UV-Vis or UV/Vis) refers to absorption spectroscopy or reflectance spectroscopy
in the ultraviolet-visible spectral region. This means that it uses light in the visible
and adjacent (near-UV and near-infrared, NIR) ranges. The absorption or reflectance
in the visible range directly affects the perceived color of the chemicals involved. In
this region of the electromagnetic spectrum, molecules undergo electronic
transitions. This technique is complementary to fluorescence spectroscopy, in that
fluorescence deals with transitions from the excited state to the ground state, while
absorption measures transitions from the ground state to the excited state [118].
When continuous radiation passes through a transparent material, a portion of the
radiation may be absorbed. If that occurs, the residual radiation, when it passed
through a prism, yields a spectrum with gaps in it, called an absorption spectrum. As
a result of energy absorption, atoms or molecules pass from a state of low energy
(the initial, or ground state) to a state of higher energy (the exited state) Figure (2.1)
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depicts this excitation process, which is quantized. The electromagnetic radiation
that is absorbed has energy exactly equal to the energy difference between the
excited and ground state.

E(excited)
A

AE=[E(excited)-E(ground)]
=hv
E(ground)

Figure (2.1): The excitation process [118].

In the case of ultraviolet and visible spectroscopy, the transition that results in
the absorption of electromagnetic radiation in this region of the spectrum is transition
between electronic energy levels. As a molecule absorbs energy, an electron is
promoted from an occupied orbital to unoccupied orbital of greater potential energy.
Generally, the most probable transition is from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).

37



Chapter Three Results and Discussion

Chapter Three
Results and Discussion

3-1 Introduction

The present chapter involves the designing pure and doped graphene nano-
ribbons by nano tube modular program and calculating their (structural and
electronic) properties and UV-Visible using Gaussian View 5.0 software. DFT
calculation estimated to compute the ground and excitation proprieties for graphene
nano-ribbons at hybrid function B3YLP at basis set 6-31G. Relaxation structure and
electronic proprieties were computed at pure state and considerinsit as reference
ribbons. After that, placed toxic gas molecule at surface of graphene nano-ribbons,
compute relaxation structure and electronic proprieties when toxic gas molecule
presence and compared with reference ribbons. The electronic proprieties consist the
ionization potential, electron affinity, energy gap, and other important parameter
such adsorption energy, sensitivity and optical response. These properties are very
essential to determine ability of sensing toxic gas molecule by graphene nano-

ribbons. TD-DFT was used to compute optical proprieties.

3-2 First Group

The optimized structures of the graphene nano-ribbons are characterized by
the standard orientations (optimized coordinates). Table (3.1) shows the B3LYP/6-
31G density functional theory calculations of the optimized parameters of the
graphene nano-ribbons structures including the bond length in Angstroms and angles
in degrees. Results show that bond length listed in Table (3.1) for relaxation structure

has a good agreement with previous study in [119-121].
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Table (3.1): B3LYP/6-31G DFT calculations of bond length in Angstroms (A) and bond

angle in degree of the studied graphene nano-ribbons.

) Bond Bond _ _ Bond Angle _ ]
Ribbon Previous Studies Previous Studies
type | length (A) type (Deg.)
1.446 - 1.4555[119] 118.261 - 120.232[119]
c-C c=C=C
1.465 1.461 - 1.537[120] 123.046 121.3-131.9[120]
1.376 - 1.3661[119] 117.986 -
C=C cC=C-C 115-121.2[120]
1.395 1.370[1230 122.284
Pure 1.392 - 1.4305[119] 107.451 - 120.149 -
C=C H-C=C
nano- 1.446 | 1.405 - 1.438[120] 120.271 119.753[121]
ribbon 1.082 - 1.0859[119] 117.978 -
C-H H-C=C 119.922[119]
1.116 1.092[121] 121.933
120.750 -
C=C=C
122.103

3-2-1 lonization Potential (IP) and Electron Affinity (EA) for Pure
System

lonization potential and electron affinity can be described in term of molecular
orbital energy using Koopman theory, ionization potential equivalent mines higher
occupied molecular orbitals, electron affinity expressed by lowest unoccupied
molecular orbitals. Table (3.2) declares the calculations of some electronic variables
of the pure graphene nano-ribbons in absence and presence gases molecule measured
by electron volt unit in the first group results from the B3LYP/6-31G-DFT
calculations. These variables are computed according to Koopmans theorem, and
included the ionization potential IP and electron affinity EA in Table (3.2). IP and
EA for pure ribbon are (5.097 and 3.367) eV, for gas molecular IP at relaxation
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distance have approximately same ability of cation an ion with respect to pure nano-

ribbon. That mean electron needs about 5 eV of energy to become cation.

Table (3.2): Represents IP and EA for pure graphene nano-ribbons in the first group.

Ribbon IP (eV) EA (eV)
Pure 5.097 3.367
Pure-NHs 4.998 3.298
Pure-CO 5.012 3.291
Pure-Br: 5.237 4.004

3-2-2 Relaxation Distance and Adsorption Energy for Pure System

Three gases were used in this part which are ammonia, bromine and mono

carbon oxide gases to study the interaction of them with the surface of graphene

nano-ribbon. First step determination full relaxation between gas molecule and a

surface of graphene nano-ribbon and determine the energy of stability, besides the

type of adsorption at these distances. Table (3.3) shows full relaxation distance and

adsorption energy computed by DFT. Figure (3.1) shows full relaxation structure.

Results indicate that Br, and CO gases molecule have chemical adsorption but NH3

is physical.
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Table (3.3): Adsorption energy and relaxation distance for system under study.

Ribbon Adsorption energy (eV) | Full relaxation distance(A)
Pure-NHs -0.272 2.539
Pure-CO -3.722 1.322
Pure-Br> -31.183 2.741
Ribbon Structure

Pure

Pure -
NH3
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Pure -
CO

Pure -
Br:

Figure (3.1): Shows full relaxation structure for gas molecule adsorption on graphene

surface.

3-2-3 Electronic States and Energy Gap for Pure System

HOMO, LUMO and Eq are important parameters to determine ability of
electrons transition and type of materials classification (Conductor, Semiconductor
and Insulator). Firstly, energy gap for standard ribbon without gas interaction on
surface, energy gap for graphene ribbon is 1.729 eV indicating it as a semiconductor
material. Table (3.4) represents HOMO, LUMO and energy gap for adsorption
process. HOMO is more essential orbital on the charge transfer consequently always
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to graphene. Because of mainly it located on the atom of gas molecule, the charge

transfer is the largest when a graphene nano-ribbon interacted with Br, gas molecule.

Table (3.4): Enomo, ELumo and energy gap in eV for pure graphene nano-ribbons.

Electronic states
Ribbon Energy Gap(eV)
Enromo(eV) ELumo(eV)
Pure -5.097 -3.367 1.729
Pure-NH3 -4.998 -3.298 1.7
Pure-CO -5.012 -3.291 1.72
Pure-Br; -5.237 -4.004 1.232

Results show that band gap during adsorption process was change and this

clear in Br; interaction. State of band gap changed from 1.729 to 1.232 eV because

high chemical adsorption also it become narrow and high number of electrons

transfer through band energy. For NH; and CO gas molecules interaction, they have

low effect on band gap and transfer of valance electron less than Br, gas molecule.

Molecular orbital distribution for pure nano-ribbon in Figure (3.2) show that LUMO

orbital charge surrounding carbon atoms. HOMO orbital charge distribution around

carbon atoms at the edge.
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Figure (3.2): Represents HOMO and LUMO charge distribution for adsorption process.
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In Frontier orbitals (HOMO and LUMO), at presence gases molecule, for Br,
gas, because of high chemical adsorption charges distribution is surrounding the
molecule and some atoms belong to the surface this clear in HOMO, but for LUMO
charge distribution overlap atoms of gas molecule and nano-ribbon. Other gases
because of low chemical for CO and physical adsorption for NH3, molecular orbital
doesn't affect so that Frontier orbital have same distribution of pure graphene nano-

ribbon.
3-2-4 Total Energy and Sensitivity for Pure System

Total energy is a stability of the system, the more energy increases by negative
value, the system becomes more stable. Sensitivity of gases that interact with surface
of pure graphene nano-ribbon is important tool to checking ability to sense gases.
The result of sensitivity shows that in pure system Br, more favorite because high
chemical adsorption form compared with CO and NH3 gas molecule. Where the
sensitivity can be calculated from the energy gap values according to the equation
[S= (Ego-EQ1)/EQo], where Ego represents the energy gap of nano-ribbon without gas
molecules, Eg; represents the energy gap of nano-ribbon with gas molecules. The
results of sensitivity were agreement with a calculation for an adsorption energy.
Table (3-5) represents the total energy and sensitivity in a. u., from this table, we

noted that ammonia gas has low energy and sensitivity.
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Table (3.5): Represents Total Energy and Sensitivity for pure graphene nano-ribbons.

Ribbon Etotar (2.U.) Sensitivity*100%
Pure -3444.48
Pure-NHs -3501.02 1.683
Pure-CO -3557.88 0.519
Pure-Br -8587.62 28.755

3-2-5 UV-Visible Spectrum for Pure System

TD-DFT calculation is used to calculate UV spectra at basis set 6-31G and the
hybrid function B3YLP. Optical properties calculation for graphene nano-ribbon are
important to determine a maximum wavelength of absorption. First, for pure
grapheme nano-ribbon maximum wavelength of absorption is (575.4) nm. The
results indicate that graphene ribbon absorbed in visible spectra. Figure (3.3)
represents UV-Visible spectra for pure ribbon under study. For pure-NH; nano-
ribbon maximum absorbed wavelength is equal (Anns=578.539) nm. Second for
Pure-Br, nano-ribbon maximum absorbed wavelength is equal (Ag=756) nm.
Finally, for Pure-CO nano-ribbon maximum absorbed wavelength is equal (Aco
=590) nm. It is clear that the shift in UV-Visible spectram due to high chemical
adsorption in Br, and CO is very big as compared with NH; gas molecule. The results
indicate that pure graphene nano-ribbon absorbed in visible spectra and it have red
shift.
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Figure (3.3): Represents UV-Visible spectrum for pure graphene nano-ribbons.

Table (3.6) shows the optical response measurements calculated from the equation

[N = (Ao — A4as)/20], the pure graphene system has a high optical reactivity with

Br, gas. As for NH; gas, it showed a few responses, as the peak of the response was

0.003.

Table (3.6): Represent optical response in pure system.

Nano-ribbon Wavelength (nm) Optical response
Pure 576.4
Pure-NH3 578.539 0.003
Pure-CO 800 0.023
Pure-Br; 816 0.311
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3-3 Second Group

This section investigation the properties graphene nano-ribbons doped with 4
atoms of sulfur with three toxic gases (NHs, Br,, CO) interaction with surface. Table
(3.7) shows the B3LYP/6-31G density functional theory calculations of the
optimized parameters of the doped graphene nano-ribbon structures including the
bond length in Angstroms and angles in degrees. Table (3.7) show that the bond
length which are (C=C), (C-C), (C=C), (C-H) and (C=S) . Also angles are C=C-C,
carbon rings. The result showed that was a good relaxation structure for all bond that

formed nano system.
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Table (3.7): B3LYP/6-31G-DFT calculations of bond length in Angstroms (A) and angles in

degree of the studied S-doped graphene nano-ribbons.

Ribbon Bond type | Bond length (A) | Bond type Angle (Deg.)
C-C 1.455-1.481 C=C=C 106.950 - 144.668
C=C 1.361 C—-C--C 115.293 - 124.604
45-doped =@ 1.387 - 1.445 C—-C-S 106.805 - 116.064
nano-ribbon
C-H 1.076 - 1.103 C=C-S 114.800
C=S 1.518 - 1.590 C=C-H 108.399 - 120.900
C=C-H 116.967 — 119.564
C—C=C 121.917 —134.799
C-C=C 111.444
C-C-C 126.203

C-S-C

117.706 — 122.363
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3-3-1 lonization Potential (IP) and Electron Affinity (EA) for S Doped
System

In this section investigation IP and EA for graphene nano-ribbon doped with
four sulfur atom in absence and presence of gases molecules measured in unit of eV.
Table (3.8) declares the calculations of IP and EA for doped graphene nano-ribbons
at basis set 6-31G and hybrid function B3LYP. IP and EA for graphene S-doped
nano-ribbon 5.932 and 1.791 eV, respectively. Results of IP show that all interacted
systems have high ability for cation electron varies between (4.841 - 5.017) eV, in
other hand adsorption process modified an ion process due to high chemical an

adsorption for all systems.

Table (3.8): Represents IP and EA for S-doped graphene nano-ribbons in eV.

Ribbon lonization Potential (I1P) Electron Affinity (EA)
45 5.932 1.791

4S-NHjs 4971 3.560

4S-CO 5.017 3.603

4S-Br» 4.841 3.865
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3-3-2 Relaxation Distance and Adsorption Energy for S-Doped
System

NHjs, Br, and CO gases that interact with doped graphene nano-ribbon. The
first step of determination the full relaxation between gas molecule and doped
graphene nano-ribbon and determine energy of stability, as well as the type of
adsorption at relaxation distances. Table (3.9) shows full relaxation distance and
adsorption energy computed by DFT. Result showed that doped by S atom modified
an adsorption energy for all gases and this clears for NHs, it is changed from physical
to chemical interaction. Also doped mechanism increased a chemical adsorption for
Br, and CO gases and become nano system more sensitive for them. Other
mechanism that modify an adsorption process is defect that appear one from doped
method and other during interaction between gases molecule and surface of doped
nano-ribbon. Figure (3.4) shows full relaxation structure for gas molecule adsorption
on S doped graphene surface are NHs, Br, and CO, respectively. Figure (3.4)
represents most geometrical orientation between gas molecule and surface S-doped

nano-ribbon.

Table (3.9): Adsorption energy and relaxation distance for system under study.

Ribbon Ead (eV) Full relaxation distance(A)
4S-NH3 -30.073 2.295
45-CO 130286 2.656
4S-Br; 40,468 2.952
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Figure (3.4): Shows full relaxation structure for gas molecule adsorption on S-doped

graphene surface NHs, Brz and CO, respectively.

3-3-3 Electronic States and Energy Gap for S-Doped System

HOMO, LUMO and Energy Gap (Eg) are important parameters to determine
the ability of electrons transition and the type of materials classification (Conductor,
Semiconductor and Insulator). Energy gap for S-doped nano-ribbon without gas
interaction on surface is 4.1409 eV as a semiconductor material. For doped graphene
nano-ribbon HOMO distribution around C-C bonding, LUMO located around S and
some carbon atoms. Tables (3.10) represent HOMO, LUMO and energy gap for
adsorption process. Result shows that all molecular orbitals are shifted to lower
energy due to high chemical adsorption for all gases interaction on the surface. Band
gap changed due to molecular orbital shifting, it varies in range (0.97-1.414) eV in
other hand increasing conductivity of nano-system. Reducing in energy gap a clear

reason of transfer high amount of valance electron.
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Table (3.10): EHomo ,

ELumo and energy gap in eV of the S-doped graphene nano-ribbons.

Electronic states Energy Gap
Ribbon
Exomo(eV) ELumo (eV) (eV)
4S -5.932 -1.791 4.140
4S- NH3 -4.971 -3.560 1.410
4S- CO -5.017 -3.603 1.414
4S- Br» -4.841 -3.865 0.976

HOMO and LUMO level during adsorption process was changed due to the
reactivity between gases molecules and surface of S-doped graphene nano-ribbon.
HOMO level during adsorption process was increasing for all gases, but LUMO is
reverse from HOMO. Band gap state according to change of molecular orbitals will
be effected. Because chemical adsorption between all gases and surface of doped
graphene nano-ribbon state of energy gap was changed. Energy gap values during
adsorption mechanism varies from 0.97 to 1.41 eV this result show that band gap
become very narrow as compared with pure system that interacts with same gases
and permission to high number of valance electron transfer through it. Figure (3.5)

represent HOMO and LUMO charge distribution for adsorption systems.
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Figure (3.5): Represents HOMO and LUMO distribution for adsorption systems.

3-3-4 Total Energy and Sensitivity for S-Doped System

In this section, we investigation sensitivity of S-doped nano-ribbon that
interaction with gases molecule as a function of energy gap, the result of sensitivity
listed in Table (3.11). Results showed that the sensitivity of gases were modified as
compared with pure nano-ribbon. Sensitivity of gases arranged as Br,>NHz;=CO,
increasing in ability of sense due to high chemical adsorption raised during
interaction between gases molecule and surface of S-doped nano-ribbon. The result
showed that also, sensitivity calculation was in agreement with the arrangement of

an adsorption energy.
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Table (3.11): Represents Total Energy and Sensitivity.

Ribbon Etotar (2.U.) Sensitivity * 100%
4S 10477
4S-NHjs -4941.32 65.928
4S-CO -4998.05 65.843
4S-Br» -10027.2 76.429

3-3-5 UV-Visible Spectrum for S-Doped System

Optical properties calculation for S-doped graphene nano-ribbon were

Important to determine a maximum wavelength of absorption. Table (3.12) listed the

values of maximum wavelength of absorption in nm unit. Resulting from high

chemical adsorption for all gases interacted with surface the spectrum was changed.

The result show that all system has blue shifting in the electromagnetic radiation and

Br, has high excitation energy as compared with other gases. Figure (3.6) represents

UV-Visible spectram for doped graphene nano-ribbons under study.
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Figure (3.6): Represents UV-Visible spectram for S-doped graphene nano-ribbons under
study.

The results showed that each of NH3; and Br, gas has a good optical response

compared to CO gas, which showed very little optical reactivity, as in Table (3.12).

Table (3.12): Represents optical response in S-doped system.

Nano-ribbon Wavelength (nm) Optical response
4S 1079.998 —-
4S-NH3 760.963 0.295
45-CO 1056 0.022
4S-Br; 573.096 0.469
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3-4 Third Group

This section investigation the properties graphene nano-ribbons doped with 4
atoms of aluminum with the same three toxic gases (NHs, Br,, CO) that interact with
a surface. Table (3.13) shows the B3LYP/6-31G density functional theory
calculations of the optimized parameters of the Al-doped graphene nano-ribbon
structures including the bond length in Angstroms and angles in degrees. From Table
(3.13) it is clear that the bond which are (C=C), (C-C), (C=C), (C-H) and (C-Al),
also, angles are C=C-C, H-C=C, C=C=C, H-C=C, C=AIl=C, C=AI-C, C-C-Al,
C=C=Al and C=C=C bonds are in the same ranges of aromatic carbon rings. Result

show that is a good relaxation structure for all bonds that formed nano system.
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Table (3.13): B3LYP/6-31G-DFT calculations of bond length in Angstroms (A) and bond

angle in degree of Al-doped graphene nano-ribbons.

Ribbon Bond type | Bond length (A) Bond type Angle (Deg.)
Cc-C 1.423 - 1.642 c=c=C 109.748 — 128.655
c=C 1.348 c=C-C 113.393 - 133.8191
c=C 1.399 - 1.440 H-C=C 108.024 — 120.222
4Al-doped

nano-ribbon C-H 1.073 - 1.114 H-C=C 116.980 - 119.576
C=Al 1.775 - 1.790 H-C-C 111.208 - 121.758

C-Al 1.795 Cc=C=C 131.334
c-C=C 115.092 - 145.183

C=Al=C 116.316
C=Al-C 119.273 — 124.410
Cc=C=Al 113.803 — 117.696

C-C-Al 105.530
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3-4-1 lonization Potential (IP) and Electron Affinity (EA) for Al-
Doped System

In this section investigation IP and EA for graphene nano-ribbon doped with
4 Al atoms in absence and presence gases molecules measured in eV, also study
effect of gases on them. Table (3.14) declares the calculations of IP and EA for doped
graphene nano-ribbons at basis set 6-31G and hybrid function B3LYP. IP and EA
for graphene Al-doped nano-ribbon are 5.321 and 4.404 eV, respectively. Result
showed that all interaction due to high chemical an adsorption system has high
ability to cation electron varies between (4.95 - 5.32) eV, in other hand adsorption

process modified an ion process.

Table (3.14): Represents IP and EA of the Al-doped graphene nano-ribbons.

Ribbon lonization Potential (1P) Electron Affinity (EA)
4Al 5.321 4.404
A4Al-NH3 4.959 4.065
4Al1-CO 5.115 4.190
4Al-Br> 5.315 4,517
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3-4-2 Relaxation Distance and Adsorption Energy for Al-Doped
System

In this part, we investigation adsorption process between selected gases
molecule in our study and surface of Al-doped nano-ribbon. Table (3-15) show full
relaxation distance and adsorption energy computed by DFT. Figure (3.7) shows full
relaxation structure. Results show that NH; and CO gases molecule have low
chemical adsorption -4.97 and -4.15 eV, respectively. Br, adsorption energy was
very high chemical interaction compared with two past gases. Adsorption of Br;, gas
molecule that interacted with the surface of Al-doped nano-ribbon gave an iterance
to physics high energy. Modified of adsorption energy in this section resulting from
two mechanisms one is doped by metal atom and another is appearing of defected

during interaction process.

Table (3.15): Adsorption energy and relaxation distance for Al-doped nano-ribbons.

Ribbons Adsorption energy Full relaxation distance(A)
4Al-NH3 -4.979 2.043
4Al-CO -4.157 2.126
4Al-Br> -171.048 2.496
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Ribbon Structure

AAl

4Al-
NHs

4Al- CO
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4Al- Br:

Figure (3.7): Shows full relaxation structure for gas molecule adsorption on Al doped

graphene surface are NHs, Br2 and CO respectively.

3-4-3 Electronic States and Energy Gap for Al-Doped System

In this section we study the effect of adsorbed gases molecule on HOMO,
LUMO and Ej4 that interacted with surface of Al-doped nano-ribbon. Figure (3.8)
represents molecular orbital distribution for Al-doped nano-ribbon in absence and
present gases molecules under study. From the Figure (3.8) notes the distribution of
the charge of Al-doped nano-ribbon atoms was surrounding doped atoms, which
indicate that most of charge is centered around the aluminum atoms. In the case of
the reaction of the ammonia gas molecule, from resulting of chemical reaction, we
observed a HOMO charges distribution surrounding the aluminum atoms closed to
the ammonia gas. For LUMO, most of the charge is distribution on carbon and
aluminum atoms far from surface and gas molecule. In the case of CO gas molecule
reaction, the distribution of HOMO is almost similar to NH3 with the concentration
of small portion of charges on the gas molecule. While in LUMO, electrons are
distributed symmetrically to most of atoms, most of charge are located on the Al

atoms. The similarity of distribution behavior that the calculated adsorption energies
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of molecules NH3; and CO have approximately equal values. For bromine gas
molecule, we observed a HOMO energy, results show that a charge is mostly
centered on the Al atom close to reactive gas on the surface. The remainder of the
charge is distributed on the edges of nanoribbon. Whereas in LUMO most of the
charges are surrounded by Al atoms in a greater concentration than other atoms.
Some of charge is centered on gas molecule. The charge distribution is a result of
the very high adsorption energy release compared to NHz and CO gases. Distribution

of electrostatic charge play an important role in conductivity of nano-systems.

The energy gap considered as an important factor to prove the sensitivity so
that any changes on it is a sign of sense process. All computed values of energy gap
for aluminum doped graphene nanoribbon were changed. Obvious change of energy
gap appears in Br, adsorption. For CO adsorption band gap becomes very wide in
nanoribbon resulting from high binding system. Table (3-16) shows HOMO, LUMO

and energy gap measured in eV unit.
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Figure (3.8): Represent molecular orbital distribution for Al-doped nano-ribbons.
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Table (3.16): Represents HOMO, LOMO and Energy Gap value in eV of doped Al

graphene nano-ribbons.

Ribbon HOMO (eV) LUMO (eV) Energy Gap (eV)
4Al -5.320 -4.404 0.916
4Al-NH3 -4.959 -4.065 0.894
4Al-CO -5.115 -4.190 0.924
4Al-Br» -5.315 -4.517 0.798

3-4-4 Total Energy and Sensitivity for Al-Doped System

Sensitivity of gases that interact with surface of Al-doped nano-ribbon,

arranged as follow Br,>NH3>CO. This result showed that sensitivity of the studied

systems is in agreement with adsorption calculations. Br, was the highest sensitivity

as compared with other gases due to high reactivity of it with respect to NH3 and

CO. Table (3.17) represents total energy and sensitivity.

Table (3.17): Represents total energy and Sensitivity.

Ribbon Etotal a.U. Sensitivity * 100%
4Al -4261.7
4AI-NH3 -4318.41 2.434
4AI1-CO -4375.11 0.920
4Al-Br; -9409.98 12.915
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3-4-5 UV-Visible Spectrum for Al-Doped System

In this part, we study the effect of gases molecule under study on UV-Visible
spectrum, and determine types of shifting depending on interactions on the surface
of Al-doped nano-ribbon. Figure (3.9) represents UV-Visible spectra for Al doped
graphene nanoribbon. The system is in stable state, during the interaction between
gas molecule and AL-doping nanoribbon the maximum wavelength was calculated
(A1 = 864, haarnnz =1696, Agar-erz = 980, Asai-co =972) nm. Bromine gas absorbs at
a wavelength about 980 nm that required for its transition from HOMO to LUMO,
which results in strong interaction types m—n* this case is similar to CO gas with a
lower wavelength. The energy released when NHj3 gas interaction is the result of the
absorption of wavelength, which leads to release low energy in mid infrared region.
Results show that all interacted systems have red shift in electromagnetic radiation,
in other hand electrons need a small amount of energy to transport from HOMO to
LUMO.
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Figure (3.9): Represents UV-Visible spectrum for ribbons under study.
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Through Table (3.18) the measurements revealed an ideal interaction between the
NH3 molecule and the surface of the Al-doped graphene, where the optical response

reached 96%. As for Br, and CO molecule gas, their reactivity is low compared to

NH; gas.
Table (3.18): Represent optical response in Al-doped system.
Nano-ribbon Wavelength (nm) Optical response
4Al 864 ——-
4Al-NH3 1696 0.962
4Al1-CO 972 0.125
4Al-Br 980 0.134
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3-5 Experimental Part

In this part, we explained the thin film preparation mechanism of preparation
thin film, solution preparation and formation of graphene (G), aluminum (Al) and
doped films (G-Al), where the glass coating technique was used. This section
includes a description of all the tools that used in this work. The following is a
discussion about optical properties inspection. Figure (3.10) is the schematic

diagram of the experimental work.

Thin film technology has revolutionized the field of optics, electronics and
magnetism, considering the new and improved optics, electronics, magnetic devices,
solar cell and photovoltaics etc. The advantage of thin film devices is low material

consumption.

G Liquid Al Liquid (G-AL) Liquid

Y U G

By Casting Method
at 80 °C

Optical Properties

Extinction  Absorption  Refractive Optical

coefficient  coefficient index Energy gap conductivity Reflectance

Figure (3.10): Schematic diagram of the experimental work.
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3-5-1 Substrate Preparation

Type and nature of the substrate are the influence parameters and have the
most important effects on the properties of the deposited films. One type of
substrates was used in this study, glass slides which were used to study optical
properties of (G, Al, G-Al) thin films.

First step, we cut the glass slides and cleaning, the substrate used for deposits
(G, Al, G-Al) thin films in this work is a microscopic glass slides. These glass slides

substrates (2.5) cm? with 1 mm thickness were subjected to the following steps:

1- The substrates were cleaned by water and a detergent solution to remove any oil

or dust that might be on their surface.
2- The substrates were immersed in a clean beaker containing distilled water.
3- Then, the glass substrates were dried and were wiped with soft paper.

Thin films were prepared through the following procedures in the graduate

laboratory at Al-Qasim Green University:

A: The pure graphene film was prepared by mixing (0.1 g) of graphene with
(25 ml) of distilled water in a beaker until the solution became homogeneous. In the
same way and quantities, a pure aluminum film was prepared, the process was

carried out at room temperature.

B: Doped graphene nano-ribbons with aluminum was prepared, where (0.05

g) of aluminum was mixed with the same amount of graphene.

Then, the casting method was used to prepare films from these mixtures, as
each of these ratios was poured onto petri dish placed on a horizontal surface after
balancing it by means of a leveling scale after they were cleaned well several times
with distilled water. Under a temperature of 80 °C for 30 minutes, this method was
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used to get rid of distilled water and get only the materials. A small proportion are

added to obtain a thin film thickness.
3-5-2 Optical Measurements

A double-beam UV-Vis 1800 shimadzu spectrophotometer was used to
measure the absorption of (G, Al and G-Al) thin films. The background correction
Is taken for each scan. The transmittance and reflectance data can be used to calculate
absorption coefficients of the films at different wavelength which have been used to
determine the energy gap Eg. This device is present in Department of Physics /

College of Education for Pure Sciences / University of Babylon.
The properties were studied in optical measurements:

1- absorbance

2- transmitance

3- reflectance

4- absorption coefficient
5- extenction coefficient
6- refractive index

7- optical conductivity

8- energy gap

Below is an explanation of these characteristics:
1) Absorbance (A) and Absorption Coefficient (a):

Graphene is stable for all wavelengths, from Figure (3.11 a), it was noticed
that there is no change opposite to the aluminum strip and the graphene nano-ribbons
has a sudden descent at the wavelength of 340 nm. It was noticed from Figure (3.11
b) the absorbance decreases with the increase in the proportion of (Al) because it is
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reflective, From Figure (3.11 c), it was noticed that the value of o is more than 10,

which means that the energy gap is direct.
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Figure (3.11): (a) Represents the absorbance of each individual sample. (b) Absorbance

chart for all samples together. (c) Absorbance coefficient.

2) Transmitance (T) and Reflectance (R):

The transmittance is opposite absorbance (higher transmittance is lower
absorbance) where Al has the highest transmittance and graphene less. Figure (3.12

a) transmittance of samples used.
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Figure (3.12): Transmittance of samples used.
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As for the reflectance, it was noticed here a difference as the doping tape has
the highest reflectivity because aluminum is also a reflective material. Figure (3.13)

shows the reflectance of the samples.
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Figure (3.13): Reflectance of the samples.

3) Extenction Coefficient (k) and Refractive Index (n):

The attenuation coefficient (k) as it behaves the same as o behavior decreases
with increasing Al as in Figure (3.14 a) the refractive index has a maximum value
for the reflectivity, Figure (3.14 b) represents the refractive index. Table (3.19)

represents the value of K and n.
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Figure (3.14): (a) The refractive index has a maximum value for the reflectivity, (b)

Represents the refractive index.
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Table (3.19) Represents the value of extenction coefficient (K) and refractive index (n).

Doping ratio %

Extenction coefficient (K)

Refractive index (n)

0 (G) 0.320 1.357
50 (G-Al) 0.153 2.550
100 (Al 0.077 2.179

4) Energy gap (Ey and Optical Conductivity (c):

Energy gap increases non-linearly until it reaches the saturation point, after
which the increase of Al has no effect on the energy gap. Because of the vaccination
rate is 50%, the practical results were acceptable, but the effect is clear in the region
of (0 —50) % of the doping.

Practically, the energy gap was calculated from the following equation

1240

(Eg = ), whereas, the energy gap of pure graphene is approximately equal

ma

(1.7eV) for theoretical and practical measurements.

With doping, the calculation of energy gap is theoretically and practically
different due to the different percentage of adding Al atoms. After doping, the energy
gap has changed due to the generation of secondary levels, as well as impurities and
crystal defects that cause a change in the energy gap. Figure (3.15) shows the energy

gap of the samples under study.
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Figure (3.15): Shows the energy gap of the samples under study.

While G optical decreases with the increase in the proportion of Al, as in Figure

(3.16).
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Figure (3.16): Represents Optical Conductivity.
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Chapter Four

Conclusions and Future Works
4-1 Conclusions

The main conclusions, that deduced from our results for pure and doped
graphene nano-ribbon used DFT method at basis set 6-31G and hybrid

function B3LYP, are as follows:

1- Geometrical properties include bonds length and bonds angles for pure and
doped nano-ribbon have good agreements with the experimental results.

2- The doped graphene nano-ribbon by aluminium and sulfur atom modification
geometrical, electronic and optical properties can be utilized as detector
devices

3- Geometrical, electronic, optical proprieties for systems under study has high
chemical adsorption compared with physical adsorption.

4- All systems have chemical adsorption, except NH3 in pure systems.

5- UV-Visible spectrum calculation show that the spectrum effect only in
chemical interaction between gases molecule and surface of nano systems.

6- Absorbance decreases with the increase in the proportion of aluminum. Al has
the highest transmittance, opposite the graphene which has the lowest.

7- Calculating the energy gap between the theoretical and experimental parts in
our study has approximately equal values.

8- Br; gas molecule has high reactivity for all studied systems (pure and doped
nano-ribbon) as compared with other gases, due to its chemical activity in
nature. Where the study of sensitivity for Br, gas molecules considered as a

novel study.
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4-2 Suggestion for Future Works

1.

Study of the possibility of employing graphene nanotube as a sensor for (CO,
NH; and Br») toxic gases by DFT.

. Investigation ability of zinc-oxide nanotubes to sense some toxic gases using

first principle study.

. Study the adsorption energy for toxic gases in pure and sulfur-aluminium doped

carbon nanotube.

Study of interaction energy for inhibition gases using DFT calculation.

5. Design theoretical nano detector for high toxic gases, arsenic and ghardal using

first principle study.
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