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Abstract

The field of Two Dimensional (2D) materials has been extensively studied since their
discovery in 2004, owing to their remarkable combination of properties. My thesis
focuses on exploring novel 2D materials such as Graphene Nanoribbon (GNR), holey
carbon nitride C2N, and MXenes for energy storage, gas sensing, and spintronic
applications, utilizing state-of-the-art techniques that combine Density Functional
Theory (DFT) and Non-Equilibrium Greens Functions (NEGF) formalism; namely
Vienna Ab-initio Simulation Package (VASP) and Atomistic Toolkit (ATK) package.
Firstly, on the side of gas sensing, the burning of fossil fuels raises the level of toxic gas
and contributes to global warming, necessitating the development of highly sensitive gas
sensors. To start with, the adsorption and gas-sensing properties of bilaterally edge
doped (B/N) GNRs were investigated. The transport properties revealed that the bilateral
B/N edge-doping of GNR yielded Negative Differential Resistance (NDR) IV-
characteristics, due to the electron back-scattering which was beneficial for selective gas
sensing applications. Therefore, both GNR: B/N were found to be good sensors for NO-
and SOs respectively. After that, the catalytic activity of four magnetic transition metal
“TM” elements (e.g., Mn, Fe, Co and Ni) embedded in C2N pores, as Single-Atom
Catalysts (SAC), was tested towards detecting toxic oxidizing gases. The results of spin-
polarized transport properties revealed that Ni- and Fe-embedded C2N are the most
efficient in detecting NO/ NO2 and NO2 molecules.

Secondly, on the side of energy storage, since the fossil fuels reserves are depleting at an
alarming rate, there is an urgent need for alternative forms of energy to meet the ever-
growing demand for energy. Hydrogen is a popular form of clean energy. However, its
storage and handling are challenging because of its explosive nature. The effect of
magnetic moment on the hydrogen adsorption and gas-sensing properties in Mn-
embedded in CoN were investigated. Two distinct configurations of embedment were
considered: (i) SAC: IMn@C:N; and (ii) DAC: Mn.@C:N. Based on the huge changes
in electronic and magnetic properties and the low recovery time (i.e., T << 1 s,7=92 pus
and 1.8 ms, respectively), we concluded that CoN:Mn is an excellent candidate for
(reusable) hydrogen magnetic gas sensor with high sensitivity and selectivity and rapid

recovery time. Then, a comparative study of hydrogen storage capabilities on Metal-
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catalyst embedded (Ca versus Mn) CzN is presented which demonstrated the stability of
these metal structures embedded on the C2N substrate. We proposed Ca@C:N and
Mn@C:N for dual applications- hydrogen storage and a novel electrode for prospective
metal-ion battery applications owing to its high irreversible uptake capacity 200 mAhg™.
Thirdly, on the side of data storage, spintronics is an emerging field for the next
generation nanoelectronics devices to reduce their power consumption and to increase
their memory and processing capabilities. Designing 2D-materials that exhibit half-
metallic properties is important in spintronic devices that are used in low-power high-
density logic circuits. We tested samples comprising of SAC and DAC of Mn embedded
in a CoN sample size 2x2 primitive cells as well as their combinations in neighboring
large pores. Many other TM catalysts were screened, and the results show the existence
of half metallicity in just five cases: (a) C2N:Mn (DAC, SAC-SAC, and SAC-DAC); (b)
C2N:Fe (DAC); and (c) C2N:Ni (SAC-DAC). Our results further showed the origins of
half-metallicity to be attributed to both FMC and synergetic interactions between the
catalysts with the six mirror images, formed by the periodic-boundary conditions.
Lastly, on the side of batteries, sodium-sulfur batteries show great potential for storing
large amounts of energy due to their ability to undergo a double electron- redox process,
as well as the plentiful abundance of sodium and sulfur resources. However, the shuttle
effect caused by intermediate sodium polysulfides (Na2Sn) limits their performance and
lifespan. To address this issue, we proposed two functionalized MXenes Hf:C>T> and
Zr3CoT2 (T=F, O), as cathode additives to suppress the shuttle effect. We found that both
Hf:C2T2 and ZrsC,T> systems inhibit the shuttle effect by binding to Na>S» with a
binding energy higher than the electrolyte solvents. The decomposition barrier for Na>Sn
on the O functionalized MXenes gets reduced which enhances the electrochemical
process. Overall, our findings show that the tuning of 2D materials can lead to promising

applications in various fields, including energy storage, gas sensing, and spintronics.

Keywords: 2D materials, gas-sensing, metal-ion batteries, spintronics, hydrogen storage,
metal-sulfur batteries.
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Chapter 1: Introduction

1.1 Background of 2D Materials

Two-dimensional (2D) materials have attracted a lot of attention from researchers and
engineers due to their unique properties and potential applications in various fields.
Since the discovery of graphene in 2004 by Novoselov and Geim [1] which fetched them
a Nobel Prize in 2010, tremendous efforts have been taken to study 2D systems and to
employ their fascinating combination of properties in real life applications. Graphene is a
thermodynamically stable monolayer of sp? hybridized carbon atoms. The electronic
structure of graphene displays an almost linear crossing between the valence and
conduction band at the K-corner of the Brillouin zone, forming the so called ‘Dirac’
cones. Due to this almost linear dispersion relation, the electrons possess exceptionally
high mobility (n ~ 2x10° cm?/Vs) which far exceeds that of GaAs. Therefore, graphene
Is being explored heavily for novel electronic devices with exceptional ultra-fast
response. In terms of gas sensing, graphene has been demonstrated to possess the
sensitivity to detect even a single gas molecule [2], however this can be further
enhanced, and selectivity can be generally induced upon chemically functionalization [3-
6].

Here are some of the key significances of 2D materials:

1. Novel electronic and optical properties: 2D materials exhibit properties that are
not present in their bulk counterparts due to their reduced dimensionality [7]. For
example, graphene is a single layer of carbon atoms with exceptional electronic
and mechanical properties that can be utilized in electronic and optoelectronic

devices.

2. High surface area: 2D materials have high surface area to volume ratios, which

makes them ideal for catalysis, sensing, and energy storage applications.

3. Lightweight and flexibility: 2D materials are thin and flexible, which makes them

useful for designing wearable devices and flexible electronics.



4. Ecofriendly: 2D materials are often more environmentally friendly than
conventional materials due to their low carbon footprint and potential for

recyclability.

5. Versatility: There is a wide range of 2D materials available with different
properties, which makes them useful for a broad range of applications, including

electronics, photonics, energy, catalysis, sensing, and biomedical engineering.

Overall, the unique properties of 2D materials make them promising candidates for a
range of technological applications, and research in this area is expected to continue to
grow in the coming years. In the present work, several novel 2D systems have been
explored. These 2D materials have been explained below subsequently followed by an
introduction of the specific applications they were tailored for and employed in. The
research problems addressed have been briefly introduced in this Chapter and explained
in detail in the subsequent Chapters. Thereafter in this Chapter, a detailed review of the
methodology used in all our calculations (Ab initio DFT based simulations) has been

presented and described.

1.1.1 Graphene Nanoribbons (GNR)

Strips of graphene that have a narrow width (less than 100 nm) are called Graphene
Nanoribbons (GNR). They were initially studied as a theoretical model to examine the
effect of the edges on the electronic properties of the material. It was observed that a
zigzag edged GNR are metallic whereas the armchair edged nanoribbon can be metallic
or semiconducting (depending on GNR width) with an intrinsic magnetic moment. The
opening up of a band gap in armchair GNR can be attributed to an antiferromagnetic
coupling between the magnetic moments of the carbon atoms occupying the opposite
sites. This gap is inversely proportional to the width of the nanoribbon, as predicted by
DFT simulations [9].
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Figure 1.1: Structure of Zigzag-edged Graphene Nanoribbon.

Even though they were proposed as a theoretical concept, width controlled GNRs as
shown in Figure 1.1 have been synthesized through graphite nanotomy wherein, a sharp
diamond knife slices graphite nano blocks, which are further exfoliated to produce GNRs
[10]. They can also be synthesized via unzipping multi walled CNTs by a solution of
potassium permanganate and sulfuric acid [11]. GNRs show great potential in terms of
applicability and are extensively employed as electrode materials for energy storage
purposes. In our case we found pristine GNR unsuitable for toxic gas sensing, however
upon suitable functionalization, the transport characteristics showed negative differential
resistance NDR behavior. Such NDR regions in the I-V curves, have immense potential

towards the selective detection of toxic gases as explained in Chapter 2.

1.1.2 Carbon Nitrides

In 2015, CoN which belongs to the category of holey 2D materials, was synthesized by
Mahmood and co-workers through a bottom-up wet chemical reaction [12]. The reaction
scheme and morphology are depicted in Figure 1.2. C2N has been shown to be
thermodynamically stable. The periodic distribution of holes as well the presence of the
more electronegative Nitrogen species, opens-up finite direct band gap (Eg = 1.90 eV)
which makes this material suitable for electronics industry that require semiconductors
[12-14]. Moreover, the presence of periodically placed pores provides the opportunity
for embedding atoms of different elements which can make it suitable for applications

such as gas sensing, energy storage and spintronics [15,16].
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Figure 1.2: Reaction Scheme of Synthesis of C2N.

C2N belongs to the family of holey-2D Materials (h-2D), and sometimes more specifically
called “holey graphene” since the chemical composition is two-thirds carbon with regular
pores. Holey graphene has been extensively functionalized to make it suitable for several
applications such as energy storage (batteries and super capacitors), fuel cells, gas sensors,
energy conversion reactions, Dye Sensitized Solar Cells (DSSCs) and hydrogen storage
[13]. In the field of gas sensing, the selectivity of the sensing substrate can be changed
depending on the type of metal atoms that have been embedded into the pores. It has also
been observed that the number of metal atoms imbedded into the system can affect the
selectivity and efficiency of the sensor. Several standardized synthesis techniques for
functionalization of 2D holey graphene and 3D porous graphene have been developed
[14].

C2N has periodically placed large pores having a diameter of 8.3 A. Because of these
pores, it has the advantage that it can easily be functionalized with different atoms to tailor
its properties to suit different applications. Through DFT calculations, we found pristine
C2N to be unsuitable for our applications of interest, namely gas sensing and hydrogen
storage. Also, it does not exhibit intrinsic half metallicity thereby making pristine C2N
unsuitable for spintronics applications. However, we explored its attractive morphology
and functionalized it with suitable configurations of metal atoms and thereby achieved

positive results for all the above-mentioned applications. Functionalized-C>N has been



explored for hydrogen storage and sensing in Chapters 3 and 4, for toxic gas sensing in

Chapter 5 and for spintronics applications in Chapter 6.

1.1.3 MXenes

MXenes are a new class of 2D materials that are essentially TM carbides, nitrides or
carbonitrides. They have an interesting combination of properties such as large and tunable
interlayer spaces, excellent hydrophilicity, extraordinary conductivity, compositional
diversity, and abundant surface chemistries, which makes them an attractive class of
materials for battery applications. Successful syntheses of these MXenes were recently
reported. The structure for one of the MXenes employed in the present work is shown in
Figure 1.3. Namely, Zhou and coworkers [17] reported the successful growth of Hf3C,Tx
MXenes and showed them to be conductive and relevant for lithium and sodium ion
batteries with reversible volumetric capacities of 1567 and 504 mAh/cm3, respectively.
The same researchers (Zhou’s group) [18] also reported the successful synthesis of
Zr3C>Tx MXenes and they compared the obtained 2D structures to TizC2Tx MXenes and

proved them to be more stable at high-temperature conditions.

N

i \
™ 5
Figure 1.3: Structure of recently synthesized MXene-Hf;CxF.

Many efforts have been triggered in the direction of exploring MXenes for Na-S
batteries as promising anchoring materials. In a recent theoretical effort, Jayan et al
examined the interactions between a VS, monolayer and the Na-polysulfides. It was
observed that all the polysulfides bind to the VVS> layer with a binding energy stronger
than that between them and the electrolyte such as 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) [19]. In another effort, Nahian et al were able to immobilize the
Sodium Polysulfide (NaPS) by using Mo>TiC> monolayer as the Anchoring Material
(AM) in a Na-S battery [20]. It has been found that the passivation of the MXenes, play a



great role in influencing the MXene-NaPS interaction. Therefore, with optimum
functionalization the interaction can be mediated, and MXenes can be suitably proposed
as a promising AM for Na-S batteries for overcoming the shuttle effect. In Chapter 7, on
the same lines we have studied the two novel MXenes (Hf3C.T2, Zr3CoT2 where T = F,

O) for suppression of shuttle effect in NaSBs.

1.2 Statement of Problems and Hypothesis
1.2.1 Sensing Toxic Gases (NO, NO2, SOs)

The burning of fossil fuels, and other human activities have strengthened the greenhouse
effect in recent years. The cumulative greenhouse gas emissions contribute to global
warming, which can lead to catastrophic repercussions for humans in the long run.
Human activities have dangerously tipped the atmospheric levels of these toxic gases
above the safety limits in several cities. As a consequence of which, about 6.7 million
people lose their lives because of degraded air quality. It becomes imperative to develop
sustainable technologies that can detect the presence and concentration of these noxious
gases. These proposed sensors should fulfill the criteria of being selective, sensitive,
exhibit fast response and should have minimal environmental impact.

Concerning the imminent threat that toxic gases pose to human health and environment,
it is an established fact that the major contributors to global acidification are nitrogen
oxides (NOy) and sulfur oxides (SOx). These gases are mostly emitted by burning
hydrocarbons and fossil fuels and they harm both human health and the environment.
The United States Environmental Protection Agency (US-EPA) have set the safety levels
for NO2 at 100 ppb (Parts Per Billion) per hour on an average [21]. An exposure beyond
these levels of safety could be hazardous to human beings resulting in even death. NOy
interacts with atmospheric oxygen and is also a major cause of acid rain. On the other
hand, sulfur generally combines with oxygen to form two categories of oxides- sulfur
dioxide (SO2) and sulfur trioxide (SOz) which have very different properties. Sulfur
trioxide is highly toxic for humans and corrodes metals in the environment. In the third
European Union ministerial conference, which was attended by environment ministers of
49 countries, it was decided that the issue of “air pollution affecting human health” must

be dealt with somewhat high priority [22, 23].



Therefore, to increase human and environmental safety, developing sensors with high
selectivity and sensitivity at order of 1 ppb for these hazardous gases is the need of the
day.

Gas sensing applications can benefit greatly from the use of 2D materials due to their
unique characteristics. These materials possess a high surface-to-volume ratio, allowing
for increased sensitivity to trace amounts of gas through greater interaction between gas
molecules and the material's surface area. Additionally, the electronic properties of 2D
materials can be altered by adjusting their composition, thickness, and structure,
enabling the creation of gas sensors tailored to detect specific gases with increased
selectivity and sensitivity. 2D materials also exhibit a fast response time due to their
thinness and high surface-to-volume ratio, making them ideal for real-time monitoring
applications. Moreover, 2D materials are stable under various environmental conditions,
such as high temperatures and humidity levels, making them more robust than other gas
sensing materials that may degrade over time. Finally, 2D materials can be integrated
with low-power electronics, resulting in energy-efficient gas sensors that can operate for
extended periods without requiring frequent battery replacements. These advantages
make 2D materials a promising option for gas sensing applications, particularly in fields
such as environmental monitoring, healthcare, and industrial safety. The gas sensing
efficiency of edge doped GNR has been extensively studied in Chapter 2 for detecting
toxic gases of environmental concern. Especially the NDR behavior in the 1-V curves for
edge modified GNR, is responsible for the enhancement of the sensor’s efficiency
towards these toxic gases.

On the other hand, C2N has the morphology and surface characteristics that are suitable
for the gas sensing applications at room temperature (RT). After its successful synthesis,
many efforts have been triggered to tune its properties by embedding relevant atoms in
its pores. In Chapter 5, we studied the effect of 4 transition metal (TM) atoms (Mn, Fe,
Co, Ni) embedded as Single atom catalysts (SAC) in the C2N pores towards tuning the
selectivity of CoN to detect toxic oxidizing gases (NO/NOy).

1.2.2 Hydrogen Storage and Sensing

The excessive consumption of energy sources, whether non-renewable or renewable, has

been triggered by perpetual growing demand for energy. Hydrogen storage is a crucial



component in the advancement and implementation of hydrogen fuel cells as a
sustainable energy source. The following are some reasons why hydrogen storage is

significant:

« Efficient energy storage: Hydrogen has the highest energy content per unit of
mass compared to other fuels, which makes it a promising fuel for energy storage.
Fuel cells convert hydrogen and oxygen into electricity, with water being the only

by-product.

« Transportation: Hydrogen is a clean fuel that can be used for transportation, such
as in fuel cell vehicles. However, hydrogen is a gas at ambient conditions, making
it challenging to store and transport effectively. Hence, the development of
efficient hydrogen storage technologies is necessary to enable the widespread use

of hydrogen in transportation.

« Renewable energy: Hydrogen can be generated from renewable sources like solar
and wind power, making it a potential solution to reduce greenhouse gas
emissions. Nevertheless, the efficient storage of hydrogen is critical to guarantee

the reliable delivery of clean energy to users.

« Power grid: Hydrogen energy storage systems can be incorporated into power
grids to balance the supply and demand of electricity, which is especially critical

for intermittent renewable energy sources like solar and wind power.

Along with efficient storage solutions it is also imperative to develop reliable sensors for
detecting the presence of hydrogen. There are several reasons for this. Firstly, as
hydrogen is a highly flammable gas, it can pose a significant safety risk if not detected in
time. In industrial settings, hydrogen sensors can identify leaks in places like fuel cells,
refineries, and chemical plants, preventing explosions and fires. Secondly, hydrogen is a
significant component of the Earth's atmosphere, and monitoring its concentration can
help detect environmental changes like air pollution, climate change, and volcanic
activity. Thirdly, as a clean energy carrier that can be produced from renewable sources
such as solar and wind power, hydrogen sensors can aid in monitoring the production
and storage of hydrogen in fuel cells that are used in various applications, including

transportation, power generation, and heating. Lastly, hydrogen breath tests are used to

8



detect gastrointestinal disorders, and hydrogen sensors can accurately measure the
concentration of hydrogen in exhaled breath, enabling the diagnosis of conditions such
as lactose intolerance and bacterial overgrowth in the small intestine. In summary,
hydrogen sensing plays a crucial role in ensuring safety, monitoring environmental
changes, promoting the use of clean energy, and aiding in medical diagnostics.
Consequently, it is a key area of research and development with numerous applications
in various fields.

From the perspective of hydrogen storage, light metal atoms (eg., Na, K, Ca, Mg) can be
embedded in the pores of C2N in order to increase the affinity between the substrate and
the gas. These light metal atoms offer two key advantages in comparison to other

conventional transition metals namely:

1. Their binding energies to the substrate C>N are higher than the cohesive energies
which minimizes the clustering effect, and thereby leading to uniform distribution

of metal atoms over the holes of the layer.

2. The binding energy between the adsorbed hydrogen and the metal atoms lies in
the range between strong physisorption to weak chemisorption (i.e., between -0.2
eV to -0.6 eV) which is recommended by the International Atomic Energy

Agency ‘TAEA’ for hydrogen storage applications.

In recent years, several carbon-nitride monolayers have been studied. Some of them have
been experimentally synthesized while others have been proposed theoretically, but all
of them have been found to be thermodynamically stable [24, 25].

The metal embedded C2N structures have been experimentally shown to be
thermodynamically stable, while being catalytically active for Oxygen Reduction
Reactions (ORR). If one can achieve stability of single metal atoms embedded in the
pores of C2N, the catalytic activity of metal sites would get enhanced exponentially on
account of an increase in the surface area of individual metal atoms [26, 27]. Stable SAC
and DAC structures have been achieved in C2N have been achieved experimentally [28].
These metal atoms embedded in C2N sheets have been tested for an improvement in the

lifetime and performance of metal ion batteries and for sensing toxic gases [29].



Such trends have been explored in Chapters 3 and 4, wherein CoN with SAC/DAC
configurations of light metal atoms (Calcium) vs transition metals (Manganese) has been
explored for the purpose of hydrogen sensing as well as storage. Upon embedment of
even a single metal atom, the electronic structure C2N changes drastically by closure of
the bandgap. Also, these metal atoms strengthen the interactions between the exposed
hydrogen and the substrate, thereby enhancing the sensing and storing capabilities of
CoN.

1.2.3 Half Metallic Structures for Spintronics Applications

Spintronics has been proposed as the future technology to meet the demands of heavy
data storage while shrinking the size of the devices to keep them compact and portable.
It utilizes the fundamental spin of an electron in addition to its charge for data transfer
and storage applications. Half metals are materials that act as a conductor to electrons of
one spin while as an insulator to electrons of another spin. Thus, half metals are capable
of completely spin-polarizing electrical current. This asymmetry in electronic states for
charge carriers with different spins was observed in Heusler compounds [31] such as
manganese perovskite. Efforts have been taken to look for half metallicity in 2D
materials [32, 33].

From the perspective of spintronic applications of 2D materials, half metallicity was first
theoretically reported in ZZ-GNR in 2007 [8]. By applying electric field in the
transversal direction, the electronic bang gap opened up for one spin of electrons
whereas it remained metallic for the other spin. In C2N, the behavior has been shown to
change, from semi conducting to half metallic, on account of hole doping with a quite
low critical concentration of 5x10%3 cm™ has been reported [8, 9]. Efforts must be
directed towards, understanding the origins of this half metallic behavior. If provided
half metallicity, CoN would be beneficial in the flexible spintronics industry since it has
been found to be light weight, flexible and thermodynamically stable.

In spintronics, the goal is to employ the degree of freedom of spin of electrons in logic
and memory devices. Transition metals have been shown to be beneficial for spin
splitting for magnetic electronic devices. Fe atoms adsorbed on graphene have been
shown to tune its properties ranging from hydrogen storage to catalyst for formaldehyde

decomposition, and to CO oxidation at room temperature [25]. If adsorbed onto C2N it
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has also shown to induce half metallicity at a critical concentration [34]. Exploring the
same direction, in Chapter 5 we have studied various combinations of TMs, embedded in
the pores of C2N that lead to half metallicity. The entire 3d block of the periodic table

(Sc-Zn) was scanned, and half metallicity was found to exist in 5 cases.

1.2.4 Enhancing the Stability and Lifetime of Batteries

Efficient batteries are required to match demand and supply of energy. The most
common form, metal-ion batteries involve a conversion of chemical energy into
electrical energy via shuttling of metal ions back and forth between the electrodes in
charge/discharge phases. Therefore, it is also popularly referred to as the ‘rocking-chair’
battery. These batteries have gained tremendous popularity in recent years, due to which
they are being extensively applied and used. However, they suffer from their own
shortcomings such as dendritic formations which could lead to an internal short circuit
thereby raising concerns of safety and lifetime. Tremendous research efforts have been
directed towards proposing robust rechargeable Metal-ion Batteries (MIB) as an
alternate battery for upcoming electronic devices owning to their high reversible
capacity, high energy density and superior life cycles [35]. Their applications range from
portable consumer electronics such as laptops, mobile phones and to large scale energy
storage applications such as electric vehicles [36].

Conventional metal-ion batteries that employ alkali metal ions, which intercalate the
cathode and anode materials, are the most widely used batteries. Their applications range
from portable electronic devices to larger electric vehicles. Conventional lithium-ion
batteries that employ graphite as the anode material have been known to suffer from
dendrite formation at low discharge potential (i.e., < 0.1 V) and the existence of large
hysteresis voltammetry [37].

The different carbon nitride monolayers have distinct properties (CsNa is intrinsically
half metallic whereas C2N is semi-conducting) they offer great potential to be tested as
possible anode materials for metal-ion batteries [38]. They could offer an efficient
solution that overcomes the existing problems of dendrite formation and life cycle.

C2N has been proposed as a suitable candidate as an anode-material in both Sodium-ion
Batteries (SIBs) and Calcium-ion Batteries (CIBs), because it overcomes existing

problem of dendrite formation in Lithium-ion Batteries (LIBs). It also would be
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beneficial for the fabrication of portable electronic devices which utilize low-
dimensional batteries [39-42]. Experimentalists have been able to successfully embed
Transition Metal (TM) atoms in C2N pores while overcoming the issue of clustering (i.e.,
M@C:2N using M = Pd and Co atoms) [44]. Due to their striking structural
characteristics (e.g., periodically placed pores of optimum diameters, high aspect ratios
and enhanced spacing between C>N monolayers) the M@C:N electrodes have outshined
the conventional graphite-based electrodes in terms of performance. Experimentalists
have been able to overcome the issue of clustering, thereby leading to homogenous
embedment of metal atoms in the C2N pores [44]. In Chapter 4, exploring on the same
lines, the stability of Calcium SAC/DAC in C2N has been tested, thereby proposing it as
a novel electrode for Ca-ion batteries. The uptake capacity of the electrode has been
studied and the results are reported in the same Chapter.

However, metal-ion batteries face a challenge in terms of their energy density, which
fails to meet the upcoming demand for large scale stationary energy storage applications
[45]. Metal-sulfur batteries have been proposed as an alternative to conventional
technology, due to their superior performance [46], non-toxic nature, and cost
effectiveness [47]. In terms of properties, Sodium (Na) is analogous to Lithium (Li),
therefore the interaction with the sulfur electrode would be the same. However, it has
higher natural abundance [48] making it a more attractive metal for batteries.
Conventional Sodium-Sulfur (Na-S) batteries that operate at elevated temperatures
(~300°C) have been scaled up to be used in commercial applications in 2002. They work

on the basis of the following reaction:
2Na +nS & Na,S, (n = 3) (1.1)

These batteries are rechargeable and outdo their metal-ion counterparts on account of
their higher theoretical energy density (760 Wh/kg, calculated by using the total mass of
Na and S), life cycles and efficiency. Also, these batteries employ electrodes which are
cheaper, which brings down the cost of the overall unit, thereby making them highly
attractive for stationary energy-storage applications [49]. Sodium sulfur batteries have a
calendar life of 15 years and a full charge/discharge durability of 4500 cycles. Since the
active materials of the Na-S battery are in molten states, there is no transition between

solid and liquid due to charge and discharge, and there is no side reaction, so long life
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can be expected. Because of their high energy density and robustness, the NaS battery
has the potential to be used for space applications [50, 51].

Conventional Na-S batteries, operate at 300-350°C inside a thermal enclosure to ensure
that the conductivity of the solid electrolyte (sodium alumina) is sufficiently high and to
also ensure that the polysulfides are in the molten state since it exceeds the melting point
of S (115°C) and Na (98°C). However, such elevated temperatures raise serious safety
concerns and increase the cost of operation and maintenance [52].

Room temperature (RT) Na-S were first reported in 2006, and they have been reported to
have higher energy densities (1274 Wh/kg) in comparison to the batteries working at
elevated temperatures. A possible reason for that is, in room temperature Na-S batteries,
NayS is the final discharge product instead of sodium polysulfides as per the reaction

below:
2Na +nS & Na,5, (n=>1) 1.2)

However, these batteries also suffer from some shortcomings. In RT Na-S batteries, Na-
polysulfides are formed as intermediates during the charge/discharge cycles. These can
easily reach the Na anodes and undergo redox reactions resulting in lower order
polysulfides, which leads to a loss in active material and an interfacial deterioration.
Secondly, the polysulfide shuttle effect, which is caused by the dissolution of
intermediate Na polysulfide species in the electrolyte leads to irreversible loss of sulfur,
resulting in rapid capacity fading and poor Coulombic efficiency of the cells. Effective
immobilization of these polysulfides can overcome the challenges posed by the “shuttle
effect” thereby increasing the overall durability of the battery. Therefore, several efforts
have been directed towards the search for suitable anchoring materials (AM) which can
attract sodium polysulfides with sufficiently high binding energy. In Chapter 7, we have
explored the two members of the novel MXene family (HfsC,T2 and ZrsC,T, where T =
F/O) as suitable anchoring materials to be employed in NaSB. The interaction of the 6
Na>Snh with the anchoring layers were studied and they were found to be stronger than the
interactions with the commonly employed electrolytes (DOL/DME). Thus, they can be
proposed as suitable anchoring layers in NaSBs, which would enhance their lifetime and

stability.
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1.3 Research Methodology

All the calculations presented in this work, were carried out within in the framework of
Density Functional Theory (DFT) as incorporated in Vienna Ab-initio Simulation
Package (VASP) [53] and a combination of DFT with Non-Equilibrium Greens
Functions (NEGF) formalism in the Atomistic Tool Kit (ATK) [54, 55] package.

Different morphologies of four different materials were studied, namely Graphene

Nanoribbon, CzN, Hf3C> and ZrsC». The sample details were as follows:

1. Each graphene nanoribbon doped with boron (or nitrogen) consists of 102 Carbon
and 2 Boron (or 2 Nitrogen) atoms, while the dangling bonds at both edges of
nanoribbon were passivated with 26 Hydrogen atoms.

2. The primitive cell of C2N consists of 18 atoms (i.e., 12 Carbon + 6 Nitrogen
atoms), so most of the calculations will be performed on a supercell composed of
2x2 primitive cells (PCs) having 72 atoms (excluding metal catalyst atom(s)); in
case of periodic sample, per monolayer.

3. In the case of C2N nanoribbons, we used about 150 atoms including the hydrogen
atoms to saturate the two edges.

4. M3X>T, MXenes (M = transition metal (Hf/Zr), X = C/N, T = passivating atom
mostly from group 13 and/or 14) are layered hexagonal (belonging to the space
group P63/mmc), with two formula units per primitive cell. So, as a model, we
considered a computational supercell of size 3x3 primitive cells (i.e., containing

63 atoms).

In the framework of DFT (e.g., VASP), within the Generalized Gradient Approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, all atoms
were allowed to relax until the Hellmann-Feynman forces on all atoms and the total
energy became less than 0.01 eV/ A and 10 eV, respectively. Monkhorst-Pack [56]
technique was used for the Brillouin-zone sampling. The DFT-D3 [57] method of
Grimme was employed to take account of the Van-der-Waals (VdW) interactions
between gas molecules and the 2D substrate layer. The plane wave basis set with a cutoff
kinetic energy of 500 eV was used to expand the valence electron wave-functions for all

the three samples (functionalized GNR, C2N and MXenes). Gaussian smearing with a
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width of 0.05 eV was chosen for the broadening of the electronic energy levels. A
vacuum space of about 15-20 A is added in the direction perpendicular to 2D-materials

plane to avoid interactions with images.

The binding energy of the metal catalyst embedded in 2D substrate is evaluated as

follows:
EBinding = Esyp+mc — Esup — Emc (1.3)

where Esypmcy Esys @nd Envc stand for the total energy of the system of metal catalyst
embedded in pristine substrate, pristine 2D substrate monolayer and free metal catalyst

(MC) respectively.

Furthermore, one also can define the recursive binding energy, Erec for the metal catalyst
atom as to be the binding energy of the last metal atom to be added on the already doped

substrate. It is defined as:

Erec = EMAn@Mater - EMAn—l@Mater — Eya (1-4)

where Eyan@maters Eman-1@mater AN E(y4y Stand for total energies of metal atoms in

the material after and before adding the n-th metal atom and single-free metal atom

respectively.

In case |Erec|>|Econ|, With Econ being the cohesive energy, then the metal atom is more
stable by its attachment to the substrate; otherwise, if |Erec|<|Ecos|, then the new metal

atom has more tendency to cluster with its peers.

Using total energy calculations, the adsorption energy of the gas molecule/NaPS on the

2D substrate is defined as:

__ Esup+moL—EsuB—EmoL
EAds - N (1-5)

where Esypimor, Esyp @and Eyo, are total energies of molecule(s) adsorbed on the
substrate, the 2D substrate and free single molecule, respectively; whereas N is the
number of molecules adsorbed onto the substrate. The more negative adsorption energy

(Eags) would indicate the stronger interaction between adsorbate and absorbent.
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The charge exchange between substrate and molecule are calculated using the Mulliken

population charge analysis in SIESTA and the Bader analysis [58] in VASP.

The magnetization can be calculated using the spin-polarized total DOS as follows:
E
M = pp [~ [Gigr(E) + GEZ¥™ (E)]E (1.6)

where uj is the Bohr magneton, Er is Fermi energy, G,.»(E) and GZ9¥"(E) are the total
densities of states of the system with spin-up and spin-down polarizations respectively. It
should be emphasized that G5 (E) is presented to be negative and the total density of

states Gt (E) = G, o2 (E) — GE¥™(E) is normalized to yield the total number of valence

electrons in the system (N):
N =[G (E) - GEgv™(E)]dE (17)

Concerning the transport and gas-sensing properties, the I\VV-curves are calculated by
ATK package using the device configuration, where the TM-catalyst-embedded into the
pore of CoN-NR, which consists of the central region. The calculation of the current
versus bias is performed using the two-terminal Landauer-Buttiker formula [59] given
by:

2

1(Vy) = ;efjozo T(E, Vp)fL(E — u) — fr(E — pr)]dE (1.8)

where Vy, T(E,Vb), ur and fur are the applied forward bias, bias-dependent transmission
coefficient, electro-chemical and Fermi-Dirac distribution function of the left/right
electrode, respectively. Based on the IV results, the differential resistance versus bias is
evaluated (R=AV/AI), using the finite-difference method. The sensor response [60, 61]

of the device is defined as:

_ |G9_G0| _ |Rg_Ro|
Go Rg

S (1.9)

where G is the conductance (i.e., G=1/R), G4 (Go) and Rq (Ro) are the conductance and
resistance in presence (absence) of gas molecule on the functionalized 2D (substrate)
device, respectively. In order to decide about whether the sensor should be reusable or

disposable, one may estimate the recovery time given by:
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7 =v;lexp [— %] (1.10)

kgT

where vo is the attempt frequency, Eags is the adsorption energy, ks and T are the

Boltzmann constant and the absolute temperature, respectively.

Moreover, the charge density difference(CDD = Ap), between the adsorbent and
adsorbate was calculated based on the following equation.

Ap = psyp+mor — (Psus + PmoL) (1.11)
Where psyg+mor: Psus @and pyor refer to the charge density of the substrate and
molecule (together), charge density of the substrate and the charge density of the free
molecule.

The calculation of the catalytic decomposition of the NaPS on the surface of the
functionalized MXenes was done using the climbing-image nudged elastic band (Cl-
NEB) method (Chapter 7).

1.4 Research Outcomes and Applications

The overarching aim of my thesis was to tune the properties of novel 2D materials to
cater to specifically three applications namely, gas sensing, energy storage and
spintronics. In the pristine form, all the chosen materials have been found to be stable,
however unsuitable for the above-mentioned applications in their pristine forms.
Therefore, the real challenge was how to tailor the properties of these materials suitably
to cater to the application intended through functionalization. From the research
conducted, and what has been presented in this thesis many practical applications can be

drawn which have been enlisted below:

(@) Sensing oxidizing toxic gases: Gases such as COx/NOx/SOx etc. cause harm to the
environment and contribute to global acidification thereby leading to global
warming. These gases, when present in higher concentrations, are detrimental
towards human health. Therefore, it becomes imperative that they are sensed with
resistivity below the threshold to reach the toxic limit. In Chapter 2, we have
presented how by double edge B/N doping GNR tune the detection selectivity
towards NO,/O> and SOs respectively.
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Also in Chapter 5, we have tested the efficacy of 4 TM atoms (Mn, Fe, Co and
Ni) as SACs embedded in C2N towards developing an efficient sensor towards
oxidizing gases (NO/NO>)

(b) Sensing and storage of Hydrogen gas: Hydrogen plays a key role in meeting the
energy requirements while causing no pollution to the environment. The only by-
products formed in the process are water and heat. However, hydrogen gas when
present in a higher concentration becomes explosive and the repercussions can be
catastrophic. Therefore, hydrogen sensors need to be employed in places where
hydrogen gas is used and handled to ensure safety of the workers. The criterion to
use is that the binding energy of the gas on the substrate should range from -0.2
eV to -0.6 eV, to suit hydrogen storage. In Chapter 3 and 4, we have explored the
applicability of metal doped C2N towards this goal. Initially we had tested a
single atom catalyst (SAC) of Mn, because of its strategic position in the periodic
table. Upon showing favorable results for H storage, its efficacy was compared
to other light metals such as Calcium with results presented in Chapter 4.

(c) Achievement of better alternatives to the conventional graphite electrodes used
in lithium-ion batteries: Due to dendritic formations in these electrodes, the
batteries suffer from an internal short circuit leading to the failure of batteries and
lifetime limited. CoN offers the possibility of homogenous dispersion of metal
ions thereby strengthening its candidature for overcoming dendritic failures. In
Chapter 4, we have discussed which metals atoms can be suitably embedded in
C2N to achieve this goal and their numerous configurations. Their efficacy in
terms of uptake capacity has been discussed.

(d) Spintronics applications: C2N pores offer the ideal platform for transition metals
to get embedded leading to a change in its electronic and magnetic properties. By
testing various configurations of these embedded transition metals, half
metallicity can be obtained in the originally semiconducting C2N which renders it
suitable as a possible spin filter in spintronic applications. In Chapter 6, we have
various combinations of TM atoms (the entire 3d block was scanned) that can be

stably embedded in the host C2N, which can induce half metallic characteristics



on account of a combined effects of synergetic and long-range ferromagnetic
coupling interactions.

(e) Increasing the stability of sodium-sulfur batteries. Due to the occurrence of the
shuttle effect, the stability and reusability of RT-Na-S batteries suffer greatly
thereby reducing its employability. However, by using a suitable additive on the
anode, which binds to the Na-S intermediates, with sufficient adhesive strength
this shuttle effect can be avoided. In Chapter 7, we have proposed two novel,
recently synthesized MXenes-HfsC2Tz, ZrsC.T2 (where T=F, O) as a possible

additive electrode on the cathode to inhibit shuttle effect.

Our research findings have been presented and organized in the following Chapters in

the chronology in which they were conducted.
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Chapter 2: Selective Gas Sensing using Bilaterally Edge Doped
Graphene Nano Ribbon

2.1 Summary

The adsorption and gas-sensing properties of B/N edge-doped Graphene Nanoribbons
(GNRs) are investigated using state-of-the-art computational technique, which is based
on a combination of Density-Functional Theory (DFT) and Non-Equilibrium Green’s
Functions (NEGF) formalism. First, the assessment of the effects dopants’ positions,
with respect to edges of GNR, on the transport properties revealed that the bilaterally
B/N edge doping of GNR would yield Negative-Differential Resistance (NDR) IV-
characteristics, due to the electronic back-scattering events. Then, the double-edge-
doped GNR:B and GNR:N were used to study the gas-sensing properties. The results of
adsorption tests show that chemisorption processes can be attained for NO2 and O>
molecules on GNR:B and SOs molecule on GNR:N. Furthermore, the results of
calculations of transport properties show that the chemisorption processes of these
molecules can yield enormous rectifications to the 1\V-characteristics to sweep the NDR
behaviors and should consequently yield large sensors responses in GNR-based devices.
Comparison to many other gases is performed and it is concluded that double edge-
doping in both GNR:B and GNR:N would yield exceptionally high selectivity towards
detecting toxic NO2 and SOs gases, respectively. The combined GNR:B- and GNR:N-
based sensors are suggested to be used as gas-sensor and alarm-sensor for NO> gas,

respectively. Our theoretical findings are corroborated with available experimental data.
Redrafted from

M. Ali, S. Khan, F. Awwad, N. Tit, “High gas-sensing selectivity of bilaterally edge
doped graphene nanoribbons towards detecting NO2, Oz and SOz gas molecules: Ab

initio investigation,” Applied Surface Science, vol. 514, pp. 1-12, 2020.
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2.2 Introduction

The breakthrough discovery of graphene by Geim and Novoselov [1] had not only
earned them Nobel Prize in physics in 2010 but also paved the way for cornucopia of
new fundamental low-dimensional physics and immense field of advanced technological
applications [1, 2, 6, 62]. Graphene possesses a unique combination of mechanical
strength (stability) and electronic properties, which make it attractive for materials
engineering [1, 2, 6, 62]. From the mechanical perspective, carbon atom has the
flexibility to make suitable hybridization to adapt to its environment and yield 0-3
dimensional novel nanomaterials with multi-functional applications. More specifically,
carbon in graphene has the sp? hybridization to produce honeycomb atomic structure [6].
From the electronic-structure perspective, graphene has zero bandgap with two linear
bands crossing each other at Fermi level (i.e., Dirac cones at K-points of the Brillouin
zone). As a result, graphene has a massless Dirac (relativistic) fermion with rather high
mobility (at order of 105 cm?/Vs) [1]. These properties are fundamental recipes in
making graphene the material of the 21-st century for the development of highspeed next
generation devices with characteristics exceeding those of silicon and conventional
semiconductors [1]. Technological applications of graphene are quite diverse and
encompass many fields: (1) Nano-electronics (e.g., synthesis of small transistor [63]); (2)
Photonics (e.g., band-gap engineering using quantum-confinement effects in
nanoribbons [64-67], and BN-doping to create a band-gap [67]); (3) Spintronics (e.g.,
induction of ferromagnetism by the adsorbed hydrogen atoms in nanoribbons [68]; (4)
Biomedical (e.g., graphene nano-ribbons are utilized as strain sensors [69]); (5) Energy
storage (e.g., multi-layered derived-graphene like CoN and CsN have been used in
electrodes of Lithium-ion batteries for Hydrogen storage [15]); and (6) Gas sensing (e.g.,
ability to detect several gases like CO, CO2, NO, NO2 and NHs [2, 6, 70, 71]). In this
latter application, graphene can be functionalized to compete with the metal oxides (such
as SnOy, TiO2 and ZnO) to reach better selectivity towards certain gases. In gas-sensing
applications, the simple fabrication procedure and cost effectiveness of chemiresistive
gas sensor have attracted a lot of attention worldwide [72, 73]. Experimental efforts have
shown that the functionalized Graphene Nanoribbons (GNRs) do have the ability to

sense gases with a resolution down to ppm (Part Per Million) with fast response and
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recovery times [74, 75]. In addition to these advantages, the operating temperature of
GNR-based gas-sensor can be optimized to Room Temperature (RT) much easier than
the case of oxide-based sensors [69, 76]. Recently, further improvement was
experimentally achieved by Cho and coworkers [77]. They reported great enhancement
in sensor response in case of edge-functionalized GNR chemical sensor much better than
doped Carbon Nanotube (CNT)-based and doped reduced-Graphene Oxide (rGO)-based
sensors. They demonstrated for the first time that chemically functionalizing the edge
sites with aminopropylsilane (APS) molecules would significantly enhance the
performance of GNR-based sensor. The sensor’s response was 30% to detect NO2 gas of
dose 0.125 ppm with a response time of about 6s [77]. They claimed that this GNR-APS
sensor to be the fastest and most sensitive one so far been ever reported. They also
compared the latter’s sensor response to the ones of CNT-APS- and rGO-APS-based
sensors and they found that GNR-based one to exhibit better than them by 30-fold and
93-fold, respectively [77]. On the computational side, Density Functional Theory (DFT)
has been the most reliable technique, if not the lonely one, appropriate and reliable to
study the ground state properties such as the problems of molecular adsorption on
surfaces and gas-sensing properties [78, 79]. Regarding GNR, Son, Cohen and Louie
used DFT to study the scaling rules for the bandgaps of GNR as function of width [66].
They studied both zigzag-edged and armchair-edged GNRs (i.e., hereafter, denoted as
ZGNR, AGNR, respectively), where the edge carbon atoms are saturated with hydrogen
atoms. They showed that Na-AGNR is metallic if Na = 3p + 2, where p is any positive
integer and Na is the number of dimer lines radically to GNR (i.e., along the width).
Otherwise, AGNR is semiconducting with decreasing bandgap with the increasing
width. They also reported that ZGNR to be always metallic but with possibility of
opening small-induced gap, that may rise as an effect of magnetism due to the
polarization of edges (i.e., kind of spintronics’ effects). Concerning the DFT studies of
the adsorption of gas molecules on GNRs, Huang and coworkers [78] studied the
adsorption of gas molecules (CO, NO, NO2, Oz, N2, CO2 and NH3) on armchair edged
GNRs. They reported high sensitivity towards detecting NHs. These results were
corroborated with the theoretical ones obtained by Saffarzadeh [79]. Dopants and defects

can play important roles in enhancing the adsorption of gas molecules on graphene [80-
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83]. Zhang and coworkers used DFT method to study the interactions between 4
different graphenes (including pristine, B- and N-doped and defective graphenes) and
small molecules (CO, NO, NO2 and NHs3) [80]. They demonstrated that all the four gas
molecules showed much stronger adsorption on doped/defected graphenes than that on
pristine graphene. The binding energies of molecules on defected graphene are also
larger than those on B/N dopants [81]. Here, it is worth to emphasize that in case of
energy storage applications, the Adsorption Energies (Ead) should be moderate (i.e., not
too strong nor too weak); for instance, in case of hydrogen storage in multi-layered
graphene or C2N or CsN, Ead should be at the order of 0.1-0.3 eV. So, defects should be
avoided as not to be helpful in energy storage applications and catalyst or dopants should
be picked/ selected in rather wise way (e.g., good candidates could be: Li, K, Na, Ca)
[84-90].

On the other hand, for sake of gas-sensing applications, stronger binding energies should
be sought. Besides defects, catalytic effects, such as those due to transition metal atoms
decorating graphene and CNT are shown to enhance the gas-sensing properties [91-92].
For instance, Zhang and coworkers studied the adsorption of toxic gases on Ti-doped
graphene [94]. Other transition metals (e.g., Fe, Co, Ni and Cu) are also known to
enhance the sensitivity and selectivity of graphene-based sensors for gas detection [93-
97]. Concerning the threats to health and environment, it is an established fact that the
major contributors to global acidification are nitrogen oxides (NOx) and sulfur oxides
(SOx). These gases are mostly emitted by burning hydrocarbons and fossil fuels and they
harm both human health and the environment. The United States Environmental
Protection Agency (US-EPA) have set the safety levels for NO> at 100 ppb (parts per
billion) per hour on an average [21]. An exposure beyond these levels of safety could be
hazardous to human beings resulting in even death. NOx interacts with atmospheric
oxygen and is also a major cause of acid rain. On the other hand, sulfur generally
combines with oxygen to form two categories of oxides- Sulfur Dioxide (SO.) and
Sulfur Trioxide (SO3) which have very different properties. Sulfur trioxide is highly
toxic for humans and corrodes metals in the environment. In the third European Union

ministerial conference, which was attended by environment ministers of 49 countries, it
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was decided that the issue of “air pollution affecting human health” must be dealt with
somewhat high priority [22-23].

Therefore, to increase human and environmental safety, developing sensors with high
selectivity and sensitivity at order of 1 ppb for these hazardous gases is the need of the
day. The reliable calculation of transport properties requires a combination of the DFT
and Non-Equilibrium Greens Function (NEGF) formalism [83]. In a related work [98],
we have used this combination to study the origins of negative-differential resistance in
ZnO nanoribbons under the effect of nitrogen doping. Then, we explored such N doped
ZnO-NR in investigating the gas-sensing properties [99].

The results showed that H> gas would play the role of reducing gas on the absorbent (i.e.,
ZnO-NR: N), thus, enhancing the electric current; whereas both O, and CO. gases would
oxidize the absorbent and, consequently, hamper the electric current. As far as deviations
in IV characteristics are concerned, it is concluded that huge sensor responses are
obtained on ZnO-NR: N-based devices and achievement of high selectivity towards the
gases (Hz, Oz, and CO2) was obtained. Such selectivity is mainly caused by the existence
of the Negative Differential Resistance (NDR) in the adsorbent sample. So, in the
present work, we aim to explore the possibility of NDR existence in B/N edge-doped
GNR to assess which molecules can be chemisorbed and able to rectify the IV-
characteristics. So, these molecules should become our target in the gas-sensing study.
To address such a problem, we planned the present investigation. The Chapter is
organized as follows: Section 2.3 presents details of the used computational methods.
The results and their discussions are shown in Section 2.4. The last section summarizes

our main findings.

2.3 Computational Method

In this study, all calculations were carried out in the framework of DFT and NEGF using
Vienna Ab-initio Simulation Package (VASP) [53] and Atomistic Tool Kit (ATK) [54-
55] codes, respectively. Each graphene nanoribbon doped with boron (nitrogen) consists
of 102 C and 2 B (2 N) atoms, while the dangling bonds at both edges of nanoribbon
were passivated with 26 H atoms. In the framework of DFT within the Generalized
Gradient Approximations (GGA) of Perdew-Burke-Ernzerhof (PBE) exchange—

correlation functional, all atoms in doped GNRs were allowed to relax until the
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Hellmann-Feynman forces on all atoms and the total energy became less than 0.01 eV/A
and 107 eV, respectively. Monkhorst-Pack (MP) technique was followed for the
Brillouin zone sampling [56]. Note that DFT-D3 method of Grimme was also employed
to take account of the VVan-der Waals (VdW) interactions between gas molecules and
graphene nanoribbons [57]. The plane wave basis set with a cutoff kinetic energy of 400
eV was used to expand the valence electron wave functions. Gaussian smearing with a
width of 0.05 eV was chosen for the occupation of electronic energy levels. A vacuum
space of 15 A was added in the direction perpendicular to graphene nanoribbon to avoid
interactions with images. The charge redistribution between gas molecules and graphene
nanoribbons was estimated by means of Bader charge calculations [58]. The bonding
strength between adsorbate and adsorbent can be estimated in terms of adsorption
energy. In this study, the adsorption energy between gas molecules and doped GNRs was

calculated by:

Egas-GNR—EGNR—NEgqs
Eqgqs = 22 N 22 (21)

where Egas-onr, Econr and Egss are total energies of gas molecules adsorbed on doped
GNR, doped GNR and gas molecule, respectively; whereas N is the number of gas
molecules adsorbed on doped GNR. The more negative the adsorption energy indicates
the stronger interaction between adsorbate and adsorbent. The transport properties of all

devices were calculated by two terminal Landauer-Bittiker formula [59] given by
2

1V,) = =2 [T T(E, V)[fi(E — 1) = fo(E — pp)]dE (22)

where Vb, T(E,Vb), uur, and fur are the applied forward bias, bias-dependent
transmission coefficient, electrochemical potential, and Fermi- Dirac distribution
function of the left/right electrode, respectively. Based on transport properties of GNR

devices (i.e., IV-curves), the differential resistance (R) can be estimated by
av 1

R=%=1 (2.3)

dal G

where G is the conductance. The sensor response of the device [60, 61] is defined as

S = |Gg—Gol — |[Rg—Ro| (24)
Gg Rg

where Gg (Go) and Rg (Ro) are the conductance and resistance in the presence (absence)

of gas molecule on GNR device, respectively.
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2.4 Results and Discussion
2.4.1 Atomic Relaxations

Two kinds of samples were used in the calculations of adsorption and transport
properties, consecutively. First, we used GNR sample with periodic boundary
conditions, as applied along the longitudinal direction of the nanoribbon, to study the
adsorption properties (i.e., such calculations would include atomic relaxations, band
structures, density of states and charge-density contour plots). A second type of sample
should comprise of two electrodes on both sides of GNR to probe the transport
properties (i.e., such calculations would be useful to produce: IV curves, resistance and
sensor response versus applied bias). Figure 2.1 shows the relaxed atomic structures of
periodic samples of pristine and doped GNRs, before and after the occurrence of
chemisorption with the gas molecules, which are ordered as follows:

a) Pristine GNR, shown in Figure 2.1(a) and consisting of GNR of zigzag edges
saturated with hydrogen atoms, is composed of a total of 110 atoms (i.e., 88 C
atoms and 22 H atoms). After altering a relaxation using DFT method, the pristine
GNR has a width W = 9.1 A and a length L = 27.05 A; and the average values of
bond lengths of C-C to be about 1.41 A and C-H to be about 1.07 A. Table 2.1
summarizes the structural parameters of all the 6 structures shown in Figure 2.1.

b) B-doped GNR is shown in Figure 2.1(b) with two boron atoms occupying
substitutional doping positions at the two edges. It should be noticed that the
atomic radius of free boron atom to be a bit larger than that of carbon (i.e., Rg =
0.87 A>Rc =0.67 A). Due to this fact, the atomic relaxation yields B-C bond-
length larger than that of C-C (Table 2.1). There is also an angular distortion of
the value Ang(c-s-c) = 128° at the edge due to atomic size consideration in
addition to the existence of unpaired electron in boron to amend the hybridization
state.

c) N-doped GNR is shown in Figure 2.1(c) with two nitrogen atoms as substitutional
dopants at the two edges. We quote that the radius of free carbon atom is bigger
than the one of free nitrogen atom (i.e., Rc = 0.67 A > Ry = 0.56 A). So, indeed,
the atomic relaxation yields bond-length N-C smaller than that of C-C (Table 2.1).

The angular distortion of Ang(c-n-c) = 122° is smaller than the previous case due

26



to atomic size considerations. Using the relaxed B- and N-doped GNR structures
of Figure 2.1(b) and Figure 2.1(c), respectively, molecular chemisorption was

achieved, and results are shown in Figure 2.1(d-f).
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Figure 2.1: Relaxed atomic structure of pristine and B-/N-doped GNR before and after
the chemisorption of gases.

** Color: C = brown, B = green, N = grey, H = pink, O =red, S = yellow.
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Table 2.1: Structural/Geometrical parameters of pristine and B-/N- doped GNR samples
before and after the chemisorption of NO, O, and SOz gas molecules are shown.

28

d)

€)

9)

(a) Pristine GNR (b} GHE:B
d(C-C) = 1.40-1.41 A d(B-C) = 1.47-1.50 A
d(C-H) = 1.07 A diC-C) = 1.39-1.42 A

diC-H) = 1.06-1.07 A
Ang(C-B-C) = 116°, 116°, 128°

() GNR:N (d) GNR:B/NO4
d{M-C) = 1.36-1.39 A diB-C) = 1.48-1.49 A
diC-C) = 1.40-1.42 A diC-C) = 1.40-1.43 A
d(C-H) = 1.07 A d(C-H) = 1.09-1.10 A
Ang(C-N-C) = 1197, 119", 122° d(C-N) = 1.54 A
diN-0) = 1.24 A
Ang(O-N-0) = 125°
{e) GNR:B/Oy {f) GNR:N/S0,
d(B-C) = 1.55-1.58 A diN-C) = 1.34-1.46 A
diC-C) = 1.40-1.44 A diCC) = 1.40-1.43 A
d(C-H) = 1.10 A d(C-H) = 1.09-1.10 A
diC-0) = 1.43, 1.44, 1.50 A diC8) = 197 A
diB-0) = 1.60 A di5-0) = 1.45-1.47 A
di0-0) = 1.47, 1.67 A Ang(0-5-0) = 115°-117"

Ang(C-B-C) = 1087, 122°

Figures 2.1(d) and (e) show the chemisorption of NO2 and O molecules on B-
doped GNR (GNR:B), respectively.

The free NO2 molecule has a bond length b(n-o0) = 1.197 A and an angle Ang (o--
o) = 134°. After a trial to relax 2 NO2 molecules on the respective two boron
atoms located at the GNR-edges, the chemisorption processes of these 2 NO>
molecules occur without molecular dissociations and likely through the breaking
of resonant N-O zn-bonds. The new bond length is elongated to become d-o0) =
1.24 A with reduced angular distortion to an angle Ango-n-0) = 125°. It is
interesting to see NO2 molecules bind to carbon atom not to boron, as the former
atom is more electronegative and more ready to alter covalent bonding with
nitrogen, as far as they stand in the lattice.

Such binding of NO2 molecule to carbon is associated with charge transfer. NO>
molecule plays a role of oxidizing the graphene, with charge transferred to each
molecule of amount Aq = 0.36e, per molecule as is displayed in Table 2.2.
Concerning the molecule Oz, when it is free, it has a double bond of bond-length

bo-0)=1.12 A. Atrial to relax these two O, molecules on 2 respective boron



atoms located at the GNR-edges yielded two distinct scenarios: One O2 molecule
exhibited a molecular dissociation to pave the way for the two oxygen atoms to
bind to the two carbon atoms neighboring boron.

h) The distance between these two split oxygen atoms is do-0y = 1.67 A. The second
O2 molecule alters a chemisorption process without dissociation, in which one O
atom binds to boron and the other O atom binds to the carbon neighboring the
same boron. The O-O bond length is elongated to d(o-0) = 1.47 A due to the
breaking of n-bond. Both O molecules play roles of oxidizing the graphene with
a drained charge of value Aq = 1.015e, taken by each molecule, as indicated in
Table 2.2.

i) Concerning SOs molecule, when it is free, it is planar with bond length b(s-0) =
1.42 A and angle Ang(o-so) = 120°. The trial of relaxing these 2 SOs molecules on
respective two N dopants located at GNR-edge led them bind to the neighboring
C atoms. Both molecules exhibit identical chemisorption processes without
molecular dissociation. The relaxed bond length is elongated to become ds-o0) =
1.46 A and molecular angle is reduced to Ango-so) = 116°, due to the breaking of
both the n-binding resonance of three S-O bonds and the sp2 hybridization.

j) Such binding processes must have been accompanied with charge transfers, in
which the SOz molecules acted in roles of oxidizing the graphene, with a drained

charge of value Aq = 0.615 e per molecule, as is illustrated in Table 2.2.

Table 2.2: DFT results of adsorption energies of NO2 and O, molecules on GNR:B and
SOz molecule on GNR:N and their associated charge transfers (Aq) calculated by Bader
charge analysis method.

P ——————————————————————————————————————————————————
Molecule /adsorbent Enima (V] Ag e
NOs/GMNR:B =1.235 0360
O=/"GNE:R —=1.965 1.015
50,/ GNR:N —1.865 0615
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2.4.2 Effect of Doping Positions on Transport Properties

In general, the electrical conductivity in metals is controlled by the states near Fermi
level. Furthermore, Zigzag-edged GNR (ZZ-GNR) is naturally metallic as its 1D-
Brillouin zone comprises the graphene’s special reciprocal K-point. Concerning the
electric conductivity in nano-devices (e.g., GNR-based devices), it is a well-known fact
that impurities and defects are the main reason for the existence of universal conductance
fluctuations. Such fluctuations would make the 1V-characteristics sensitive to the
positions of the impurities. In this part, the effect of position(s) of dopant(s) on the
transport properties is put under focus. We considered devices containing z-GNR
samples doped with either boron or nitrogen atoms. Starting with the case of boron
doping, we considered the calculations of 1V-curves corresponding to three different
realizations:

e 1B dopant at one edge of GNR.

e 1B dopant at the center of GNR.

e 2B dopants simultaneously put at the two edges of the GNR.

45 (a) Effect of Positions of B-dopants in GNR (b) Effect of Positions of N-dopants in GNR
—— B ———
| ——GNR:1B @ Center /l | |—— GNR:1IN @ Center
——GNR:28 @ Edges > ] |—— GNR:2N @ Edges ]
20 | ——GNR:1B @ Edge e B 20 | |—— GNR:AN @ Egde # =
| P GNR ; / 4 |- GNR . *
g 24 L - & & 3§
- O i 4 15} T p——— o
El ¥y 12| > - )
10 - // 1 ~ 10} A .
* ¥e o
/ - /// .'
8 oSO y N e .
0 2 A 1 " 1 " 1 1 oL A 1 Ps 1 2 1 5 1 a
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Figure 2.2: 1V characteristics to test the effect of dopants’ position with respect to edges
of GNR-based devices: (a) B-doping, (b) N-doping.

Figure 2.2(a) shows the IV characteristics due to the three preceding realizations and
compares them to the case of pristine GNR. The dotted curve corresponds to pristine
GNR and the others, correspondences are as follows: green curve to GNR:1B @ center;
blue curve to GNR:1B @ edge; and red curve to GNR:2B atoms @ edges. It seems that
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in pristine GNR, the majority of current density flows through the two edges because of
the fact that the hydrogen bonds are weak and do contribute to the population of states at
the Fermi level. If one B atom is placed at one edge, when the current flows, it gets
negatively charged (because it is originally missing 1 electron with respect to the
standard average of 4 electrons per atom). So that that negatively charged boron starts
exhibiting some back-scattering. But the electric current can always find its way through
by going through the other edge. A similar scenario may take place when B atom is
placed at center, the current persists to flow at order of magnitude of pristine because the
current density can be supported by channels at the 2 edges. One would clarify that the
observed NDR in the case of pristine graphene might originate from quantum coherence
as far as nanoribbon is ultra-narrow (i.e., consisting of just four conductive channels).
Furthermore, in the case of placing 2B atoms at the two edges simultaneously, the
current drops drastically, as shown in Figure 2.2(a). One can clearly notice the
appearance of NDR due to the back-scattering events [101]. Such NDR characteristics
can be explored in gas-sensing applications. Namely, when the device is exposed to gas
molecules, if chemisorption is attained, the 1\V-characteristics gets drastically rectified,
and the sensor response would be well pronounced [99].

In the case of N-doping, the results of testing of effect of dopants positions are shown in
Figure 2.2(b). The trends are basically the same. Notice that in case of 2 N atoms placed
at the two edges, the obtained 1V characteristics looks like the case of 2 B atoms at the
two edges. So, in the rest of paper, we decided to carry on with two samples in which we
have either 2 B dopants or 2 N dopants at GNR-edges to explore to study the gas-sensing

properties.

2.4.3 Electronic Band Structures

Figures 2.3 and 2.4 show the band structures and density of states (DOS) corresponding
to the structures described in Figure 1. These two figures should be discussed in parallel
as they strongly correlate to each other. Figure 2.3 displays the bands structure along the
I'X-high symmetry line of 1-dimensional Brillouin Zone (BZ) within an energy range of
1 eV around Fermi level, which is taken as the energy reference (i.e., Er = 0). Whereas

Figure 2.4 displays all the electronic states within the energy range —2 eV <E <+2 eV.
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Figure 2.3: Band structures of pristine and B/N-doped GNR before and after the
chemisorption of gas molecules.

The first common remark about panels of Figure 2.3 is the fact that all the samples have
at least two bands crossing at Fermi level. So, all samples are expected to have metallic
behavior. As a second remark, by focusing on Figure 2.3(a), which corresponds to

pristine GNR, one can notice two trends:

a) Some bands are varying linearly and do correspond to bulk graphene states (C-C
bonds)

b) Some bands are slowly varying and grouped or rather almost localized near
Fermi level and they should be attributed to C-H bonds. These bands could be the
supporters of the electric current density when a bias is applied.

These bands are projected into a peak at Fermi level, as shown in DOS in Figure 2.4(a).
One can notice that DOS is constant within the interval [—1 eV, +1 eV] away from Fermi

level due to the linear dispersion of bands of the former trend. In Figure 2.3(b), the
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introduction of 2 boron atoms at the GNR-edge causes some splitting in the bands of C-
H bonds and some bands becoming strongly localized likely due to the unpaired electron
in boron atoms in addition to the electrons of C-H bonds.

Figure 2.4(b) displays a stronger peak at Fermi level attributed to such flat bands. The
flat band, at energy of about 0.2 eV above Er, might be attributed to boron atoms and
reveals the electro-positivity aspect of boron (i.e., being cations, B atoms have tendency
to contribute with states to the conduction band).

In Figure 2.3(c), as compared to pristine GNR, the introduction of 2 nitrogen atoms
causes similar splitting effects in the states near Fermi level like what was caused by
boron atoms in Figure 2.3(b). However, there is a contrast that the flat band at energy of
—0.2 eV below Er might be attributed to nitrogen atoms and might reveal the
electronegativity of nitrogen (i.e., being anions, N atoms have tendency to contribute
with its states to the valence band). Figure 2.3(d) corresponds to the band structure of
GNR: B after the occurrence of chemisorption with 2 NO2 molecules.

Comparing Figures 2.3(d) to 2.3(b), it seems that the 2 NO2 molecules bind strongly to
the lattice through carbon atoms. So that their overlaps cause strong splitting of states
near Fermi level to become almost all fragmented as also shown in Figure 2.4(d).

Figure 2.3(e) corresponds to the band structure of GNR: B after the chemisorption
processes of 2 O2 molecules. By comparing Figure 2.3(e) and 2.3(b), one can notice the
band-splitting as well as the flipping of bands’ symmetry. This latter reversal symmetry
in k-space might be attributed to the asymmetry of chemisorption processes, as they
occur in completely different fashions from one edge to the other edge.

One Oz molecule exhibits chemisorption with full dissociation (i.e., on 2 C atoms)
whereas the other O> molecule alters chemisorption without any dissociation (i.e, on C &
B atoms). Figure 2.4 (e) displays a huge peak near Fermi level, which is attributed to the
split oxygen atoms as they bind separately to carbon atoms and both possess dangling
bonds, with energies at order of Fermi level. One should expect the existence of such
dangling bonds because the 2 C atoms underneath the 2 O atoms are still maintaining
their coordination in the graphene lattice. Figure 2.3(f) corresponds to the GNR: N after

the occurrence of chemisorption processes to 2 SOz molecules. Both SO3z molecules
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prefer to bind to C atoms and thus the o-bond of S-C is strong enough to introduce states

at energies of about —0.75 eV and 1.0 eV as shown in Figure 2.4(f).
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2.4.4 Charge Density Plots
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Figure 2.5:Charge density plots of the eigenstates of six periodic relaxed samples.
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Figure 2.5 shows charge-density plots of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) for each of the six
periodic GNR samples described in Figure 2.1. Two different views are displayed for
each sub-panel for better clarity (i.e., top and side views are shown). Figure 2.5(a),
corresponding to pristine GNR, shows that both HOMO and LUMO states to be
supported by C-H bonds at the two edges of GNR. This is in favor of and corroborates
the idea that most of the electric current density flows through the edges. Figures 2.5(b)
and (c), corresponding to the respective GNR: B and GNR: N, show some
interruption/discontinuity of HOMO and LUMO states at the vicinity of the impurity (B
and N, respectively).

Yet, these HOMO and LUMO states are shown to still be percolating and conductive and
likely to originate from dispersive bands. It is worth emphasizing that for all the samples
the eigen-energies of the HOMO/LUMO states are just about within —0.1 eV to + 0.1 eV
around Fermi level.

The occurrences of chemisorption processes of NO2, O, and SOz molecules (shown in
respective Figures 2.5(d-f)) do cause bit further interruptions to the HOMO/ LUMO
states. Nonetheless, in exemption of O> molecule, the other molecules (NO2 and SOs)
would have bigger effects on states far from Fermi level at about + 0.4 eV and £ 0.75
eV, respectively, as been discussed under the light of bands and DOS in Figures 2.3 and
2.4.

Such effects would not be much pronounced on HOMO/LUMO states but should be

detectable in the IV-characteristics when biases are applied at the order of up to 1 Volt.

2.4.5 Transport Properties

Probing the I\VV-curves requires the use of a device with electrodes. Figures 2.6 shows the
results of 5 IV characteristics due to two devices:

(@) Device, composed of GNR: B in its central zone, is used detect NO. and O
molecules. The IV-curve of the adsorbent bed (i.e., GNR: B), shown in blue solid
line, shows the existence of NDR behavior.

(b) Similar NDR trends in the 1VV-characteristics of GNR: B and GNR: N (blue

curves in Figures 2.6 (a) and (b)) exist because of the current blockade caused by
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the two dopants (B/N), simultaneously placed at both edges. When dopants get
charged, they impede the current by back-scattering [101-102].

(c) The two blue curves show NDR behavior in the energy intervals [0.1,1.0] eV and
[0.5,1.0] eV with Top-to-Valley Current Ratios (TVCR) of 1.32 and 1.27,
respectively. They have very close TVCR values as their NDR behaviors are
attributed to the quantum coherence effects, which are like what happened in
Esaki’s diode (“tunnel diode™) [101].

(d) The adsorbent can alter chemisorption processes with NO> and O2 molecules.
After the occurrences of these respective chemisorption processes, the 1V
characteristics change to the curves shown in red and green colors, respectively.
As discussed in Figures 2.4(d) and (e), the NO2 and O introduce states at about
—0.35 and + 0.15 eV below and above Fermi level, respectively. These states may
account for the cross-over of 1V-curves between red and blue to take place at
about 0.35 eV and between green and blue to occur at about 0.15 eV.

(e) Figures 2.6(a) shows great enhancement in the current after the landing of the
NO2 and O2 molecules on GNR: B because of passivating the defect states.

(F) On the other hand, Figure 2.6(b) shows the IV characteristics of chemisorption of
SOs3 on GNR: N. The 2 SOs molecules, absorbed on GNR: N, seem to hamper
further the electric current because of introducing defect states near Fermi level.
More NDR trends occur with even higher TVCR.

(9) Recalling the band structures of GNR: N before and after the adsorption of SO3
molecules, presented in Figures 2.3(c) and (f), respectively, one can depict the
localization effects on the conduction bands caused by the chemisorption of the
molecule (see states at energy of about 0.5 eV and 0.9 eV in Figure 2.3(f)). So, as
soon as the bias crosses these energy values, the 1V characteristics show NDR
behaviors in the red curve corresponding to SOs@ GNR: N (in Figure 2.6(b)).

(h) The NDR behaviors at biases V = 0.5V and V = 0.9 V are found to have TVCR
= 1.492 and 8.225 values, respectively. The origin of these two NDR behaviors
should be attributed to the same reason which caused NDR in Gunn’s diode [102]
(i.e., when the voltage crosses the energy of flat band, the current reduces

drastically).
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(@) GNR:B and (b) GNR:N before and after the chemisorption of (NO2, O2) and SO3
respectively.

Our argument is based upon the occurrence of NDR in very narrow energy intervals,

centered at energies of defect states as mentioned above. It is worth mentioning that SO3

molecules are found to exhibit physisorption process on GNR: B; whereas both NO> and

O alter chemisorption processes on GNR: N without molecular dissociations. The

obtained electric currents in GNR: N-based devices after the chemisorption of NO> and

O- are found to be vanishingly small and rather below the experimental limit of

detection. Hence, while GNR: B is suggested as a good gas sensor of NO2, GNR: N can

be explored in making logical-gate alarm sensor for NO> gas.
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Figure 2.7: Differential resistances versus bias using the five IVV-curves.

Figure 2.7 shows the results of differential resistance calculated for all the 5 1V-curves,
displayed in Figure 2.6, versus bias up to 1 Volt. As the electric currents in Figure 2.6
are in the order of micro-Ampere (uA), the calculated differential resistances are at the
order of mega-Ohm (MQ). NDR behavior persists in (a) GNR: N and (b) GNR: B
devices, specifically at higher voltages than 0.5 V and 0.3 V, respectively. The
chemisorption processes of NO2 and Oz molecules on GNR: B would rectify the current
and sweeps or eliminate most of the NDR behaviors (Figure 2.7(c) and (d)). Whereas the
chemisorption of SO3 on GNR: N device preserves some NDR behaviors (Figure 2.7(e))

because of localized defect states in the DOS, as shown in Figure 2.4(f).
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2.4.6 Gas Sensing Properties

Using the results of differential resistance versus bias, one can calculate the Sensor
response of the two devices (i.e., GNR:B- and GNR:N based devices). The results
corresponding to the absorption of NO2, Oz and SOs gases are shown in Figures 2.8(a-c),
respectively. The average values of Sensor response versus bias for these respective
gases are as follows: (a) Save = 21.8, (b) Save = 9.86 and (c) Save = 5.94. It should be
emphasized that we have carried out tests for detection of other gases as well (e.g., N2,
H», O3, CO, CO2, H20, H2S, NH3, NO, and SO») and all of these gases exhibit either
physisorption processes on these two devices or having very low electric current much
below the threshold for the experimental detection, which we considered to be about
nA=10"° Ampere.
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Figure 2.8: Sensor response versus bias are shown for targeted gases on the devices.
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Chapter 3: Manganese Embedded C:N for Hz Sensing and Storage

3.1 Summary

Density Functional Theory (DFT) has been employed to investigate the effect of
magnetic moment on the hydrogen adsorption and gas-sensing properties in Mn-
embedded in C2N. Special focus was given to the effects of both magnetization and
dimerization on the adsorption properties. Two distinct configurations of embedment
were considered: (i) Single atom catalyst (SAC): Mn@C:N; and (ii) Dimer atom
Catalyst (DAC): Mn.@C2N. The results showed that the H> molecule exhibits
chemisorption processes on both SAC and DAC with weak molecular dissociation. The
effect of chemisorption on the electronic structure is so enormous to the extent that the
DOS gets fragmented near Fermi level with opening of small gaps of order 0.11 eV and
0.20 eV in SAC and DAC, respectively. Such changes would be manifested in enhanced
sensor responses. Based upon the huge changes in electronic and magnetic properties
induced by the chemisorption and the low recovery time (i.e., 1< 1s,t=92 usand 1.8
ms, respectively), we concluded that CoN: Mn should be an excellent candidate for
(reusable) hydrogen magnetic gas sensor with high sensitivity and selectivity and rapid
recovery time. Our theoretical results were corroborated with good agreement with the

available data in literature.
Redrafted from

M. Mushtaq, S. Khan, N. Tit, “Magnetization effect of Mn-embedded in C2N on hydrogen
adsorption and gas-sensing properties: Ab-initio analysis,” Applied Surface Science, vol.
537, pp. 1-13, 2021.
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3.2 Introduction

The breakthrough discovery of graphene by Geim and Novoselov [1] not only earned
them the Noble prize in physics in the year 2010 but it further paved the way for a new
horizon of physics field based on 2D-materials. The expectations of the inventors in
graphene were very high and they predicted that it would be the leading and prime
material for fabrication of new generation of electronic devices [1-4, 6, 106]. Graphene
is a one-atom thick layer with honeycomb structure and is metallic by having two bands
linearly crossing each other at the Fermi level at K point in the Brillouin zone to make
the so-called Dirac cones (i.e., having high electronic speed at Fermi level and high
electronic mobility of about p~2 x 105 cm?/V.s [107] better even than 9200 cm?/V.s of
GaAs [108]). That Fermi speed by itself opened a dialogue between materials science
and high-energy physics. These characteristics ranked graphene to be a unique material
with multi-functionality, as it can be functionalized to tune its properties to basically any
specific task. As a matter of fact, graphene has proven itself to be a multifunctional
material for many applications, for instance: (i) In nano-electronics: It was considered
for post-silicon electronics as Graphene-based Field-Effect Transistor (G-FET) was
fabricated [63, 109]; (ii) In Photonics: Even though pristine graphene has a zero gap, its
functionalization and compounds can produce a gap tunable for specific optoelectronic
applications. Recent results have shown the application of graphene in optoelectronics
ranging from dye-sensitized solar cells to light-emitting diodes to touch screens to
photodetectors and to ultrafast lasers [110-113]; (iii) In biomedicine: It was used in
biosensors (i.e., to detect glucose, dopamine, proteins and DNA), as well as in bio-
imaging, drug delivery and photo-thermal therapy applications [116]; (iv) in strain
sensors: Functionalization (e.g., graphene oxide) can reduce the stiffness of graphene
and make it suitable for strain sensing [117, 118]; (v) in gas sensing: Perhaps the
broadest field of graphene applications is in the arena of gas-sensing. As it was in the
original vision of the inventors [2], graphene has shown some superiority over Metal
Oxides (MOX) in having high sensitivity towards toxic gases at Room Temperature
(RT) [6, 80, 119-120]. Many toxic gases (e.g., H2S, CO2 and NO2) whose detection at
RT used to be challenging for MOX were detected at ambient air conditions using

graphene-based sensors [121-123]. Recent progress in growth and synthesis has led to
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the creation of completely new materials. For instance, the nitrogenated holey graphene
“C2N” was recently successfully synthesized by Mahmood and co-workers in 2015,
using a bottom-up wet-chemical reaction [12]. This novel material has been proven to be
very thermodynamically stable and possesses potential characteristics to adapt against
embedding metal catalysts which normally are used to trigger the selectivity towards
certain toxic gases at RT. This new material also demonstrated high competence as
suitable material for energy-storage applications [13, 15-16, 124]. CoN not only it has a
uniform distribution of holes, but the holes and phenyl rings are also surrounded by
aromatic nitrogen atoms to widen the gap between the valence and conduction bands
and, thus, to make itself useful for semiconducting applications (i.e., Eq= 1.90 V) [12].
In the case of energy-storage applications, light metal atoms (e.g., Li, Na, K, Ca) can be
embedded in the holes or intercalated between layers for Hydrogen adsorption. One must
ensure that the binding energy of the metal atom to the substrate is higher than the
cohesive energy of the metal itself. This is indeed true in the case of light metal atoms as
it should be sufficient to prevent the clustering of the catalyst atoms and to ensure their
uniform distribution to enhance/maximize the H» uptake capacity. Meanwhile, as a
compromise, one must ensure that the adsorption energy of H> gas molecule on catalyst
atom is within the well-known energy range [0.2, 0.6] eV, as recommended by the
International Atomic Energy Agency “IAEA” for hydrogen storage. C2N has proven its
candidature for Calcium-ion Batteries (CIBs) and this would solve the problem of
formation of dendrites existing in case of Lithium-ion Batteries (LIBs) [40-41, 125-126].
Meanwhile, it will pave the way for fabrication of low-dimensional batteries for
utilization in portable electronic devices. While the embedment of light metal atom(s) in
C2N has shown great relevance in energy-storage applications, these atoms also have a
few shortcomings in the case of gas-sensing applications, most likely due to the
limitation in coordination number. For gas sensing applications, many researchers
reported the importance of utilization of transition metal atoms. Zhao and co-workers
reported DFT results of the effect of copper dimer (Cuz) embedded in C2N on the CO»
reduction reaction [125]. They have shown that Cu dimer can be stably embedded in the
porous C2N monolayer because of the formation of strong hybridization between Cu 3d

orbitals and N 2p orbitals. Then, Cu2@C2N was shown to be efficient for the
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electrochemical reduction of CO> to hydrocarbons [126]. Ma and co-workers also used
DFT to show that 3d Transition Metal (TM) embedded in C2N are promising Single-
Atom Catalyst (SAC) [127]. They included in their study five TM atoms (i.e., Sc, Ti, V,
Cr and Mn) and to test their catalytic activity they studied their adsorption with CO and
O2 molecules. The strong adsorption and significant activation of the reactants (i.e., CO
and O2 molecules) were observed for Cr and Mn catalysts. So, they concluded that Cr
and Mn embedded C2N monolayers are the very promising SACs for low-temperature
CO and O oxidation reactions [127]. In another related work, Luo and co-workers used
Dmol?® package to study the effect of MnN4 embedded in several carbon systems (i.e.,
graphene (MnNs-Gra), Graphene Nanoribbons (MnN4-GNR), Graphene Nanosheets
(MnN4-GNS), Carbon Nanotubes (MnN4-CNT) and Ceo fullerenes (MnN4-Ceo)) on the
adsorption and capture of numerous toxic gases [128]. The embedment of MnN3 is done
as follows: They removed 1 pair/bond of carbon atoms and replaced them with 1 Mn
atom; then they changed the four neighboring carbon atoms with 4-N atoms (like in
substitutional doping). The atomic relaxation and binding energy calculations showed
that such embedment of MnN4 is thermodynamically stable. They carried on with
adsorption tests of many toxic gases of environmental concern. The list of gases
included: COx, NOx, N20O, H2S, SOz, NH3, Oz and H20. Their results showed that both
the dopant and system curvature play a role in enhancing the adsorption properties.
Among the five tested systems, MnN4-Ceo is found to have the largest adsorption energy
for all gases and thus proven suitable for trapping the gases. MnNs-Gra, MnNs-GNR and
MnN4-CNT are evaluated as good catalysts for Oxygen Reduction Reaction (ORR).
MnNs-Gra, MnN4-GNR and MnN4-CNT are reported as suitable catalysts for CO
oxidation. The best temperature intervals for the validity of such characteristics were
determined by the Gibbs free energy and Molecular Dynamics (MD) [128]. The same
authors also reported the occurrence of chemisorption of the MnNs-catalyst with CO,
NOyx, NH3z and SO2 molecules, whereas physisorption processes took place with the other
gas molecules [128]. Both electrochemical measurements and DFT calculations reported
by Liu and co-workers [129] confirmed the synthesis and catalytic activity of MnNs - to
be even better than FeNs-embedded in carbon layers in inducing ORR. Their results

strongly suggested that Mn and N (i.e., MnN4) co-doping in carbon are promising high-
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performance catalysts for ORR in acidic medium [129].

In another DFT study, Impeng and coworkers investigated the correlation between
magnetic moment and strength of chemisorption of 13 gases on MnNs-embedded
graphene. Only five gases (i.e., NO, NO., O,, CO and SO.) exhibited strong
chemisorption with adsorption energies —2.30, —1.42, —1.32, —1.11 and —0.51 eV,
respectively. Moreover, the magnetic moment of MnNs-Gra drastically changed from
3.01 uB t0 0.13, 1.04 and 2.01 uB, after the chemisorption of NO, CO and NO2 gases,
respectively, while it was hardly altered by the other gases. Adding to this, the computed
respective recovery times at 423 K were 2.5x10%s, 1.7 s and 8275 s. So, the shortest
recovery time for CO detection suggested that MnNs- Gra is a promising magnetic
sensor for CO detection [120]. From energy perceptions, fossil fuel inevitably persists
being used while it generates many kinds of toxic gases (e.g., COx and NOx), which
destroy the ecological environment and endanger human health. Besides, its reserves are
limited, and they will deplete soon with the current energy demands (e.g., within a half
century) pushing humans to seek other alternatives to consider as future energy
resources. As a matter of fact, hydrogen stands as one of the strongest candidates to act
as one clean energy resource and eco-friendly. Research has achieved good progress in
exploring hydrogen in energy-storage such as fuel cells and batteries [131]. It is known
that fuel cell is an electrochemical cell that converts the chemical energy of hydrogen
fuel using oxidizing agent into electricity through a pair of redox reactions [131]. On the
other hand, hydrogen is a very explosive gas and very reactive at high temperatures
larger than 600 K. Meanwhile, its gas-sensing presented a great challenge to Metal
Oxides (MOX) based sensors, such as Pt-doped ZnO whose operating temperature was
optimized to 400 K [132,133]. So, many researchers have been searching for other
materials convenient for hydrogen storage and gas-sensing such as graphene and its
derivatives (e.g., CoN and CsN) [12, 15-16, 124, 134]. The scope of the present
investigation is to explore the novel C2N material and its functionalization by embedding
Mn atom(s) to study its interaction with H> gas molecule. We use the state-of-the-art
DFT method based on the Vienna Ab-initio Simulation Package (VASP), while we pay
special attention to the effects of magnetic moment of manganese and its clustering on

the adsorption of H2 molecule. Another important issue in our present study is the
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contrast between Single Atom-Catalyst (SAC) and Dimer-Atom-Catalyst (DAC) effects
on the adsorption properties of H> molecules. This Chapter is organized as follows:
Section 3.3 gives a detailed description of the computational method. Section 3.4 gives
an elaborate discussion of the results. The last Section 3.5 summarizes our main

findings.

3.3 Computational Method

It is well established that Density Functional Theory (DFT) is a very appropriate method
to predict the ground state characteristics, including the adsorption properties. Perhaps,
the most popular and reliable package is the VASP [135], which incorporates all basic
interactions, such as spin-polarization, magnetic and dipole-dipole long-range (i.e., van
der Waals) interactions. Furthermore, our present study involves magnetic dopants (e.g.,
manganese “Mn”) and its binding with C2N as well as interaction with gas molecules.
Our calculations include atomic relaxation to study the adsorption of H2 molecule(s),
spin-polarized band structures and partial as well as orbital densities of states, difference
of charge density plots, Bader-charge analysis, magnetic moments, and recovery time.
We use a supercell of size 2 x 2 primitive cells of C2N (e.g., the supercell of pristine CoN
contains 48 C and 24 N atoms = total of 72 atoms). Mainly, throughout this work, we
have analyzed two compounds: (i) Single-Atom-Catalyst “SAC” Mn embedded in a pore
of CoN (Mn@C:N); and (ii) Dimer-Atom-Catalyst “DAC” Mn2 embedded in a pore of
C2N (Mn2@C2N). We have studied the interactions of these two systems with H»
molecules. The calculation employs a plane-wave basis set (with cutoff energy of 500
eV). Within the framework of the Projected-Augmented plane-Waves (PAW) method,
the electronic exchange-correlation was treated using the Generalized Gradient
Approximation (GGA) along with DFT-D3 method [57, 136] to take care of the van der
Waals interactions. In the geometry optimization, all the atoms in the supercell were
allowed to relax until the Hellmann Feynman force on each atom became smaller than
0.01 eVAL; whereas the tolerance for the total energy convergence was set to 10 eV.
The sampling of the Brillouin zone was performed using 6x6x1 Monkhorst-Pack (MP)
technique [56] for total energy calculations. However, the density of states calculations
was performed with a relatively denser 12x12x1 k-mesh. The adsorption energy of

hydrogen molecule on Mn-embedded C>N was evaluated using the formula:
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Eqas = EC2N+H2 —Econ — EH2 (3.1)

where Econ+H2, Econ, and Enz are the total energies of the system of Mn embedded C2N

with and without H2 molecule and the H. molecule, respectively.

Furthermore, we emphasize that the charge transfer was estimated using Bader-charge
analysis [137]. A critical inspection about various methods to calculate charge transfer has

also been discussed in recent reviews [138-139].

3.4 Results and Discussions
3.4.1 Atomic Relaxations

Figure 3.1 shows the relaxed structures using DFT code (VASP). The original supercell
contains 2x2 primitive cells of C2N structure (i.e., each primitive cellhas 12 C+ 6 N
atoms, so the supercell would have 72 atoms). The displayed relaxed structures
correspond to the following systems:

(a) Pristine C2N/H2: An attempt to relax Hz2 molecule on the pore of pristine C2N
yielded physisorption process, where the molecule remained at about d(H2-C2N) =
1.68 A via van der Waals interaction with a weak adsorption energy of about Eads
=-0.109 eV. The H> molecule acts as reducing agent for CoN with very small
charge transferred to C2N is of order of about thousandths of electron charge Aq =
- 0.005e. The results of the geometrical parameters are summarized in Table 3.1;
whereas the energetic parameters are in Table 3.2. The functionalization of C2N
by embedding Mn atom(s) in the pore changes the behavior from semiconducting
to metallic and the adsorption of the H> molecule would exhibit chemisorption
process, as will be shown in next panels.

(b) System IMn@C:N: A preliminary assessment of the stability of the Mn catalyst
inside the C2N pore was a necessity prior to the study of adsorption. In this
context, the atomic relaxation was attempted from two different perspectives in
which two different Mn-catalyst’s initial positions were tested as follows:

1. Initially, the Mn atom occupied the center of the pore; and

2. Initially, the Mn atom was put midway between the pore’s center and the C-C

bond of pore’s edge.
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After full relaxations in these latter scenarios, the Mn atom found a local-stable
position at the pore center (with Enina = — 4.342 e¢V) and the global-stable position
at off-center by a distance of about 0.38 A (with Eping = — 4.497 V), respectively.
Our results are in good agreement with those reported by Ma and coworkers
[127], who reported Ebina= — 4.28 eV and Mn SAC to stabilize at off center
position with the Mn-N distances of about dun-n = 2.15-2.78 A. The most stable
position is shown in Figure 3.1(b), which actually show no further distortion was
caused on the shape of the pore as it is sufficiently large (diagonal distance dn-n
=5.51 A) to accommodate not only a SAC but a DAC.

(c) System IMn@C2N/H.: One Hz gas molecule was relaxed on the metal catalyst
(i.e., starting from just above Mn onsite by about 1.5 A). The molecule stabilized
after a chemisorption process, in which both H atoms get split, but they remained
attached to the same Mn atom at about dgun-r) = 2.07 A. The distance between H
atoms is about dg+-ry = 0.90 A which is larger than the hydrogen molecule bond-
length of about bg-y = 0.77 A. Thus, this configuration is due to the relaxation
that was carried out in VASP under the condition of frozen lattice (0 K), (i.e.,
under the assumption of validity of Born-Oppenheimer approximations). It is
noticeable that establishing two bonds with hydrogen atoms, Mn catalyst cut all
its bonds with nitrogen atoms but only two bonds were remaining connected.
Furthermore, the H2 molecule acts as oxidizing the SAC by draining an amount of
charge of order few hundredths of electronic charge Aq = +0.017 e. The
adsorption energy was calculated to be about Eags = —0.474 eV, which is at the
border value between strong physisorption and weak chemisorption.

(d) System Mn,@C>N: The dimer Mn-Mn was embedded in the pore of C2N, and it
seems that the atomic relaxation yielded a thermodynamically stable
configuration, in which the dimer is fully buried to remain in the same plane as
C2N membrane without any buckling effect. The bond length dgvin-mn) = 1.76 A is
much shorter than dovn-ny = 2.46 A indicating that Mn is a very cohesive metal. It
is worth noting that the binding energy of the Dimer Atom Catalyst (DAC) Ebind =
—3.822 eV/atom is smaller than that of the Single Atom Catalyst (SAC) which is

mentioned above (—4.497 eV); but is larger than the Mn cohesive energy Econ = —



2.92 eV [140]. This reveals that the DAC is also stable like SAC in the
embedment in the pore of CoN. From perspective of assessment of stability, three
different initial configurations of Mn DAC were attempted and the most stable
relaxed structure if found to be the one shown in Figure 3.1(d) and is consistent
with structure of Cu DAC embedded in C2N (Cu2@C2N) which was reported by
Zhao and coworkers [126]. Furthermore, the magnetization in case of Mn DAC is
much reduced compared to that of Mn SAC (i.e., Mpac) = 2.42 uB < Msac) =
3.60 uB).

The Mn DAC seems to be in favor of stabilizing inside the pore in an

antiferromagnetic state.

(e) System Mn,@C2N/H; onsite: In relaxing the H2 molecule on the system, only two

initial positions were attempted as having the highest potential for the
chemisorption occurrence. In Figure 3.1(e), the initial position from which the H>
molecule started its relaxation was onsite one of the two Mn atoms, starting from
a height of about 1.5 A. The atomic relaxation achieved a stable configuration in
which the H2 molecule exhibited chemisorption process with a weak molecular
dissociation. The distance between Mn-H reached a value dn-+) = 1.64 A close
to the SAC-H: value and even the distance dgs-+) = 0.92 A is also similar. One
may think that if temperature were higher than 0 K, then the splitting in the H>
molecule would be higher than it is presented. This configuration is so as it is
within the given conditions of calculation due to frozen lattice implemented
within the framework of Born-Oppenheimer approximations. Yet, the adsorption
energy Eadgs =—0.551 eV is a bit higher than the case of Mn SAC and H2 molecule
acts as oxidizing Mn DAC with a larger charge transfer Aq =+ 0.073 e (Table
3.2). The formation of chemical bonding between Mn-H caused a relief and an
elongation of Mn-Mn bond to become dvin-mn) = 1.97 A.

Such elongation further reduces the magnetic moment from Meefpac) = 2.42 uB to
Matt 0ac) = 1.97 uB from before to after hydrogen chemisorption, respectively.
This might be attributed to the role of diversifying the type of species of
neighboring atoms and changing the directional cosines of new bonds with

hydrogen atoms.
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() System Mn.@C2N/Hz center: In Figure 3.1(f), the starting position of H

molecule in the atomic relaxation process was from just above the middle of Mn-
Mn bond, from a height of about 1.5 A. The H2 molecule passed through a
chemisorption process associated with a weak molecular dissociation, after which
the H atoms are about to separate and get coupled to two distinct Mn atoms. The
distance dw-ny) = 0.90 A, again, since the VVASP calculation is carried out at frozen
lattice approximation (0 K) and lack of heat has driven the system to such
minimum-energy configuration where dvn-+) = 1.65 A similar to the previous
situation of DAC. Nonetheless, the formation of chemical bonding between Mn-H
causes relief or elongation of Mn-Mn bond to have a higher bond-length dvn-mn)
= 1.97 A in similar fashion to the previous situation of DAC, including the
reduction of magnetization. Yet, the H> molecule acts as oxidizing DAC but the
amount of transferred charge becomes a bit larger than the previous situation to be
Ag=+ 0.080 e. The adsorption energy in this case is also larger Eags = —0.552 eV

revealing that this configuration is more stable.
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Figure 3.1: Relaxed atomic structures of (a) Pristine C2N; (b) C2N:1Mn; (¢)C2N:1Mn/Hy;
(d) C2N:2Mn/Ha(onsite); (f) C2N:2Mn/Hz(on center).
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Table 3.1: Geometrical parameters of DFT-relaxed atomic structures of Mn-embedded

(SAC) and Mnz-embedded (DAC) C2N before and after the adsorption of H> gas

molecule.

(a) Pristine C,N

(b) Pristine C,N / H,

d(C-C) = 1.43-1.47 A
d(C-N) = 1.34 A

(c) CzN:1Mn

d(C-C) = 1.43-1.46 A
d(C-N) = 1.34 A
d(N-Mn) = 272 A
Ang(N-Mn-N) = 59.97°

(e) ZMn@C.N

d(C-C) = 1.42-1.46 A
d(C-N) = 1.35 A
d(N-Mn) = 2.46 A
d(Mn-Mn) = 1.76 A
Ang(N-Mn-N) = 71°
Ang(N-Mn-Mn) = 106°

(g) CoN:2Mn/H; @ Center

d(C-C) = 1.41-1.47 A
d(C-N) = 1.35 A
d(N-Mn) = 2.34 A
d(H-H) = 0.90 A
d(Mn-H) = 1.65 A
d(Mn-Mn) = 1.97 A
Ang(N-Mn-N) = 72°
Ang(N-Mn-Mn) = 100.85°

d(C-C) = 1.43-1.47 A
d(CN) = 1.34 A
d(H-H) = 0.75 A
d(H,-C,N) = 1.68 A

(d) CaN:1Mn/Hs

d(C-C) = 1.42-1.46 A
d(C-N) = 1.35 A
d(N-Mn) = 2.64 A
d(Mn-H) = 2.07 A
d(H-H) = 0.90 A
Ang(N-Mn-N) = 60.08°

(f) C;N:2Mn,/H, @ Onsite

d(C-C) = 1.41-1.47 A
d(C-N) = 1.35 A
d(N-Mn) = 2.15 A
d(H-H) = 0.90 A
d(Mn-H) = 1.65 A
d(Mn-Mn) = 1.97 A
Ang(N-Mn-N) = 72.3°
Ang(N-Mn-Mn) = 100.9°
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Table 3.2: Band-gap energy, adsorption energy, charge transfer, magnetic moment.
Fermi energy and work function of the studied relaxed structures.

Substrate E, (eV) Eaqs (V) Aq (e)" M(pgp) Eg (eV)’ @ (eV)’ (s)
Pristine CoN 1.66° N/A N/A 0 —4.100 5.588 N/A
(1.55)
Pristine C,N/H, 1.66" —0.109° —0.0047 0 —3.736 5.226 6.8 x 107"
(1.55) (-0.0077) (1.5 x ~1%*
C,N:1Mn 0 N/A N/A 3.60 —2.878 5111 N/A
(@
CoN:1Mn/H, 0.11" —0.474 " +0.0166 3.40 —2.822 4.364 9.2 x 10757
(0) (—1.021) (140.2)
C,N:2Mn Half — metal’ N/A N/A 2.42 —2.996 4.561 N/A
(0)
CoN:2Mn/H, 0.20° —0.551" +0.0726 1.97 —2.990 4577 1.8 x 103
Onsite (0 (-0.482) (1.3 x 10~
C,N:2Mn/H, 0.06 —0.552 " +0.0799 1.97 —2.987 4.575 1.9 x 10737
On Center (0.095) (-0.507) (32 x 10°%*
“ VAP Results.
* SIESTA Results.
£ Bader charge analysis.

3.4.2 Charge Transfer and Recovery Time

Information about charge exchange between adsorbate and absorbent can be extracted by
several means. One of them is by using the Bader-charge analysis whose results are
already shown in Table 3.2 and discussed in the previous section. Another method is to
plot the charge density of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) states. However, these would only give
information about the valence-band (VB) and conduction band (CB) edge states. A third
method is to plot the charge density contour plots, which would show the electronic
distribution in the ground state. Here, to make a contrast between the charge densities of
after and before the occurrence of adsorption, we decided to present the charge-density
difference (CDD) plots for CoN-based systems in Figure 3.2. In Figure 3.2, green and
yellow colors stand for deficit and gain of charge, respectively. The iso-surfaces of
electron density illustrates the overlapping of the electronic wave-functions at the
interface region between H, molecule and substrate, confirming the formation of
covalent bonds due to mixing of atomic orbitals, specifically in cases of occurrence of

chemisorption.
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Figure 3.2: CDD for six systems after full atomic relaxations.
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a) Pristine C2N/H2: Figure 3.2(a) shows the CDD in case of relaxed H> molecule on
pristine CoN. The relaxation yielded a physisorption process where the molecule
stabilized away from the C2N layer at a distance at about dz-cony = 1.68 A and
persisted to interact with the substrate via van der Walls interaction (i.e., dipole-
dipole interaction). Within the vicinity of pore of C2N, the discrepancy in

electronegativity between C and N atoms (i.e., ¥N = 3.04 Pauling > ¢© = 2.55



Pauling) [140], would make electric dipoles directed from N to C (N — C). The
surface dipoles induce some charge redistribution in the H, molecule hung nearby
the hole. Figure 3.2(a) shows that the electrons move to accumulate at the center
of H-H bond, as an electrostatic effect of getting repelled from the negative
charges accumulated on N atoms. Furthermore, the high electronegativity of N
atom with respect to H atom (i.e., " = 2.20 Pauling) [141], would make it
possible that some charge tunnel from H2 molecule to the N atoms, of value Aq =
0.0047 e.

b) 1IMn@C:N: Due to the binding of 1 Mn in the pore of C2N, charge has been
displaced from Mn site and C-N bonds to accumulate more on N atoms and N-Mn
bonds. It indicates formation of electric dipole moments from N — Mn due to the
discrepancy in electronegativity between N and Mn atoms (i.e., N = 3.04 Pauling
> M =155 Pauling) [141].

c) 1IMn@C2N/H2: After the chemisorption process of H2 on SAC, the molecule
acted as oxidizing the SAC with Aq =+0.013 e. So, the charge looks transferred
from Mn to accumulate along the Mn-H chemical bonds. This is also justified by
the fact that H atom being more electronegative than Mn atom (i.e., ¥ = 2.20
Pauling > yM" = 1.55 Pauling) [141].

d) Mn.@C2N: The dimer Mn-Mn (DAC) being embedded in the pore of C2N would
cause a similar effect on the charge distribution as that done by single Mn SAC.
The charge is displaced from the Mn atomic sites to accumulate along the Mn-N
bonds.

e) Mn.@C>N/H:z onsite: After the occurrence of chemisorption between H> and C2N,
the molecule seemed to have functioned as oxidizing DAC, where the charge is
displaced from Mn atoms towards the Mn-H bonds.

f) Mn.@C2N/H2 on center: The effect is like the previous case. The charge
accumulation on Mn-H is even clearer.

To decide whether the gas sensor should be reusable or disposable, calculation of
recovery time becomes necessary. To be categorized reusable, the recovery time must be
rapid. Yong and coworkers presented elaborate theoretical work on the absorption of

several gas molecules on pristine CoN [142], including the calculation of recovery time.
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Having moderate adsorption energy, of respective values —0.539 eV and —0.438 eV (i.e.,
at the border between strong physisorption and weak chemisorption, which is about ~0.5
eV), and large effect on the electronic structure but small recovery times of estimated
values 1.2 ms and 23 ps at room temperature (RT), NHs and NO were found to be the
most suitable for detection on C2N-based sensor. The sensor in that case would be
reusable and have high sensitivity and selectivity. Within the framework of the

conventional transition state theory [80], the recovery time can be expressed as:

(—Sads)
T = Vo—le kBT (32)

where T is absolute temperature, Kg is the Boltzmann’s constant, Eags IS the adsorption
energy, and vo IS the attempt frequency. Peng and coworkers [143] confirmed the
validity of the above formula by using it in fitting experimental data of adsorption of
NO:2 gas on single-walled carbon nanotubes (SWCNT). The experimental recovery time
of NO2 on SWCNT was confirmed to be long of about 12h using this above formula. We
assume that the attempt frequency of H> molecule on all CoN-systems have same order
of magnitude as that of NO2 molecule (i.e., vo = 10'?s7%), which is incidentally also used
in the theoretical work of Yong and co-workers on CzN [142].

Then, we calculated the recovery times of adsorption of H> molecule on Mn-doped C>N
at RT and included the results in Table 3.2. To start with pristine C2N, one can notice
that our recovery times 6.8x10 s and 1.5x107%s (due to VASP and SIESTA) are a bit
smaller than that reported by Yong et al. 4.5x107% [142]. This is so because our
adsorption energy is underestimated as compared to the one of Yong et al [142].

By comparing our results of adsorption energy between VASP and SIESTA, they all
agree to a good extent but only one value is much different, the one corresponding to the
chemisorption of H2 on C2N:1Mn (i.e., in VASP Eags = — 0.474 eV whereas in SIESTA
Eags = —1.021 eV). One possible explanation for this large discrepancy is that in SIESTA
the adsorption temperature is RT where the chemisorption was associated with strong
molecular dissociation, whereas in VASP T = 0 K was used under the assumption of
frozen lattice and validity of Born-Oppenheimer approximations.

In any case, both VASP and SIESTA found good agreement in the adsorption energies
of H2 on DAC (i.e., C2N:2Mn), where Eags = —0.551 eV and —0.507 eV, respectively.
Considering the results of VASP, the recovery times of H, on SAC and DAC were found
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to be about 92 us and 1.8 ms, respectively. Furthermore, the H> molecule acted as
oxidizing on both SAC and DAC with drained charges of about 0.013 e and 0.08 e,
respectively. Hence, it seems that the more clustering of Mn the more charge transfer,
the higher adsorption energy and the higher recovery time. Yet, the recovery times are so
small (i.e., T < 15).

Considering the huge effect on electronic structures (explained here below) caused by
the adsorption of H2 gas molecule on both SAC and DAC, huge change of magnetic
moment, one would expect that CoN: Mn would be very strong candidate for magnetic

gas sensor for detection of H. with very high sensitivity and selectivity.

3.4.3 Electronic Structure of Pristine C2N
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Figure 3.3: Bands (a), PDOS (b) and ODOS (c) of pristine C2N.

Figure 3.3 shows the spin-polarized electronic structure of pristine C2N, due to DFT

calculation on a xy-periodic sample of size 2x2 primitive cells. The band structures of
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spin-up and spin-down are displayed in Figure 3.3(a). It shows clearly no distinction and
independence of spin as evidence that C2N is a non-magnetic material. The band-gap
energy is found to be Eq = 1.66 eV, which is in fair agreement with the theoretical one
reported in the original paper by Mahmood and coworkers [12] of value 1.70 eV,
obtained by DFT method. Panel 3.3(b) shows the spin polarized PDOS of C2N. Here
also, there is no distinction between spin-up and spin down in both PDOS’s
contributions of C and N atoms. This corroborates the description of bands. Nonetheless,
although the weight of N atoms is about one third of the total DOS, the contribution of N
atoms to the VB structure is much bigger than the one of C atoms. This is attributed to
the fact that the electronegativity of nitrogen atoms being larger than that of carbon
atoms (i.e., N = 3.04 Pauling > 5 = 2.55 Pauling) [141]. Whereas the CB received
almost similar contributions from both C and N atoms proportional to the ratio of C:N =
2:1. Panel 3.3(c) shows the orbital-resolved DOS (ODOS) of the same sample of C2N.
One expects a hybridization of sp? to take place in both C and N atoms, with pz to be
more delocalized and to contribute to the CB structure. Figure 3.3(c) shows that the main
contribution to VB comes from p orbitals of N and C, including near-Fermi level (i.e.,
near VB and CB edges). The ODOS plot also shows that very high DOS at the VB-edge
comes from the p-states of N atoms. Likely this bulged DOS is attributed to the saturated

dangling bonds on nitrogen atoms.
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3.4.4 Adsorption and Spin Polarized Electronic Structures

(a) Single atom catalyst (Mn@C:N)
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Figure 3.4: Bands (a), PDOS (b) and ODOS (c) of system CoN:1Mn.

59



I- -
e \-\__
-z --“'_— o -
3
. -
3 | i %
g ’ S i
SRR~ S F:
—-_-:=>-' %
2 s
L ‘.‘ -
= |________ & = g 7
') —
“ - A
g = e = [ E
- = = B 5 <
~ “»
e’ TLELL r -
S .
~ -
s s ° 3 -

(A#/saamis) SOO4

”
2
&
0
Energy |eV)

—
-

e
é
o 4
§ 2 (M}mml u-ms ” A::u;ho "
E i - ’
g 1] |
b I RS 3
- \ )
: =
- -
% S =
: = |
| ————— T e—— |
P E"E:ZE
8 R TSRS SRR TERET
2 wEkd 3 ”
o 411 715
AR 5
= L‘_::»— 3
-------------- R e E
¥
- £
= E—
(Ae) Asau3 &
— _—_—&-——‘

(A rapegs) sepeys 3o Ajpwaeg

Figure 3.5: Bands (a), PDOS (b) and ODOS (c) of system C2N:1Mn:Ha.

Figure 3.4 shows the electronic structure of the case of a single Mn atom embedded in

the pore of C;N after conducting atomic relaxation and fully achieving the stable
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configuration. The addition of a single Mn-atom would be sufficient to transform the
host material from semiconductor to a metal. Panel 3.4(a) shows the bands structures
corresponding to spin-up and spin-down in blue and red colors, respectively. Both spin-
up and spin-down band-structures are not identical and show that Mn introduced
resonance states in the CB and dragged Fermi level into there. It revealed also that the
material became magnetic and metallic. Likely, the Bohr radius is larger than the system
size so that there was formation of dispersive metallic bands at Fermi level. Mn atom
contributes with its states to the CB structure and shifts Fermi level to lay above the CB-
edge.

Panel 3.4(b) displays the spin-polarized PDOS and shows large discrepancy between
spin-up and spin-down and consistently conveys that the magnetization might be huge in
the system. As a matter of fact, the calculation of magnetization yielded a value of 3.60
Bohr magneton (uB) (Table 3.2). The contribution to the VB structure coming from N
atoms is larger than C atoms due to the electronegativity of N atom being larger than that
of C atom. It seems that Mn atom has induced magnetization in the atoms at the
neighborhood of the pore where Mn was embedded. Panel 3.4(c) displays the orbital-
resolved DOS of C>N:1Mn system. In the case of C and N atom, the sp? hybridization
would let the mixing of s, px and py orbital contribute to the VB structure whereas p;
contributes to the CB structure. There exists a clear asymmetry between ODOS of spin-
up and spin-down states as an effect of magnetic induction due to Mn-doping. In the
ODOS of Mn atom, within the energy region of Fermi level, it is amazing to see that
most contributions come from spin-down states of dy,, d.x and dz> orbitals.

It seems that the CB has contributions from the delocalized states of p; orbitals of C and
N as well as d-orbitals with z projections. Yet, the ODOS of Mn atom clearly shows
huge magnetic moment as the calculation confirmed.

Figure 3.5 shows the band-structure of C2N:1Mn after the adsorption of Hz via
chemisorption. It is very important in the study of gas-sensing properties to be picky on
the amendment caused by adsorption on the electronic structure of the system. The
primary observation on the bands is the opening of a band gap at Fermi level of energy
Eg = 0.11 eV. This change in electronic characteristics would be very significant to gas-

sensing as it causes a big modification in the conduction properties and consequently
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enhances the sensor response. It seems that the chemisorption of H> on SAC causes
magnetic relaxation so that the magnetic moment reduces to 3.40 uB. Panel 3.5(a) shows
the band structures for spin-up and spin-down in blue and red colors, respectively.

Just below Fermi level (Er = 0, which was taken as an energy reference), 1 spin-up and 3
spin-down bands are mainly introduced by Mn atom as to be confirmed by PDOS and
ODOS in Panel 3.5(b) and 3.5(c). The flat bands in the group at about 1.2 eV below
Fermi level are mainly due to the px, py on C and N atoms after sp? (planar) hybridization
whereas p; orbitals of both C and N atoms as well as dy., d.x and dz> orbitals of Mn atom
keep contributing to the construction of CB.

The asymmetry between bands and PDOS of spin-up and spin-down states reveal the
existence of magnetic moment in the system. Mn atom can induce magnetization into the
atoms after the orbital overlapping. For instance, the ODOS of hydrogen atoms can

clearly show contributions to all the total DOS structure because of orbital overlapping.

62



(b) Dimer atom catalyst (Mn.@C2N)

5| |f.s I g
3 |11 A | S A
‘g -%’ """" °§ -
: - |
Qo

il < V‘ .O ". °N

(c) Orbital-resolved DOS“C;N:2Mn”
)
lu
1T ]
i
0
Energy (eV)

(a) BANDS“C,N:2Mn"

= | =
e l— -
1 \’f
-1 5
4 > s
b @
, - —
.......... mnmmnt = m——————d S &
Em— =
g
—_j’vﬁ——
e | e—
X :%Q =
o v ) v, o'
-— . -—
(Aa/sarers) sams jo Aysuaq

Figure 3.6: Bands (a), PDOS (b) and ODOS (c) of system CoN:2Mn.

Figure 3.6 shows the electronic structure in the case of dimer Mn-Mn embedded in the
pore of C2N after achieving full atomic relaxation. Here, like in Figure 3.4, the
embedment of the dimer Mn; in the pore of C2N drastically changes the properties from
semiconducting to metallic. The asymmetry between bands and PDOS of spin-up and

spin-down states reveal the existence of magnetic moment in the system Mn.@C2N. As
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we described before, we should mention again here that the hybridization sp? taking
place in the C and N atoms involves px, py and s orbitals.

These latter states are the main contributors to the structure of VB. On the other hand,
the delocalized states, p, of C and N atoms, as well as dy,, d.x and dz> orbitals of Mn atom
do contribute to the structure of CB. In contrast to SAC, in case of DAC the ODOS of
Mn shows a difference between spin-up and spin-down states but less pronounced than
the case of SAC.

This would corroborate the reduction of magnetic moment to a value 2.42 ug. More
importantly, by looking at panel 3.6(b) (Plot of PDOS), one can notice that the spin-up
PDOS is showing a semiconducting behavior whereas the spin-down PDOS is showing a
metallic behavior. Such characteristics are usually associated with “Half-metal”. Hence,
the system C>N:2Mn has characteristics of half metal. Next, we are going to see the
effect of chemisorption of H> molecule on such characteristics, which gets affected and

will have a sound impact on the sensor response.
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Figure 3.7: Bands (a) PDOS (b) ODOS (c) of system C.N:2Mn/H> after chemisorption of H>
molecule above DAC (onsite).

Figure 3.7 shows the electronic structure of the system C>N:2Mn/Hz-onsite. We have

attempted two ways of relaxing H2 molecule on DAC. (i) The relaxation of H; started from
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onsite one of the two Mn atoms; and (ii) The relaxation of H; started from just above midway
between 2Mn atoms. Figure 3.7 shows the results of band-structures due to the relaxed
structure of case (i); whereas Figure 3.8 shows the results of band structures due to the
relaxed structure of case (ii). Both cases show opening of band gap at Fermi level. However,
the gap in Figure 3.7 is larger than the one in Figure 3.8 (i.e., Eg = 0.20 eV and 0.06 eV,
respectively). Panels 3.7(a) and 3.8(a) show non-identical bands revealing the existence of
magnetic moments in both systems (i) and (ii). One more common trend between these two
systems is that the total DOS has contributions from all the four atoms (i.e., C, N, Mn, and H
atoms) revealing the occurrence of covalent bonding between the dimer Mn; and C2N as well
as H-atoms and Mn-dimer. Due to the occurrence of chemisorption with Hz, both systems get
magnetic relaxation so that their magnetic moments get drastically reduced to same value
1.97 uB. Now, focusing on Figure 3.7, just below Fermi level, in panel 3.7(a), there are 5
localized states (i.e., 3 spin-up + 2 spin-down states). The lowest one among these five gap
states (spin-up state) is very flat/localized and is attributed to Mn atomic orbitals.
Furthermore, the huge reduction in magnetic moment is corroborated by the ODOS shown in
panels 3.7(b) and 3.8(b) where the conduction band turned to have about equal contributions

from spin-up and spin-down states.

66



(b) PDOS“C,N:2Mn/H,-Center”

2 3 8 8% ° &8 8§ 3 8
(As/s03e33) SO04

(c) Orbital-resolved DOS“C,N:2Mn/H,-Center”

=
-&&a ‘f B ¥ "
411l <4 %
Fr s
) &
: <> 13
-------------- e -
3I '_:_JE : g
E e — —
| z vi ° v e
g -d&E S|%
2 Jill 1%
¥l -
= E 5%
= e 28 3
-------------- p‘if«u«---<<e g
—
s TN
(Ao/sorers) somis jo Aysusg

Figure 3.8: Bands (a), PDOS (b) and ODOS (c) of system C2N:2Mn/H; after
chemisorption of H> molecule DAC (center).



Chapter 4: Relevance of Metal Embedded C>N for Energy Storage
Applications

4.1 Summary

In this Chapter the suitability of embedding metal atoms (Ca versus Mn) in the pores of
C2N to be employed as the anode material for metal-ion battery applications is studied
using density functional theory. The effect of single-atom catalyst (SAC) versus dimer-
atom catalyst (DAC) on the uptake catalyst capacity is put under focus. Our results show
that both metal atoms exhibit very strong interactions with the pyridinic-nitrogen pore
and show the ability of the pore to accommodate either a single Ca atom or a dimer of
Mn atoms within its membrane-plane. While the theoretical irreducible capacitance in
case of SAC Ca catalyst is limited to about 200 mAhg™, it can exceed this value in case
of DAC-Mn catalyst to reach 1110 mAhg™. Regarding the adsorption, the H> molecule
exhibits strong physisorption on Ca-catalyst and moderate chemisorption on Mn-
catalyst, with an adsorption energy increasing from SAC to DAC cases. The SAC of Mn
is found not only concurrent candidate to Ca for energy-storage applications but further
promising for platform of reusable hydrogen gas-sensors with very low recovery time
(i.e., t « 1 s). Our findings are in good agreement with the available experimental data

and theoretical results.
Redrafted from

S. Khan, M. Mushtag, G. Berdiyorov, N. Tit, “Relevance of metal (Ca versus Mn)
embedded C>N for energy-storage applications: Atomic-scale study,” International
Journal of Hydrogen Energy, vol. 46, pp. 2445-2463, 2021.
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4.2 Introduction

The breakthrough discovery of graphene in 2004 by Geim and Novoselov [1] not only
earned them the Noble prize in physics in 2010 but opened a completely new research
field on 2D systems with extraordinary properties. Graphene comprises of one atom-
thick monolayer of carbon atoms in honeycomb structure with extremely high
thermodynamic stability. Another prominent feature of graphene is the presence of Dirac
cone where the two bands linearly cross each other at K-corner in the Brillouin zone
resulting in exceptionally high mobility (m ~ 2x10° cm?/Vs) much exceeding the one of
GaAs. Such high speeds of ballistic electrons at the Fermi level, in turn, have opened a
new dialogue arena between solid-state physics and high-energy physics. Therefore,
graphene has an immense potential for developing novel electronic devices with ultrafast
response. In the field of gas-sensing, it has achieved the sensitivity to detect a single-gas
molecule [1]. The selectivity of graphene-based gas sensors can be improved by
chemical functionalization [3-6]. More recently, in 2015, another interesting and
thermodynamically stable material based on nitrogenated holey graphene “C.N” was
successfully synthesized by Mahmood and coworkers, via a bottom-up wet-chemical
reaction [12]. The periodic distribution of uniform holes makes this material
advantageous for several applications such as gas sensing and filtration. Contrary to
graphene, the presence of holes and phenyl rings surrounded by aromatic nitrogen atoms
creates a finite band gap (Eg = 1.90 eV) which makes this material also suitable for
semiconducting applications [12-14]. The functionalization of holey graphene C2N
further advances this material for both selective gas-sensing and energy-storage
applications [15-16, 144]. In addition, single- and multi-layered C2N have potential as
anode material for both Lithium-ion Batteries (LIBs) and Sodium-ion Batteries (SIBs) as
revealed in recent experiments [15-16, 124].

From perspective of energy-storage applications, light metal atoms (e.g., Li, Na, K, Ca)
can be embedded in holes or intercalated between layers of C2N for hydrogen adsorption.
Such light atoms would be able to balance the two key aspects required for practical
applications, such as: (i) to have a binding energies greater than the cohesive energies so
that the clustering effect is minimal and the atoms can be uniformly distributed over the

holes of the layer; and (ii) to adsorb hydrogen molecules on the periphery of the sheet
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with an energy that is between strong physisorption and weak chemisorption (i.e., within
the range [0.2, 0.6] eV), which is recommended by the International Atomic Energy
Agency (IAEA). Incidentally, C2N can be a strong potential candidate for anode in both
SIBs and Calcium-ion Batteries (CIBs) to overcome the long-standing problem of
formation of dendrites existing in LIBs. Meanwhile, C2N would pave the way for
fabrication of low-dimensional batteries for utilization in portable electronic devices [7,
35-37]. On the experimental side, single- and multi-layered C2N have been demonstrated
to be promising anode materials for both LIBs and SIBs [15, 124]. Successful
experiments aimed at homogeneously embedding Transition-Metal (TM) atoms in the
C2N-pores while fully overcoming the problem of metal clustering have been achieved
by Huang and co-workers (i.e., M@C2N using M = Ru, Pd and Co atoms) [16]. The
synthesis was based upon the bottom-up wet-chemical route to achieve the metal
catalysts being homogenously embedded in the 2D C2N network; method was developed
from their original growth technique [12]. The morphologies of the M@C2N (M = Ru,
Pd and Co) were characterized using X-Ray diffraction (XRD), Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM) [16]. Benefiting from
their unique structural features (e.g., uniform 2D nanohole distribution, high surface area
and enlarged distance between C2N layers), the M@C:N electrodes display outstanding
lithium storage properties and yield high performance of LIBs [16] (i.e., high specific
capacities were achieved: 1104, 1168 and 789 mA h g for M = Ru, Pd and Co,
respectively) [16]. Incidentally, recent DFT calculations on the same system presented
by Liang and coworkers [27] have confirmed the thermodynamic stability of these
M@C:N structures and further shown the catalytic activity towards the Oxygen
Reduction Reaction (ORR). Furthermore, the downsizing of these metal nanostructures
to singly dispersed metal atoms would be highly desirable for maximizing the efficiency
of catalytically active metal sites [27-28, 145-146]. The Single Atom Catalyst (SAC) and
Double Atom Catalyst (DAC) nanostructures have been experimentally achieved in
metal oxides and in C2N and shown very enhanced catalytic activity towards several
toxic-gas reduction reactions (e.g., COx, NOx and SOx) of environmental concerns [146-
149]. The SAC and DAC were further utilized in enhancing the uptake capacity and in

improving the performance of metal-ion batteries [16, 150, 151]. The successful
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syntheses of SAC and DAC in C2N also inspired and triggered many theoretical efforts
to study the corresponding reaction mechanisms [24, 26, 152]. Furthermore, holey
graphene has unique characteristics to make itself suitable for a broad range of
applications, including electrical-energy storage (e.g., super-capacitors, LIBs and SIBs),
energy conversion (e.g., water splitting in hydrogen production and dye-sensitized solar
cells), water desalination, fuel cells, gas sensors, and hydrogen storage [13]. Peculiarity
in utilizing light-atoms such as Calcium in gas sensing applications can also happen
[154]. Liu and coworkers reported some superiority of Ca@C2N over TM-atom doping
(e.g., Sc, Ti, V, Cr, Mn, Fe, Co) for an efficient and reversible capture of CO2 gas
molecules [154]. A review article on recent achievements in synthesis and
functionalization of 2D holey graphene and 3D porous graphene has been reported by
Zhang and coworkers [14]. Furthermore, holey graphene demonstrated diversity of
applications in the fields of electrochemical sensing, electro-catalysis and
electrochemical energy storage [14], hydrogen and solar energy storage [155-158],
optical-data storage [159], and gas-sensing [154]. On the computational side, Density
Functional Theory (DFT) has always been the most reliable technique to explore the
potential of the material for both gas-sensing and energy-storage purposes [160]. Its
strength stems from its success in describing the ground-state properties of complex
structures. Perhaps the most popular package for using DFT is “Vienna Ab-initio
Simulation Package” (VASP) [53]. On one hand, light metal atoms (e.g., Li, K, Na, and
Ca) have been shown to bear great potential for energy storage applications, as they yield
great balance between adsorption and desorption of hydrogen. For instance, Wu and
coworkers proposed Na@C:N to be used as anode in SIBs [124, 125], and Hussain and
coworkers showed the enhancement in uptake capacity by using light-atom catalysts
(e.g., Li, Na, and Ca) in C2N [161]. On the other hand, TM atoms have been shown to
possess the ability to act as catalyst in enhancing both the uptake capacity of light-atoms
for better performance of batteries [162] and efficiently capturing gas molecules [126-
128, 163-164]. TM atom has been proposed as efficient SACs and DACs for reduction
reactions of CO and CO.. For instance, Ma and coworkers studied TM atoms embedded
in C2N monolayer of different valency/ electronegativity (e.g., Sc, Ti, V. Cr, and Mn) as

SACs. They concluded that Cr and Mn to be very promising for low temperature CO

71



oxidation reaction [127]. Some theoretical work went beyond studying the materials’
properties of electrodes and further addressed the issue of electrode/electrolyte charge
exchange, using sophisticated DFT methods, such as quantum-mechanical molecular
dynamics (e.g., “Car-Parrinello Molecular Dynamics” (CPMD)) [165]. For instance,
Mukherjee and coworkers showed a dramatic improvement in the performance of
graphene-based LIB/SIB when suitable electrolytic solvents were used [166]. Pham,
further, used CPMD to study liquid electrolytes for energy conversion and storage,
including aqueous solutions, organic electrolytes, and ionic liquids [167]. Last but not
the least, combined experimental and computational efforts were focused by many
researchers to study the kinetic mechanism for reduction reactions and
hydrogenation/dehydrogenation reactions using metal catalysts aiming for both
environmental and energy-storage applications [128, 167-170]. The results of many of
these studies were in favor of manganese “Mn” as a strong catalyst candidate for oxygen
reduction reaction (ORR) [129, 169], CO reduction reaction [127, 130] and CO>
reduction reaction [128]. While magnesium “Mg” has experimentally demonstrated its
suitability for application as hydrogen-storage material [167-170], our present work
focuses on testing the suitability of manganese “Mn” for the similar task. The scope of
the present investigation is to use DFT to study the effect of metal catalyst(s) (i.e., Ca
versus Mn), embedded in a pore of C2N, on the hydrogen adsorption properties at Room
Temperature (RT) with a focus to assess their relevance for energy-storage applications.
Special attention will be given to the effects of magnetism and clustering of catalysts
(i.e., catalysts with/without intrinsic magnetic moment and SAC versus DAC,
respectively) on the energy-storage properties. Our results will show that Calcium would
be more appropriate for the role of catalyst embedded in C2N for CIBs with enhanced
uptake-capacity with increasing clustering. Whereas Manganese SAC embedded in C2N
will be shown not only to be concurrent candidate to Ca for energy-storage applications,
but further to be useful as platform for reusable hydrogen gas-sensor at room
temperature with fast recovery time (i.e., t « 1 s). The Chapter is organized as follows.
Details of the computational methods will be presented in section 4.3. The results will be
discussed in section 4.4. The concluding section will summarize our main findings and

future outlooks.
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4.3 Computational Method

In our present investigation, spin polarized DFT methods are used for atomic relaxation
and calculations of electronic properties. The “Spanish Initiative for Electronic
Simulations with Thousands of Atoms” (SIESTA) code [54,55], which is incorporated
within the Atomistic Toolkit (ATK) package, was mostly used in the calculations as the
code possesses the ability to carry on calculations at Room Temperature (RT). VASP
[53, 172] was used for benchmarking the cohesive, binding and adsorption energies, as it
Is dependable, but it deals only with a frozen lattice (0 K) under the assumption of
validity of Born-Oppenheimer approximations. The primitive cell of C2N consists of 18
atoms (i.e., 12C + 6 N atoms), so a supercell of size 2x2 primitive cells would have 72
atoms (excluding the metal catalyst atoms and molecule), on which periodic boundary
conditions are applied along the plane of CoN monolayer (i.e., x and y directions).
Within the framework of SIESTA, the atomic orbitals are expanded in plane-wave basis
set within an energy cut-off Ecut = 2585 eV. For the exchange-correlation functional, we
used the Generalized Gradient Approximation (GGA), parametrized by Perdew-Burke-
Ernzerhof (PBE) [173]. All atoms were allowed to relax until Hellmann Feynman forces
on all atoms and the total energy becomes less than 0.05 eVV/A and 0.1 meV,
respectively. The pressure tolerance is set to be 0.1 GPa. For Brillouin-zone sampling,
we used the Monkhorst-Pack (MP) technique [56]. A grid of K-mesh = 3x3x1 is used for
DFT iterations for atomic relaxations and a finer grid of K-mesh = 7x7x1 was used for
the Density of States (DOS) calculations. In SIESTA, calculations take place at RT with
smearing or thermal broadening of 0.05 eV. To take account of van der Waals long-
range interactions, the DFT-D3 method of Grimme has been incorporated [57]. This
interaction is crucially important especially in cases of occurrence of physisorption
processes. A vacuum space of about 15 A is applied in the direction perpendicular to
C2N monolayer (i.e., z-direction) to warrant the isolation of CoN monolayer and avoid its
interactions with images. The charge exchange between gas molecule(s) and doped C2N
monolayer is estimated by means of Bader-charge analysis [58]. For the estimation of
the cohesive energy of metal catalyst, we use the total energy calculations of bulk and
free metal atom. In solid-state structure, Ca crystallizes in face-centered cubic (i.e.,

named alpha phase) with 1 atom per basis; whereas Mn crystallizes in body-centered
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cubic (i.e., named alpha phase) with complex structure having 19 atoms per basis. So,

the cohesive energy is defined as

__ Etor(bulk)—NpErot(MA)
Ecoh -
Np

(4.1)

Where Ny is the number of atoms per basis, Ewt(bulk) and Ewt(MA) are total energies of
bulk and single free metal atom, respectively. The results of our calculations of cohesive
energies are summarized in Table 4.1. The binding energy of the metal catalyst (e.g.,

take the case of SAC) embedded in pristine C2N is evaluated as

Eping = Econ-ma — Econ — Ema (4.2)

where Ecan-ma, Econ and Ema stand for the total energy of the system of metal catalyst

embedded in pristine CoN monolayer, pristine CoN monolayer and free metal atom.

Furthermore, one also can define the recursive binding energy, Erec for the metal catalyst
atom as to be the binding energy of the last metal atom to bind to the substrate. It is

defined as

Erec = E(MAn@Mater) - E(MAn_l@Mater) - E(MA) (4.3)

where Eya, @mater), Ema,_,@matery AN E(y 4y Stand for total energies of metal atoms in
the material after and before adding the n-th atom and single-free atom. In case
|Erec|>|Econ| then the metal atom is more stable by its attachment to the substrate;
otherwise, if |Erec|<|Econ|, then the new metal atom has more tendency to cluster with its
peers. In the present work, as a reliable reference to judge upon the binding energies, we
used the experimental cohesive energies for Ca and Mn to be 1.84 eV and 2.92 eV,
respectively [140]. The adsorption energy of the H> gas molecule on the substrate is

defined as

Eqas = ECZN—gas — Econ — Egas (4.4)

where, Ecan-gas, Econ and Egas are total energies of gas molecule adsorbed on
functionalized C2N, functionalized C2N and free single molecule, respectively. The more
negative the adsorption energy (Eads) indicates the stronger the interaction between the

molecule and adsorbate. Usually, chemisorption occurs if |Eass| > 0.5 eV and
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physisorption if 0.5 eV > |Eags|> 0. Obviously, the molecule remains free if |Eads|> 0 (i.e.,

IS positive).

The theoretical specific capacity of an electrode can be calculated using the formula:

C= Reltmal (4.5)

3.6(npqampatnymy+ncme)

where F is Faraday’s constant (F= 96486.7 As); mma, Mn and mc are the atomic masses
of the metal (Ca or Mn), nitrogen (N) and carbon (C) atoms in g/mol; nma is the number
of metal atoms strongly bound to the substrate; nn and nc are the numbers of N and C
atoms in the supercell (e.g., in our current case: nn= 24 and nc= 48); ne is the number of
valence electrons (e.g., ne= 2 for Ca and ne= 2 - 7 for Mn atoms). The factor 3.6 put in

denominator is used to express the units of specific capacity in mAh/g.

As was shown by Mahmood et al. [12], pristine CoN with uniform distribution of
nanopores can be synthesized using wet-chemical reaction between hexaminobenzene
trihydrochloride and hexaketocyclohexane octahydrate in N-methyl-2-pyrrolidone in the
presence of sulphuric acid. Huang et al. have presented an experimental protocol for
creating CoN material doped with different metal atoms such as Ru, Pd and Co using
similar solution-processing methods [16]. We assume that the here studied C2N
monolayers with embedded Ca and Mn atoms can be created using the same synthesis

technique presented in Ref. [16].

Table 4.1: Calculated cohesive energies(in eV) of Ca and Mn are compared to
experimental data.

Cohesive Energy (eV)

Ca Mn
—1.905%, —1.891°, —3.874°, —3.73",
-2.102", —1.84" —2.90°-2.92°

* Present work (VASP with GGA-PBE).
b Present work (VASP with Full Potential).
© Present work (SIESTA with GGA-PEE).
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4.4 Results and Discussions
4.4.1 Electronic Properties of Pristine C2N

The supercell to be used in our adsorption study consists of 2x2 primitive cells of C2N
(i.e., it is composed of 72 atoms = 48 C + 24 N atoms). The fully optimized structure of
our model system is shown in Figure 4.1(a). The obtained bond lengths are bc.c)= 1.43-
1.48 A and bc-ny=1.34 A, which are in good agreement with those reported in the

original experimental work of Mahmood and coworkers [12].

(a) Relaxed structure of pristine C;N
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Figure 4.1: Pristine CoN sample of size 2x2 primitive cells (a) Periodic 2D supercell; (b)
Band structure; (¢) HOMO and (d) LUMO states.

These results are also in good agreement with many others appeared in literature; for
instance, DFT calculations of Yong and coworkers [142] reported the bond-lengths b(c-c)
=1.430 - 1.469 A and bc-ny = 1.336 A. Our optimized lattice constant of primitive cell is
a=b=8.34 A, which is also in good agreement with the experimental value of 8.30 A

[12] and with results of other DFT methods, such as Liu and coworkers who reported
8.33 A [154].

Figure 4.1(b) shows the calculated band structure of our reference system (Figure

4.1(a)). The band structure shows too many flat valence-bands attributed to the nitrogen
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saturated dangling bonds and dispersive conduction bands due to delocalized states of
Bloch-like wave-functions attributed to the C-C and C-N bonds. The band-gap energy
Ey=1.66 eV is similar to the one obtained by Liu et al. [154] and is a bit smaller than the
experimental value of 1.90 eV reported by Mahmood et al. [12]. This discrepancy is due
to the underestimation of DFT-GGA of band-gap energy of semiconductors, unless
hybrid functionals are employed. Yet, the obtained results are satisfactory as far as the
study of adsorption properties is concerned. Figure 4.1(c) and (d) display the highest
occupied molecular orbital (HOMOQO) and the lowest unoccupied molecular orbital
(LUMO) states corresponding to pristine C2N structure displayed in Figure 4.1(a). The
HOMO state clearly indicates the curdling of the valence-band (VB) edge state at both
nitrogen atoms and C-C bonds. These are the origins of the flat bands existing at the VB
edge. Whereas the LUMO states are clearly delocalized and almost uniformly distributed
over all C and N sites, as shown in Figure 4.1(d). Therefore, the conduction-band (CB)
edge states are dispersive corroborating the behavior of delocalized nature of the LUMO

state.

4.4.2 Catalyst Stability and Irreversible Capacity

To test the suitability of a type of metal catalyst for either gas sensing or battery
applications, it is important first to assess its tendency to clustering then subsequently
test the uptake capacity whether reversible or irreversible. For such task we used VASP
to calculate the binding energy of SAC and DAC of both Calcium (Ca) and Manganese
(Mn) embedded in the pore of C2N. One should recall that Ca and Mn atoms to be our
candidates because they have high potential electric and magnetic properties that can be
explored in at least one of these two applications (i.e., either gas-sensing or energy
storage application). In our strategy, for the assessment of stability of SAC, we carried
out relaxations starting from 4 different initial positions, as shown in Figure 4.1(a).
Whereas, for the stability of DAC, we used 3 initial configurations as candidates leading
to the most stable structure. Figure 4.2 shows the relaxed atomic structures of SAC for
both (a) Ca and (b) Mn atoms, respectively. Top and side views together with binding
energy are shown in each panel for comparison. The four initial positions used in our
testing are shown in Figure 4.1(a) (with letters A, B, C, and D). Position A is located at

the center of the pyridinic-nitrogen pore, position B is midway between pore center and
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C-C bond located at the edge of the pore, position C is at the center of Cs hexagon, and
position D is at the center of C4sN2 hexagon (Figure 4.1(a)). In the first two relaxations,
the SAC-atom was started from the exact positions A and B, respectively. Whereas, in
the last two relaxations, the SAC-atom was started from above the respective positions C
and D. The most stable configurations achieved after relaxations for both Ca and Mn are
shown in Figures 4.2(a) and (b), respectively (see the binding energy values in respective

panels).

The interactions of the SAC-atom on the Ce-hexagon and on the CsN2-hexagon are found
to be much weaker than its interaction with the pyridinic nitrogen atoms in the pore, as
evidenced by their relatively weaker binding energies. So, we will focus on discussing
the 2 cases of SAC in the pore. In the case of Ca, it seems that it has tendency to stay at
the center of the pore via strong ionic bonding with the nitrogen atoms located at the
edge of the pore. Starting the relaxation from either position “A” or position “B” does
not matter much as the Ca atom would find its final and most stable equilibrium position
to be at the center of the pore. The discrepancy in binding energies between the final
states in cases “A” and “B” (i.e., Epina= -6.909 eV and -6.885 eV, respectively) is at the
order 24 meV, which might be attributed to the super-cell’s primitive-vector relaxations.
In any case, the Ca atom prefers to adsorb in the center of the pore and to remain within
the membrane plane with binding energy consistent with that reported by Hussain and
coworkers -7.04 eV [161]. The barrier for Ca-atom to move out of the pore is higher than
5 eV, so that 1 Ca/pore would contribute to the irreversible uptake capacitance. On the
other hand, SAC of Mn atom has tendency to stabilize a bit off the center of the pore
(Figures 4.2(b)). In case of starting position from pore center (i.c., position “A”), the
final position remained at center with binding energy Epina= - 4.342 eV; whereas in case
of starting from position “B”, the Mn atom moved from it toward center for a net
displacement of about 1.09 A to stabilize near the pore center but off it by about 0.38 A
and having the strongest binding Ening= -4.497 eV. This latter equilibrium position is in
membrane plane and energetically more stable than the center by about 155 meV, in
which Mn gets six coordinated with nitrogen atoms. These results are indeed in good
agreement with those reported by Ma et al. where Ening= - 4.28 eV and off-center
position at the Mn-N distances of about dwin-n = 2.15-2.78 A [127]. This equilibrium
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position of Mn atom is deeper in energy than the center one by about 55 meV and is also
consistent with 35 meV of Ma et al [130]. The binding energies of Mn at the locations
“C” and “D” are higher than the stable position (i.e., the one at “B”’) by about 3.966 eV
and 3.539 eV, which are consistent with the results of Ma et al. [127] of about 3.99 eV
and 3.47 eV, respectively. The diffusion energy barriers of Mn atom to migrate from
position “B” to either position “C” or “D” are estimated to be about 4.15 eV and 3.62

eV, respectively [127].

(a)SAC=Ca
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Figure 4.2(a): Relaxed atomic structure of SAC: (a)1Ca@C:N starting from 4 different
initial positions.
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Figure 4.2(b): Relaxed atomic structure of SAC: (a)LMn@C:N starting from 4 different

Ebind = - 0.531 eV

Eping = - 0.958 eV

initial positions.
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Figure 4.3(a): Initial and final (relaxed) structure of DAC: (a)Ca.@C:N starting for

three different configurations.
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(b)DAC: Mn;
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Figure 4.3(b): Initial and final(relaxed) structure of DAC: (a)Mn.@C:N starting for
three different configurations.
Concerning the case of DAC of both of Caz and Mn2, we have considered three possible

scenarios using three different initial configurations:

e The dimer was initially symmetrically embedded in the pore of C2N as one body
in a similar fashion to the work reported on copper dimer (Cu.) embedded in CoN
used for the capturing of CO2 molecule, reported by Zhao et al. [126]. In the other
remaining two scenarios, one atom of the catalyst dimer was put at the center of

the pore and the second atom was as follows:
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e The second atom of dimer was midway between the pore center and C-C bond at
the pore edge.

e The second atom of dimer was elevated (like buckled) up the membrane plane
from the previous 2nd atom position. Then, the atoms in the three systems

undertook processes of full atomic relaxation.

Figure 4.3 shows the atomic structures of the three systems before and after relaxation
for both dimers: (a) Caz and (b) Mn,. The initial dimer bond-lengths were 2.28 A, 1.84
A, and 2.49 A for the three systems, respectively. After relaxation, the new bond lengths
became for Caz to be 2.29 A, 2.25 A, 3.41 A and for Mn, to be 2.02 A, 2.07 A and 2.31
A, respectively. The most stable dimer for Ca, corresponds to configuration #3 with
binding energy Enina =-7.180 eV/dimer. In this situation, one Ca atom was found to
occupy the center of the pore and the second atom is buckled off the membrane plane
along the direction center to C-C bond at the edge of the pore. This is consistent with
what was reported by Hussain and coworkers [161].

While the Ca-atom at the center is strongly bound, as described in Figure 4.2(a), the
second atom seems to be much weakly bounded and can be mobile to jump, for instance
to likely site “D” with diffusion barrier reduced to about 0.2 eV [161]. So basically, only
1 Ca atom can contribute to the irreversible capacitance yielding a capacity of about 200
mAhg? [161]. On the other hand, DAC of Mn; would find its most stable equilibrium
state after the relaxation using configuration #1. In such stability, both Mn atoms occupy
positions inside the pore at the membrane plane like the case of copper dimer reported by
Zhao and coworkers [126]. One should emphasize that configuration #2 would yield a

similar relaxed structure to the one obtained in configuration #1 but with less binding

energy in magnitude (i.e., |[E 07| = -6.261 eV < |Efor/*|= -7:645 eV). Although each
Mn atom looks three-fold coordinated but the supercell in configuration #1 is further
relaxed from the perspectives of supercell size and pressure. Furthermore, the bond-
length of dimer in configuration #1 is 2.02 A, which is smaller than that in configuration

#2 which is 2.07 A.

The binding energy of the Mn> dimer in the relaxed configuration #1 is Eping (2Mn) = -
7.645 eV/dimer. Considering the binding energy of the most stable SAC of Mn shown in
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Figure 4. 2(b2) to be Ebind (LMn) = - 4.497 eV, then the binding energy of the second Mn
atom or the so-called the recursive energy would be Erec = - 3.148 eV, whose magnitude
is larger than the Mn-cohesive energy (i.e., Econ = - 2.92 eV [137]). So, it seems that the
Mn DAC can be strongly bound in the pore of C2N, and this would suggest that our
current 2x2 sample can accommodate about 8 Mn atoms all embedded within the
membrane plane. Therefore, these strongly anchored Mn atoms would contribute to the
irreversible capacitance, which would range from 317 to 1110 mAhg depending on the
valency of Mn atom, as expected, to be ranging from 2 up to 7, respectively. In case of
SAC of Mn, the irreducible capacitance would be less and range from 189 to 663 mAhg-
! So, it becomes obvious that if the clustering can be avoided and the interaction
between Mn and Hz will be found moderate (to be discussed next), then Mn embedded in
C2N should be a good candidate for application as anodes in metal-ion battery

application.

4.4.3 Atomic Relaxation for Adsorption

The adsorption of H2 gas molecule on metal embedded C>N is studied at RT using 6
different scenarios for the initial state of the molecule on 4 different substrates as

follows:

a) H2 molecule on top of SAC Ca

b) H2 molecule on top site of DAC Ca

c) Hz2 molecule on top of center of DAC Ca
d) H2 molecule on top of SAC Mn

e) H2 molecule on top site of DAC Mn

f) H2 molecule on top of center of DAC Mn.

The results shown in Figure 4.4 are as follows:

(@) 1Ca@C2N: Without H2 molecule, the relaxation of 1 Ca atom inside the pore
yielded a stable configuration in which Ca atom occupied the center of the hollow
site equidistant to the six N atoms din-ca) = 2.72-2.73 A (Figure 4.2 (al)). These
values are in good agreement with those 2.72-2.74 A using DFT reported by Liu

et al. [154]. Thereafter, the relaxation of H> molecule, which was launched to start

84



from onsite above Ca atom at about 1.5 A, yielded Hz molecule to alter
physisorption process in which the molecule stabilizes above Ca atom at about
d(ca-Hy= 2.56 A via van der Waals interaction and having a weak adsorption
energy of about -0.167 eV. This adsorption value is not too weak but very close to
the lower bound of the range of adsorption energies recommended for storage
energy application.

(b) 2Ca@C:N: Before studying the adsorption of H> molecule, the relaxation of a Ca
dimer inside the C2N pore yielded a stable dimer completely buried in-plane level
of CoN (Figure 4.3(al)). However, the adsorption of H> on Ca-dimer triggered the
buckling of the Ca-dimer in two different ways. If the H> molecule is put initially
on one site of Ca, then both Ca atoms would buckle one upper and one downer
plane of CoN. The molecule displaced farther from the original Ca-site at distance
of 3.60 A and got closer to the other Ca atom which buckles in the direction of the
molecule. The molecule seemed to stabilize at closer distance to the latter Ca
atom at about 2.56 A. However, if the H, molecule is initially put on the center of
the Ca-dimer above it by about 1.5 A, one of Ca atom buckled out of the C2N
plane while the second Ca atom kept stable inside the pore at the same level of
C2N membrane plane. The stable configuration yielded dca-cay = 3.75 A and the
H> molecule to stabilize opposite to the buckled Ca atom and rather close to the
Ca in-plane atom at a distance of about 2.56 A. It is worth mentioning that the
relaxation of H> molecule when it started from on-site Ca yielded an adsorption
energy - 0.482 eV whereas when it started from Center of Ca-dimer the relaxation
yielded an adsorption energy - 0.507 eV. So, the latter physisorption is more
stable. Moreover, it is worth emphasizing that the adsorption energy of Hy
molecule on 2Ca@C:N is found to be higher than that of H> molecule on
1Ca@C:>N. This should be considered as improvement for battery application
from both perspectives of convenient adsorption energy and an indication for
enhancement of uptake capacity.

(c) IMn@C:2N: Before involving the H> molecule, the relaxation of Mn inside the
C:2N pore yielded stable configuration in which Mn atom occupied the center of

the hollow site at equidistance from N atoms of about 2.70-2.71 A (Figure
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4.2(b1)). This result is consistent with the DFT findings of Du et al. [175].
Thereafter, the relaxation of H2 molecule started from onsite Mn atom at above
distance of about 1.5 A to pass through a chemisorption process, associated with
weak splitting of H2 molecule. The interatomic distance dg-+y = 0.92 A is larger
than the hydrogen molecular bond-length bg.ny = 0.77 A. Yet both the H atoms
are found to stabilize attached to the same Mn site at about dgun-ny) = 1.60 A,
which would make the desorption achievable task. The adsorption energy is found
to be about -0.474 eV which is moderate and within the range of energy-storage
applications. Toward this possibility, the only challenge remains in the side of

growth nanotechnology whether to achieve the synthesis of SAC or not.

(d) 2Mn@C:2N: In absence of H2 molecule, the relaxation of a dimer of Mn atoms

inside the C2N pore yielded stable configuration in which the dimer remains fully
buried inside at the same plane of C.N monolayer (Figure 4.3(b1)). The DAC also
persisted in remaining buried in the pore after the adsorption of H> molecule
because Mn atom possesses high coordination number by having 5 unpaired d-
electrons and 2 s-electrons in the outer electronic shells. Thereafter, in case the
relaxation of H> molecule starting from above the center of Mn-dimer, it yielded
chemisorption with strong molecular dissociation, where the two H atoms ended
attached to the 2 Mn atoms separately. The adsorption energy is about - 0.552 eV
being a bit larger than the previous case of a single Mn-atom embedded in C2N.
However, if the relaxation of H, molecule started from the onsite of Mn-atom,
then it would also lead to a weak chemisorption, associated with weak
dissociation of the molecule. In this latter case, the molecule remains attached to
that Mn site at about 1.64 A and the inter-atomic distance dg-+) = 0.92 A being
higher than the hydrogen bond-length (0.77 A). The adsorption energy is -0.551
eV, a bit weaker than the case when the molecule started from the center of Mn-
dimer. So, the destiny of the H; splitting itself to pave each of the H-atoms to
form a single bond with an independent Mn-atom of dimer should be considered
more likely to occur as is a more stable configuration. Thus, in the case of Mn-
dimer, desorption might not be guaranteed. To computationally check on this

requires the use of a sophisticated technique like CPMD method.



Substrate

Top View

Side View

(a) C;N:lCa/Hz

(b) CzN:ZCB/Hz
Onsite

(c) C2N:2Ca/H,
On center

(d) CaN:1Mn/H,

(e) C2N:2Mn/H.
Onsite

(f) CzN:ZMn/Hz
On center

Figure 4.4: Adsorption of H> molecule on the six samples under study.
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4.3.4 Spin Resolved Band Structures

We performed DFT calculations of the electronic properties on four samples presented in
Figure 4.4 (a,c,d,f). We emphasize that in case of adsorption of H2 on DAC we selected
the starting configuration at center of dimer as it leaded to the most stable adsorption.
Within the given size of the computational supercell, it seems that the embedding of
even a single metallic atom in the pore of CoN would be sufficient to change the
properties from semiconducting to metallic. Figure 4.5 displays the spin-resolved partial
density of states (PDOS). One common trend between all four samples is that Ca- or
Mn-doped C2N make the sample metallic (i.e., in all of which the bandgap closes at
Fermi level, Eq = 0). Besides, Fermi level is taken as an energy reference (i.e., EF = 0).
Several bands below Fermi level persist to be nasty “dispersion-less” and should be
attributed to the hybridized orbitals of 6 nitrogen atoms overlapping with metal atom(s).
The general trend is that the adsorption of H2 molecule on the metal atom would
passivate those dangling bonds and clear and widen the band gap. For instance, see what
happened to the localized states in panels 4.5 (a-b) corresponding to the bands of
(@)C2N:1Ca and (b)C2N:2Ca. Even though the hydrogen molecule was just under
physisorption process and both of these systems are in paramagnetic state (i.e., zero
magnetic moment), the inter-band gaps have broadened after the dipole-dipole
interaction with the molecule. Furthermore, in panels 4.5(c-d) corresponding to the
bands of: (c)C2N:1Mn and (d)C2N:2Mn, the H> molecule altered chemisorption

processes associated with molecular dissociation.
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Figure 4.5: Band structures of four samples (a)C2N:1Ca, (b) C2N:2Ca,(c) C2N:1Mn,
and (d) C2N:2Mn before and after Hz adsorption.



The change is so big in case of CoN:2Mn that the messy states filling all energy space
became grouped again and the inter-band gaps broadened, including the appearance of
an optical gap of Eq = 0.095 eV. The charge transfers from or to the molecule in the four
cases are summarized in Table 4.2. One may notice that H> molecule is reducing the Ca-
catalyst but oxidizing the Mn-catalyst. Furthermore, regarding the role of magnetism, in
case of Ca-dopants, the magnetic moment is always zero regardless of the state before or
after the physisorption of H, molecule. On the other hand, in case of Mn-doping, the
magnetic state matters as it changes through the adsorption process. For instance, (c)
C2N:1Mn has the largest magnetic moment M = 3.60 Bohr Magneton (ug) before the
adsorption, but it gets reduced to M = 3.40 ps after the occurrence of the chemisorption
with Hz molecule. (d) C2N:2Mn exhibits an even stronger change of magnetic properties.
The magnetic moment of the Mn-Mn dimer buried in the pore of C:N was M = 2.42 ug
before interaction with H> molecule. This magnetic moment gets too much reduced
through the chemisorption process, associated with molecular dissociation, to become M
= 1.97 ps. Hence, from both perspectives of electronic and magnetic properties, it is
remarkable that Mn, dimer, embedded in C2N, has higher sensor’s response to H> gas

molecule(s) than that of single Mn-doped C:N.
4.3.5 HOMO/LUMO States

To inspect the charge transfer between the H> molecule and the metal-doped C2N
samples, Figure 4.6((a) and (b)) displays the charge-density plots of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) eigen-
states, respectively. In the cases of physisorption, such as the interaction of H> molecule
with Ca doped C2N, Bader charge analysis predicted mimic transfer of charge (i.e., of
order no more that hundredth of electron) from the molecule to substrate, as it is shown
in Table 4.2. Figure 4.6(a) (a-b) shows that the HOMO state gets more curdled and

fatherly scattered away from the molecule after the occurrence of physisorption.
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Substrate HOMO Before Adsorption HOMO After Adsorption of H,
(a) C;N:1Ca
(b) C;N:2Ca
(c) C;N:1Mn
(d) C;N:2Mn

Figure 4.6(a): Charge density plots for HOMO states corresponding to the four samples

under study.
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Substrate LUMO Before Adsorption LUMO After Adsorption of H,

(a) C;N:1Ca

(b)C2N:2Ca

(d) C;N:2Mn

-Q
(c) C;N:1Mn

Figure 4.6(b): Charge density plots for LUMO states corresponding to the four samples
under study.

Whereas Figure 4.6(b) (a-b) shows that the LUMO state gets more curdled but closer to
the location of the molecule after the happening of physisorption. In the cases of
chemisorption, such as the interaction of H. molecule with Mn-doped C2N, Bader charge
analysis predicted H> to be oxidizing the system with draining a charge at the order of 8
hundredths of electron (Table 4.2). Figure 4.6(a) (c-d) shows that the HOMO state
experiences an accumulation of charge on Mn-H bonds after the occurrence of
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chemisorption with H> molecule. Whereas Figure 4.6(b) (c-d) shows that the LUMO
state gets rather more extended after the formation of H-Mn bonds, revealing that those

states to be permissible and originate from dispersive bands.

4.3.6 Desorption and Recovery Time

Desorption is a plausible task only in cases of physisorption and chemisorption either
without molecular dissociation or weak splitting. Such cases are demonstrated in the
hydrogen adsorption on Ca-doped C2N and SAC of Mn in C2N, respectively. From the
perspective of gas-sensing, to decide whether the gas sensor should be reusable or
disposable, the calculation of recovery time becomes further necessary. Yong and co-
workers presented an elaborate theoretical work on the absorption of several gas
molecules on pristine C2N [145], including the calculation of recovery time. In their
study, NHz and NO were found to have moderate adsorption energies of values -0.539
eV and -0.438 eV (i.e., having energies laying at the border between strong
physisorption and weak chemisorption, of about ~ 0.5 eV), small recovery times of 1.2
ms and 23 ms at RT, and large effects on the electronic structures. So, these two gases
were proposed to be the most suitable for detection on C2N-based sensor. The sensor in
that case would be reusable and have high sensitivity and selectivity. Within the
framework of the conventional transition state theory [80], the recovery time can be

expressed as follows:

(_Eads)
T=vyle keT

(4.6)

where T is absolute temperature, Kg is the Boltzmann’s constant, Eags IS the adsorption
energy, and v, is the attempt frequency. Peng and co-workers [143] confirmed the
validity of the above formula after using it in fitting the experimental data of adsorption
of NO2 gas on Single-Walled Carbon Nanotubes (SWCNT). The experimental recovery
time of NO2 on SWCNT was confirmed to be long of about 12 h using this above
formula. We assume that the attempt frequency of H> molecule on all CoN-systems have
same order of magnitude as that of NO, molecule on SWCNT at RT (i.e., vo= 1012 s}),
which is incidentally also used in the theoretical work of Yong and coworkers on C2N

[142]. Then, we calculated the recovery times of adsorption of H> molecule on both Ca-
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doped and Mn doped C2N at RT and included the results in Table 4.2. To start with
pristine C2N, one can notice that our recovery times 6.8x10! s and 1.5x10*2 s (due to
VASP and SIESTA, respectively) are a bit smaller than that reported by Yong et al.
4.5x1071% s [142]. This is so because our adsorption energy is underestimated as
compared to the one of Yong et al. By comparing our results of adsorption energy
between VASP and SIESTA, they all agree to a good extent but only one value is much
different, corresponding to the chemisorption of Hz on C2N:1Mn (i.e., in VASP Eads = -
0.474 eV whereas in SIESTA Eags = -1.021 eV). One possible explanation for this large
discrepancy is that in SIESTA the adsorption temperature is RT where the chemisorption
was associated with strong molecular dissociation whereas in VASP T = 0 K as was used
under the assumption of frozen lattice and validity of Born Oppenheimer
approximations. The adsorption cases of H> on Ca-doped C2N are all physisorption type.
Having low adsorption energies, the recovery time in all these cases is at the order or
below nanosecond (i.e., t = ns). Furthermore, both VASP and SIESTA found good
agreement in the adsorption energies of H2 on Mn-doped C2N DAC (i.e., C2N:2Mn),
where Eags= - 0.551 eV and - 0.507 eV, respectively.

Table 4.2: Band-gap energy, Adsorption energy, Charge transfer, magnetic moment and
recovery time of the studied relaxed structures.

Substrate Eg (eV) E.a (eV) Aq (g)° M (ug)* (s)

Pristine C;N 1.66% (1.55)° N/A N/A 0 N/A

CoN/H, 1.66” (1.55)° -0.109° (-0.0077)" —0.0047 0 6.8 x 107 (1.5x %"
C;N:1Ca metallic®” N/A N/A 1] N/A

C,N:1Ca/H, metallie®" -0.1669° (—0.0828)" —0.0083 0 6.6 x 107194 (2.5 x 10710
CyN:2Ca metallie™” N/A N/A 0 N/A

CzN:2Ca/H; (H; initially @ Onsite) metallic™” —0.2081° (—0.4821)" —0.0063 0 3.3x 10777 (1.4 x 107%)°
CzN:2Ca/H, (H; initially @ Center) metallic™” —0.2088" (—0.5065)" —0.0089 0 3.4 x 1077 (3.6 x 107%)”
C,N:1Mn metallic®” N/A N/A 3.60 N/A

CzN:IMn/H; 0.117 (metallic)® —0.4739% (~1.0206)" +0.0131 3.40 9.2 x 107> (140.2)°
C;N:2Mn Half-metal” (metallic)” N/A N/A 242 N/A

CzN:2Mn/H; (H; initially @ Onsite) 0.20" (metallic)” —0.5509" (—0.4821)" +0.0726 1.97 1.8 x 1072% (1.3 x 107°%°
C,N:2Mn/H; (H, initially @ Center) 0.06 (0.095)" —0.5518" (—0.5065)" +0.0799 1.97 1.9 x 10 ** (3.2 x 10 %)°
® WASP Calculations.

b SIESTA Calculations.

© Bader-charge Analysis.

Considering the results of VASP, the recovery times of H> on SAC and DAC were found
to be about 92 ms and 1.8 ms, respectively. Furthermore, the H> molecule acted as
oxidizing on both SAC and DAC with drained charges of about 0.013e and 0.08e,

respectively. Hence, it seems that with increased clustering of Mn more charge transfer
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would occur, therefore the higher adsorption energy and recovery time would be. Yet, the

recovery times are so small (i.e., t « 1s).

Considering the huge effect on the electronic structures (explained in the Chapter above)
caused by the adsorption of H2 gas molecule on both SAC-Mn and DAC-Mn, huge change
of magnetic moment, one expects that CoN: Mn would be very strong candidate for

magnetic gas sensor for the detection of H. with very high sensitivity and selectivity.
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Chapter 5: Transition-Metal SAC Embedded in C2N-NR for Toxic-Gas
Reduction Reaction and Selective Gas-Sensing Applications

5.1 Summary

Exploring advanced materials for detecting noxious gases is a key requirement for
maintaining healthy air quality in the environment. The catalytic activity of four
magnetic Transition Metal (TM) elements (e.g., Mn, Fe, Co and Ni) embedded in C2N
pores, as Single-Atom Catalysts (SAC), has been tested towards detecting toxic
oxidizing gases. As a model, we tested the sensing efficiency of these catalysts towards
two toxic gases, namely NO and NO.. For our calculations, we have used a formalism
based on the combination of Density Functional Theory (DFT) and Non-Equilibrium
Green’s Function (NEGF). From our findings we have drawn a strong correlation
between the sensor response and the reduction in magnetization (AM = — 1.40 to — 0.55
uB). The results of spin polarized transport properties showed that Ni- and Fe-embedded
C:2N are the most efficient in detecting NO/ NO2 and NO2 molecules (with AM/Mp = -
98%, - 38% to - 18%, respectively). The main reason for the magnetization reduction
was the formation of chemical bonds between SAC and molecules thereby causing an
enormous reduction in the number of unpaired d-electrons. Thus, Fe- and Ni-CzN are
recommended for either toxic-gas reduction reactions or platform materials in disposable

gas sensors for efficient capturing of toxic gases.
Redrafted from

S. Khan, A. Wasfi, M. Mushtaq, F. Awwad, N. Tit, “Transition-metal single atom
catalyst embedded in C2N for toxic-gas reduction reaction and selective gas-sensing

application: Atomic-scale study,” Applied Surface Science, vol. 599, pp. 1-14, 2022.
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5.2 Introduction

The graphene discovery in 2004 by Konstantin Novoselov and Andre Geim had not only
fetched them the Nobel prize in Physics in 2010, but also opened the door for the
creation of a new horizon in the physics of 2D systems, with promising capabilities for
various practical applications [1-6]. In 2015, following a more sophisticated synthesis
technique compared to the one used by the graphene inventors [1], Mahmood and
coworkers utilized bottom-up wet-chemical reaction to fabricate nitrogenated holey
graphene “C2N” [12]. The uniform-hole periodic distribution makes C>N advantageous
for various applications including gas filtration and sensing. In contrast to graphene, a
finite band gap (i.e., Eq = 1.90 eV) is created due to the existence of phenyl rings and
holes that are surrounded by aromatic nitrogen atoms, which makes C2N also appropriate
for semiconducting applications [12]. The functionalization of the holey graphene C2N
has been achieved experimentally which further enhances its capabilities for various
applications such as energy storage and selective gas-sensing [87]. Furthermore, recent
experimental investigations explored the relevance of C2N, both in monolayer and
multilayer forms as possible anode candidates in Sodium-ion batteries (SIBs) and
Lithium-ion Batteries (LIBs) applications [15-16, 27]. Focusing on gas-sensing
applications, successful experimentalists have been successful at homogeneously
embedding Transition Metal (TM) atoms in the CoN-pores while overcoming the metal
clustering issue. Huang and coworkers [16] used a bottom-up wet-chemical approach to
achieve metal embedment (i.e., M@C:N, where M = Co, Ru, and Pd atoms).
Furthermore, to enhance the catalytic capabilities of these active metal sites, these metal
nanostructures were downsized to singly dispersed metal atoms [27, 148-153].
Experimentally, the nanostructures of Single Atom Catalyst (SAC) and Double-Atom
Catalyst (DAC) have been achieved in CoN and metal oxides. These nanostructures have
shown improved catalytic activity towards various toxic gas reduction reactions (e.g.,
NOyx, SOx, COx and H»S) [149-150, 183-184] and for detecting biomolecules such as
blood sugar macromolecules [185]. The successful syntheses of SAC and DAC in C2N
have triggered several theoretical efforts to investigate the reaction mechanisms and the
possible functionalizing catalysts that tune its properties for niche applications [24, 26,

153]. From the perspective of environmental protection, diverse experimental techniques
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have been developed for the detection and removal of NO> toxic gases; most of which
are based on catalytic reductions at relatively high temperatures, while few are at
ambient conditions [186]. Porous materials have demonstrated tremendous potential for
NO2 removal applications due to their high capacity in the pristine form which can be
further enhanced upon functionalization. Recently, Shang and coworkers used the
uncalcined TM-based layered double hydroxides (TM-AI-CO3 LDHSs) as ambient NO>
adsorbents [186]. An adsorption capacity exceeding 5.3 mmolg™ and the lowest NO
generation ratio was reported with lowest degradation performance after six adsorption—
desorption cycles [186]. Along the same trend, the Metal-Organic Framework (MOF)
materials have been proven to be highly efficient for ambient detection of NO, gas [187—
188]. Han and coworkers reported their success in fabricating the reactive adsorption of
NO: in a redox-active MOF, MFM-300(V), associated with the reduction of NO> into
NO and water. They reported an extraordinary NO2 uptake of 13.0 mmolg™ at Room
Temperature (RT = 298 K) with a reproducibility of cycles (i.e., the absorbent can be
used in a reusable detector) [187-188]. In this perspective, the novel material of CoN
should be considered as candidate for ambient capture of NO2, based on its porous
morphology, thermal stability, and hydrophobic character [189]. The idea of embedding
of transition metal atoms (in “SAC” form) in C2N pores has been attempted by many
groups (i.e., M@C:N, with M = Ru, Pd, and Co done in the experimental group of
Huang et al. [16]; and M = Sc, Ti, V, Cr, Mn done in the theoretical group of Ma et al.
[127]). Furthermore, Huang and coworkers employed M@C:N as an anode platform in
lithium-ion battery applications [16]. Whereas Ma and coworker designed a theoretical
model based on SAC M@C:N to study gas adsorption and they found Cr and Mn to be
promising SAC for CO reduction reactions at low temperature [127]. A lot of credit
should go to the successful experimental synthesis of SAC M@C:N by Huang group in
2019 [16], which inspired many theoretical efforts to dig deeper to understand the
science behind the reaction mechanisms and functionalization possibilities for CoN
[189]. Actually, the embedment of transition metal atoms as SAC and DAC in C2N has
demonstrated a very enhanced catalytic activity towards toxic-gas reactions (e.g., COx,
NOx, and SOx) [144-146,183], non-toxic-gas reduction reaction [190], hydrogen
evolution reaction [25, 191], photo-catalysis for water splitting [192,193], energy storage
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[88, 178, 194] and metal-ion batteries [161]. Focusing on the reduction of toxic gases,
He and coworkers have used ab-initio method to show that an Iron SAC embedded in
CaN (i.e., Fe@C2N) is very stable and efficient for CO and O reduction reactions [148].
Cui et al. used ab-initio method and screened twelve metal SAC embedded in C2N (i.e.,
M@C:N) and found 6 amongst them to be efficient in CO> reduction reactions (i.e., they
are namely: M = Ti, Mn, Fe, Co, Ni, Ru) [149]. Using the first principles method, Zhao
et al demonstrated the efficiency of DAC Cu embedded in C2N (i.e., Cu2@C2N) towards
CO2 R-R [126]. Geo and coworkers used ab-initio method to study the adsorption
characteristics of toxic gases (NO2, NH3, SOz and H.S) on Iron-SAC-doped graphene
[150]. Another toxic gas SFe has been theoretical simulated using first-principles method
and shown to be detectable using DAC (i.e., M2@C2N, with M = Co, Ni) [164]. This
study is beneficial to our current investigation as we will screen four ferromagnetic TM
atoms and use them in both SAC and DAC embedded in C2N to assess their
effectiveness in capturing NO and NO: gases. Many other computational simulations
have further corroborated the great catalytic activity of TM atoms in the capture of gas
molecules [128, 195-197]. In a recent effort, the catalytic activity of Mn as SAC and
DAC embedded in C2N has been tested for gas sensing of several gas molecules (e.g.,
02, N2, H2S, H20, Hz, CO2, and CO) [197]. The results have shown strong chemisorption
to occur with the oxidizing gases in a clear distinction from the weak chemisorption
which occurred with the reducing gases. Strong correlation was shown between the
strength of the chemisorption and the change of magnetization [197]. Furthermore, it is
expected that such a change in magnetization (in magnitude and direction) would affect
both gas-sensing sensitivity and selectivity. This hypothesis will be tested in the current
investigation by involving many ferromagnetic TM atoms as SAC embedded in C2N
(e.g., namely, Mn, Fe, Co and Ni). Special target gases will be the hazardous gases (e.g.,
NOyx, COx, SOx), which are oxidizing. The scope of the current study is to inspect the
correlation between gas sensor response and the change in magnetization due to
adsorption of toxic gases (e.g., NO and NO2). To achieve this aim, we tested four
ferromagnetic TM elements (i.e., Mn, Fe, Co, and Ni), embedded in C2N pore as SAC.
We used sophisticated Density-Functional Theory (DFT) packages (e.g., Atomistic Tool-
Kit “ATK” and Vienna Ab-initio Simulation “VASP” packages).
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The results would clarify the following: (i) The effect of change in magnetization on the
sensor response of the toxic gases such as NO and NO3; and (ii) The correlation between
strength of chemisorption and the sensor response. This Chapter is organized as follows:
Section 5.3 will describe the models and the computational methods. Section 5.4 will
show an elaborate analysis and discussion of the findings. The final section will illustrate

our main conclusions.

5.3 Computational Model and Method

As computational models, we used two types of supercells.

e The first supercell, used for electronic structure calculations, contains the C2N
Nanoribbon (NR), shown in Figure 5.2, where periodic boundary conditions are
applied. The used supercell’s dimensions were A =L =29.51 A,B=C=20Ato
make sure that the nanoribbon is periodic along the x-direction as a 1D lattice;
besides B and C are set to be large enough to isolate the NR to interact with its
mirror images along y, z directions. Without counting the TM-SAC and the
molecule, the pristine C2N-NR is composed of three primitive cells. Each
primitive cell has 50 atoms (i.e., NR would have 150 atoms).

e The second supercell, used for calculation of transport properties, is composed of
2 electrodes (i.e., source and drain) and a central zone consisting of the CoN-NR
like those shown in Figure 5.2. Each electrode is composed of 1 primitive cell of
C2N-NR. It must be noted that the central zone should be kept at least 3 times
longer than the electrode size to avoid interference effects due to reflections from

electrodes.

As computational techniques, two Density-Functional Theory (DFT) packages have been
used. The “Spanish Initiative for Electronic Simulations with Thousands of Atoms”
(SIESTA) code [54,55], which is incorporated within the Atomistic Toolkit (ATK)
package, was mostly used in the atomic relaxation and the calculations of the electronic
structures and transport properties, as it possesses the ability to handle large systems.
The incorporation of the Non-Equilibrium Green’s Functions (NEGF) formalism into
SIESTA has further paved the way for the calculation of the transport properties, which

are essential in the study of gas-sensing. Besides, the Vienna Ab-initio Simulation
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Package (VASP) [53] was also used for the calculation of Charge Difference Density
(CDD) and the benchmarking of adsorption energy and magnetization, as it is known to

be reliable but also limited with system size.

Using the results of total energy calculation, the adsorption energy of a gas molecule on
the adsorbent (i.e., metal-doped C2N-NR) is defined as:

Sub
Egqs = EJUP/9% _ pSub _ g9 (5.1)

where E;uP/9%° ESub and EZ% stand for total energies of substrate with and without
gas molecule and the isolated gas molecule itself. The charge transfers between substrate
and molecule are calculated using the Mulliken population charge analysis in SIESTA

and the Bader-charge analysis in VASP [58]. The magnetization can be calculated using

the spin-polarized total DOS as follows:
M = pg ["D[GR (E) + GE2™ (B)]dE (5.2)

where pg is the Bohr magneton, Er is Fermi energy, Gt'ffz (E) and G259 (E) are the total
densities of states of the system with spin-up and spin-down polarizations. It should be
emphasized that GR2*™(E) is presented to be negative and the total density of states
Gut(E) = Gt’ffz (E) — GR2"™(E) is normalized to yield the total number of valence

electrons in the system (N):

N = [IT1GR (B — GBR*™(B)]dE (53)
For instance, without the incorporation of the catalyst, the 1D-periodic supercell of 150
atoms, mentioned above, contains a total of 558 electrons: (96C+30 N+24H atoms = 96x
4+30x5+24x1 = 558 electrons). It should be further emphasized that for the TM-SAC
atoms in ATK calculations would include the shell before the outer one (e.g., Mn, Fe,
Co, and Ni are assumed to have: 3s?, 3p®,3d* ,4s? states; with X = 5,6,7,8, respectively).
So, the number of electrons corresponding to these 4 catalysts would be: 2+6+X+2 = 15,
16, 17, and 18, respectively. Therefore, the total number of electrons in the system (i.e.,
filled states in TDOS) should be 573-576 electrons, respectively.

Concerning the transport and gas-sensing properties, the 1\V-curves are calculated by

ATK package using the device configuration, where the TM-catalyst-embedded into the
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pore of Co2N-NR, which consists of the central region. The calculation of the current

versus bias is performed using the two-terminal Landauer-Buttiker formula [59] given by

2

1V,) = 22 [[0 TE Vo) fL(E = 1) = foa(E = ug)IdE (5.4)

where Vi, T(E,VD), nuur and fur are the applied forward bias, bias-dependent
transmission coefficient, electro-chemical and Fermi-Dirac distribution function of the
left/right electrode respectively.

Based on the IV results, the differential resistance versus bias is evaluated (R = AV/AI),

using the finite-difference method.
The sensor response of the device [60, 61] is defined as

_ |Gg=Go _ |Rg—Ro|
Go Rg

S

(5.5)

where G is the conductance (i.e., G=1/R), G4 (Go) and Rgq (Ro) are the conductance and
resistance in presence (absence) of gas molecule on the CoN:TM device, respectively. In
order to decide about whether the sensor should be reusable or disposable, one may

estimate the recovery time [80] given by

7 =v;texp [— %] (5.6)

where vo is the attempt frequency, Eads IS the adsorption energy, ks and T are the
Boltzmann constant and the absolute temperature, respectively.

In this Chapter, we have tested 4 different TM-SAC atoms (i.e., Mn, Fe, Co, and Ni)
embedded in C2N-NR to search for the efficient adsorption of two toxic gases (i.e., NO
and NO2), and the results of spin polarized PDOS, CDD, I(V) characteristics, and sensor

response will be discussed next.
5.4 Results and Discussions

5.4.1 Atomic Relaxations

As a starting point, it is essential to assess the stability of the embedded TM catalyst on
various sites on the C2N nanoribbon. Of course, the system is one dimensional and
should lead to different results than the case of 2D C2N monolayer. To make a clear

contrast, in our previously reported results [196], we used VASP-package to study the
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stability of manganese SAC on 2D-periodic sample of C2N containing 2x2 primitive

cells (i.e., composed of 72 atoms).

(a)

(b)

o N A~ O
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Figure 5.1: Embedding positions tested for metal atoms in the CoN-NR.

In the case of CoN ML, four different potential initial sites to deposit Mn catalyst were
tested. Namely, they were as follows: (i) center of big pore, (ii) off-center of big pore, (ii)
above the center of benzene ring, and (iv) above the center of pyridine ring. Our results
have shown that the most stable position for Mn SAC corresponds to a global energy
minimum which is located at off center position in the big pore. Our results were in line
with many other ab-initio results such as those reported by Ma and coworkers [127].

As far as this present work is concerned with studying the gas-sensing properties, in which
spin-polarized transport calculations are essential, the system in focus here is CzN
Nanoribbon (C2N-NR). Here the system to be studied is different from the case of ML,
and the C2N-NRs in our present investigation consists of a relatively large system
comprising of about 150 atoms. Furthermore, to assess the stability of TM catalyst, we
explored 6 different sites (Figure 5.1), which are more than the case of CoN ML. Besides,
we have 4 ferromagnetic TM atoms to inspect (i.e., Mn, Fe, Co, and Ni) as these atoms

intrinsically can induce magnetism into the system and the theme of our investigation is

103



to correlate the change in magnetization and the gas-sensing selectivity towards the

oxidizing toxic gases (e.g., NO and NO: gases). Furthermore, in our previous study [197],

we had fixed the TM catalyst on “Mn” embedded in C2N and studied its interaction and

magnetic effects on gas-sensing properties for many toxic oxidizing gases (e.g., COx, NOx,

SOy, H2S). Here, in our current study, we are fixing the toxic oxidizing gas molecules

(namely, NOy) and screening the ferromagnetic TM SAC atoms.
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Figure 5.2: Relaxed structures after the chemisorption of NO and NO: on the four

samples tested.

Having said all the above, we decided to use SIESTA for relaxations and total energy

calculations of each of the four TM SAC atoms on each single site amongst the six
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locations shown in Figure 5.1(a). The results of total and binding energies are shown in
Table 5.1 and in Figure 5.1(b). The results of the atomic relaxations of the four different

TM-SAC atoms share some common trends. Namely:

e the atomic relaxation starting at point “A” (center of big pore) always converges
to point “B”, located at off-center of big pore by about 1.2 A.

e Point “B” is the local minimum-energy for all catalysts with a very strong binding
energy Eping = -6.104, -6.426, -6.329, and -6.406 eV corresponding to Mn, Fe, Co,
and Ni, respectively.

e The TM-SAC atoms seem to bind well on sites C and D as well but in local
minima having binding energies in the following order in terms of algebraic
negative values: EZ.,,, < ED.. ., < Ef.,,. One can notice the pyridine hexagon ring
of center “D” provides more stability to all catalysts than the benzene ring of
center “C” does.

e Basically, the remaining tested locations at points “E” and “F” are not quite stable
destinations for all the 4 catalysts as the binding energies are found to be positive
(in kind of exception of the pyridine ring of center “F” to accommodate Fe and
Co atoms with very small negative binding energies of Epind = - 0.194 and - 0.449

eV, respectively.

In brief, the most stable configuration of embedding the TM-SAC is found to be in
position “B” for all the 4 catalysts. So, we decided to use the fully relaxed TM-SAC
configurations (@ site B) as our adsorbent bed to study the adsorption and gas sensing
properties toward the toxic gas molecules (NO and NO2). Moreover, one has to
emphasize that without the catalyst (i.e., Mn, Fe, Co, and Ni), the gas molecules are
found to exhibit physisorption processes on the pristine CoN-NR. Hence, the
improvement of interaction of the gas molecules with the CoN-NR required the
functionalization of the substrate by TM catalyst.

The embedment of TM-SAC into the big pores of CoN-NR did not only reach the most
thermodynamically stable structures but also the achievement of chemisorption

processes with both NO and NO2 molecules.
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Table 5.1: Total-energy optima corresponding to relaxations of TM atoms(Mn, Fe,
Co, Ni) starting from four different sites (A,B,C and D).

Metal @A (eV) @B (eV) @cC (eV) @D (eV) @F (eV) @G (eV)
Mn —B -6.104 -1.545 -2.906 +3.089 +0.409
Fe —B -6.426 -1.769 -2.262 +2.091 -0.194
Co —B -6.329 -3.105 -3.652 +1.089 -0.449
Ni —B -6.406 -3.204 -3.792 +3.842 +2.984

Figure 5.2 displays the relaxed structures of the four TM-SAC catalysts (e. g., Mn, Fe,
Co, Ni) embedded in C2N-NR pore after the occurrence of chemisorption with NO and
NO2 molecules. The geometrical parameters are summarized in Table 5.2. The most
stable location for the TM atom embedded in the C2N pore is found to be off-center and
closer to the 2N atoms at the side of the pore, which is consistent with all first-principal
predictions [127]. The agreement was taken as a confirmation of our good choices of
pseudopotentials and Hubbard U parameters. For instance, in case of Mn atom, its
globally stable position is found to be off center by about 0.38 A, which is in excellent
agreement with the results of ab initio calculations reported by Ma and coworkers [127].
Both NO and NO> molecules exhibit chemisorption processes with all the four TM SACs
but are not associated with molecular dissociation.

Figure 2a displays the strongest chemisorption bonding between Mn and NO and NO>
molecules. As it is clearly shown that the NO molecule is attached to Mn through both
its ends. The molecular bond length of NO became longer than that in free molecule (i.e.,
dn-o = 1.27 A > bn.o = 1.15 A). The weakening of N-O bond occurred in order to pave
the way for both N and O atoms to make new covalent bonds with Mn catalyst.
Furthermore, the interaction between Mn and NO: is also stronger than the other cases of
catalysts. One of two oxygen atoms of NO2 got attached to Mn. The molecular bond
lengths became larger than those in free molecule (i.e., dn-o = 1.22-1.32 A > bn.o = 1.19
A) and the molecular angle became larger than that in free molecule (i.e., Angn-o-n) =
127.59°). Such provisions were taken to allow two atoms in the molecule (N and O

atoms) to get attached to the Mn catalyst.

The interactions of both NO and NO. molecules with the remaining three TM catalysts
were almost similar, one to another, and not as strong as that of Mn catalyst. (b-d)

Concerning the chemisorption of NO molecule on the SAC Fe, Co, and Ni, it seems that
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the N atom takes the lead in making just one chemical bond with the SAC with a

perpetual bond-length of d

molecule ~
SAC—N

1.64-1.65 A. The attachment to N-atom into NO

molecule is favored because N atom is trivalent and has the capacity to make three

bonds. So, to some extent, a double bond is maintained with O atom to keep the

molecule cohesive, and 1 electron can be engaged to make the bonding with the SAC.

The NO molecule maintains its bond length close to the equilibrium one (i.e., dn-o =

1.18-1.19 A = bn.o), as w-bond is preserved. Furthermore, in the case of chemisorption

of NO2 molecule on the SAC (i.e., Fe, Co, and Ni), although the electronegativity of O

atom is greater than that of N atom (i.e., x°= 3.44 >yN = 3.04 Pauling) [55], the N atom is

again responsible for making the bond with SAC as it is trivalent. The NO2 molecule

breaks its m-bonds to pave the way for N atom to make that covalent bond with SAC

(i.e., the N-O bond becomes larger than the case of the free molecule: dn.o = 1.22-1.24,
1.26-1.27 A > bn.o = 1.18 A). The two N—O bonds in NO2 molecules are a bit different

due to the asymmetry in their orientations with respect to the lattice so the electrons in

the bonds exhibit different charge exchange and van de Waals interactions with the

lattice.

Table 5.2: Geometric parameters for the relaxed atomic structures of four samples after
chemisorption of NO and NO> molecules.

NO molecule NO, molecule
Bond length (f\) Angle (degrees) Bond length (f\) Angle (degrees)
Free Molecule 1.150 N/A 1.197 134.3°
M@C,N Adsorption of NO molecule Adsorption of NO, molecule
Bond length (ﬁ\) Angle (degrees) Bond length (f\) Angle (degrees)
Mn@C,N Aoy = 1.91,1.95 A (lattice) (Mn—N—0) = 81.07° Ay = 1.93,1.94 A (lattice) (0—N—0) =127.59°
Ay = 1.74 A (molecule) (Mn—0—N) = 59.70° dymay = 1.75 A (molecule)
dymo = 1.99 A (molecule) (N—Mn—0) = 39.23° dymo = 2.08 A (molectle)
dyo = 1.27 A (molecule) dyo = 1.22,1.32 A (molecule)
Fe@C,N drey = 1.92,1.96 A (lattice) (Fe—N—0) = 157.66° Apeny=1.92 I\ (lattice) (0-N-0) = 125.76°
dre.y = 1.65 A (molecule) dren = 1.78 A (molecule)
dy.o = 1.19 A (molecule) dyo = 1.24,1.27 A (molecule)
Co@CyN deox = 1.96,1.97 A (lattice) (Co—N—0) = 162.35" deon = 1.94 A (lattice) (0—N—0) = 125.58°
Aoy = 1.64 A (molecule) deon =179 A (molecule)
dyo = 1.18 A (molecule) dyo = 1.24,1.26 A (molecule)
Ni@C,N dyiy = 1.97,1.98 A (lattice) (Co-N-0) = 159.30° Dyiy = 1.97,1.99 A (lattice) (0-N—0) =125.15°
dyiy = 1.65 A (molecule) Dy = 1.80 A (molecule)
dy.o = 1.18 A (molecule) dyo = 1.24,1.26 A (molecule)
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5.4.2 Spin-Polarized DOS
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The spin-polarized Partial Density of States (PDOS) can reveal information about the
magnetic states (i.e., the magnetization). We have used GGA+U to probe the PDOS for
the structures presented in Figure-5.2 before and after the occurrence of chemisorption
with either NO or NO2 molecules. Of course, it is crucially important to make sure that
the Total Density of States (TDOS), including both spins, should be normalized to the
total number of electrons existing in the Supercell. i.e.: Without SAC, the CoN-NR
contains a total of 150 atoms (96C+30 N+24 H atoms = 96x4+30x5+24x1 = 558
electrons). The incorporation of TM SAC (e.g., Mn, Fe, Co, or Ni) would raise the total
number of electrons in the system into 573-576 electrons, respectively. Due to such a
large number of electrons, the spin-polarized TDOS was spread in energy within a range
[-100, +100] eV and in magnitude within a range [— 35, +35] (states/eV-spin). As we are
selective about the interaction between the TM-SAC and either NO or NO2 molecules,
we decided to zoom in into the energy range [—15, +6] eV and show only the PDOSs due
atoms contributing to the magnetization in order to understand effectively the origins of
variation of magnetization from before to after the occurrence of gas chemisorption
[198-199]. The energy region near Fermi level would give us more relevant physical
trends concerning the changes in magnetization due to the interaction between molecules
and TM-SAC. Figure 5.3 shows the results of spin polarized PDOS in the studied four
samples before and after the occurrence of chemisorption with either NO or NO>
molecules. The PDOS of TM-SAC is shown in thick red curve to make it well distinct as
being the main contributor to the built-in magnetization.

Furthermore, we show the PDOSs of atoms considered as second-order contributors to
the magnetization, such as the 6 nitrogen atoms as First Nearest Neighbors (FNN) of the
TM atom; besides the PDOS of the whole molecule. The asymmetry between two

PDOSs of spin-up and spin-down of the TM-SAC is very pronounced.
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Table 5.3: Effect of chemisorption of NO and NO2 molecules in four samples on the
adsorption energy, recovery time, magnetization and charge transfer.

T ————

TM-Catalyst  E,4 (eV) 1(s) Mg (ip) M () AM (pg) Aq (e)
per Molecule of system of Molecule
NO NO, NO NO, NO NO, NO NO, NO NO,
Mn 36250 -3611*° 6 x10"@ 35x 10" 4488°4.868° 3.27° 333  -1.22(-27%)*  -116(-26%)°  -0.319  0.44©
—2299" 2130 35x10%®  52x10%® 462 4.3 274" 304 —213(-43%)"  -1.83(—37%)" -051¢9 0639
Fe 3074 3235 43 x10°®  17x10"®  3058°3884" 243" 251"  —0.63(-21%)"  -0.55(~18%)" 01379 —0.423©
3038 -2828" 87x10%®  26x 10"  348° 34 303" 259" —0.85(-22%)"  -1.08 (-27%) 0379 -0.559
Co —3608"° -2827"° 32x10"%® 25x10%® 232372342 129" 167" —1.04 (-45%)"  -0.66 (-28%)" -0.13©  —0.42©
-3299" —2.858" 21x10%Y  84x 100%™ 212° 26 1.08° 205" —1.26(-54%)°  +0.20 (+12%) 0349 _0.50Y
Ni —4517*  -3630° 55x10%®  7.4x10"®  14151.321° 0.02* 087° -1.40(-98%)* -0.54(-38%)" -0.099 043
3049 2791 13 x 10  63x 107 106 1.7 000"  098°  -1.32(-100%) -0.34(-26%)" -0199  _0.51@
(a) SIESTA Calculations.
(b) VASP Calculations.
(c) Calculations using “Mullikan Population” in SIESTA (i.e., ATK).
(d) Calculations using “Bader-Charge Analysis” in VASP.

In the case of Mn embedded in C2N, in absence of molecules, the initial magnetization of
Mn is large Mo = 4.488 pug. The position of the Mn within the pore can also affect the
magnetization; for instance, when Mn is located at the center of the pore (i.e., point A in
Figure 5.1), the magnetization was found to be 4.868 pg [196]; then when Mn occupies
the global energy minimum energy at the off-center position and establishes bonds with
2 N atoms of the lattice (i.e., point B in Figure 5.1), its magnetization decreases to
become equal to Mo shown above, due to the interaction which would keep some
electrons busy in establishing those bonds and consequently reduces the number of
unpaired electrons. On the same line, after chemisorption with either NO or NO>
molecules, the number of unpaired electrons get further reduced and the magnetization is
decreased.

As a matter of fact, after the interactions with NO and NO> molecules, the magnetization
reduces to: M1 = 3.270 ug and M2 = 3.328 ug with reductions of AM =—1.218 us (-
27%) and - 1.160 ps (— 26%), respectively. The data are summarized in Table 5.3. On
the other hand, one should further emphasize the asymmetry existing between spin-up
and spin-down of the PDOS of molecule (i.e., more asymmetry in case of NO than that
in NO2), which reveals the induced magnetism into the molecule(s) while the total
magnetization gets reduced.

In the case of Fe embedded in C2N pore, the magnetization is large but a bit smaller than
the case of Mn as the number of unpaired d electrons is reduced to four instead of five in

case of Mn. So, in its initial off-center position, the iron possesses a total magnetization
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Mo = 3.058 ug. Again, the occurrence of chemisorption processes with NO and NO>
molecules would reduce the magnetization to My = 2.425 pg (i.e., AM =—0.633 pg = -
21%) and M2 = 2.505 ug (i.e., AM = - 0.553 us = -18%), respectively. The relative
changes in magnetization are relatively smaller in case of iron than those in case of
manganese and such a trend might be attributed to the relatively weaker bonding
between Fe and molecules (e.g., in case of Mn, two covalent bonds Mn-N and Mn-O are
established with each molecule). Figure 5.3(b) shows the spin-polarized PDOSs of these
molecules to have more asymmetry in case of NO than NO: to reveal the magnetic-
induction responses.

The spin polarized PDOSs in the case of Cobalt are shown in Figure 5.3(c). The larger
the asymmetry between the spin-up PDOS and the spin-down PDOSs is, the larger the
magnetization would be. Such asymmetry is larger in absence of molecules and gets
reduced by the occurrence of chemisorption with the molecules because of reduction in
the number of unpaired electrons. Cobalt as a free atom has 7 electrons in its d-shell; and
only 3 electrons among these 7 electrons are unpaired. The embedment of Co into the
C2N-pore has cost the Co atom to use 2 electrons (amongst 2s and 3d electrons) to
establish the 2 bonds with the lattice. The initial magnetization while Co embedded in
the lattice is Mo = 2.323 us. The interactions of Co atom with the NO and NO-
molecules cause the reduction of magnetization to M1 = 1.288 ug (i.e., AM =- 1.041 pus
= - 45%) and M2 = 1.668 g (i.e., AM = - 0.655 us = - 28%), respectively. Figure 5.3(c)
shows the huge relative change in magnetization in case of the interaction with NO
molecule (i.e., - 45%), which should affect enormously the passage of the current and
consequently would enhance the gas sensitivity.

Last remark about Figure 5.3(c) is that the spin polarized PDOSs of NO molecule show
more asymmetry than those of NO2 molecule. This trend reveals a stronger magnetic
induction taking place in NO molecule.

The case of Nickel embedment in C2N as it interacts with NO molecule is really the most
amazing. In the state of free atom, Ni atom possesses 2s and 2d unpaired electrons. But
after the embedded in the C2N big pore, two of these unpaired electrons are shared with
the lattice in establishing the covalent chemical bonds with N atoms. The remaining 2

valence electrons in Nickel atom, that could be of d-type, would form an initial
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magnetization Mo = 1.415 pg. It is amazing to see that the chemisorption of NO
molecule would reduce the magnetization to a vanishingly small value M1=0.017 ps
(i.e., AM = - 1.398 ug = - 98%).

Quote the minimal discrepancy between spin-up and spin-down PDOSs of “Nickel” in
interacting with NO molecule, presented in Figure 5.3(d), which reveals the vanishing of
magnetization. This might be attributed to the formation of a double bond between
“Nickel” and “Nitrogen” of NO molecule (i.e., Table 5.2 reports the bond length d(ni-n) =
1.65 A, between Ni and NO molecule, which is much smaller than the bond length of Ni-
lattice and even Ni-NO.). Furthermore, the chemisorption of NO2 molecule reduces the
magnetization enormously as well to the value M2 = 0.872 ug (i.e., AM =- 0.543 ug = -
38%). Based on the physical concept that the magnetization (both in magnitude and
direction) can affect the passage of the electric current [62], so one should expect “Co”
and “Ni” to play a major role in achieving large not only sensitivity but rather selectivity

towards especially NO gas molecule (see gas-sensing properties in sections below)

5.4.3 Probability Density of Fermi Eigenstates and Recovery Time

In the case of Mn catalyst (Figure 5.4(a)), its charge state changes from Aqun = +0.562 €
to +0.631 e and to +0.683 e in going from the situation before the adsorption to the
situations after the chemisorption of NO and NO2 molecules, respectively. This reveals
its high electropositive character and the charge donated should get distributed on the
lattice (evenly between spin-up and spin-down) and into the molecules. Indeed, the
molecules are oxidizing and drain the following amounts of charges Aqno = - 0.308 e
and Aqno2 = -0.432 e. In consistency with the results of PDOS shown in Figure 5.3,
Figure 5.4 displays that loss of charge from Mn and this latter gets distributed on the
lattice sites (C and N atoms) and drained by the molecules.

In case of Fe catalyst (Figure 5.4(b)), the charge state of this catalyst changes from Aqre
= +0.585 e to +0.557 e and to +0.645 e. On the other hand, both molecules NO and NO>
are oxidizing in nature, and they acquire the charges of Aqno =—0.137 e and Aqno2 = —
0.423 e from TM-SAC, respectively. By inspecting the results of PDOS presented in
Figure 5.3(b), one can clearly notice that spin down PDOS of Fe has a large value at

Fermi level. This is consistent with the accumulation of spin down (light blue cloud) at
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the Fe site which can be attributed to the electronegative (oxidizing) character of the NO

and NO2 molecules.
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Figure 5.4: Probability density of Fermi Eigenstates of metallic CoN:M(with M= Mn, Fe,
Co or Ni).

In case of Co catalyst (Figure 5.4(¢c)), the charge state of Cobalt changes from Aqco =
+0.610 e to +0.526 e and to +0.679 e. Whereas, the molecules get oxidized by acquiring
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the charge Aqno =— 0.126 e and Agno2 = — 0.416 e from catalyst atom, respectively. In
similar way to Fe catalyst, the Eigenstate at Fermi level is metallic where Co play, the
role of an electropositive (positively charged) and the given charge is distributed over the
lattice irrespective of spin-state in even fashion between C and N atoms. By inspecting
the spin-polarized PDOS presented in Figure 5.3(c), one may further notice that spin-
down PDOS of Co atom has largest at Fermi level. This is consistent with the blue cloud
around the Co catalyst shown in Figure 5.4(c), which can be attributed to the
electronegativity and oxidizing characters of the NO and NO2 molecules, as well.

In the last case of Ni catalyst (Figure 5.4(d)), the charge state of Ni atom changes from
Agni = +0.779 e to +0.560 e and to +0.685 e. On the other side, the molecules of NO and
NO: persist in their oxidizing behaviors and accumulate charges of Aqno = - 0.083 e and
Agno2 = — 0.424 e from the catalyst atom, respectively. However, the trends in this case
of Ni are different from the previous ones. First, notice that spin-down PDOS of Ni atom
are the largest at Fermi level in absence of molecules (shown in Figure 5.3(d)) and this is
consistent with the accumulation of light-blue cloud at Ni-site in Figure 5.4(d). Then, in
case of NO chemisorption, the state gets mixed with both spin at Fermi level and this is
again consistent with Figure 5.4(d) as both orange light-blue clouds are on the catalyst
site. Last, in case of NO2 chemisorption, the spin up PDOS of Ni atom predominates the
Fermi level. In turn, this is consistent with Figure 5.4(d), where the orange cloud
accumulates at the catalyst site.

Regarding the response time and recovery time of a gas sensor, one should make a clear
distinction between both as follows. The response time is defined as the time required for
a sensor to reach 90% of the total response of the signal such as resistance upon
exposure to the target gas. The recovery time is defined as the time required for a sensor
to return to 90% of the original baseline upon removal of the target gas [60].
Furthermore, the recovery time is a parameter that quantifies the utility of the gas sensor
so it can be categorized either as reusable or disposable. While the response time can be
easily determined experimentally, the recovery time can also theoretically be estimated
and is strongly related to the adsorption energy (equation (5.6)).

Both VASP and SIESTA methods predicted strong chemisorption processes to occur for

both NO and NO2 gas molecules on M@C:>N without molecular dissociation. Yet, the
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adsorption energies are estimated to be very large expressing the strength of
chemisorption(s) (i.e., Eads > 3.0 ¢V for NO molecule and Eags > 2.1 €V for NO2
molecule). Consequently, the recovery time is estimated to be very large for both
molecules on all the TM-SACs (Table 5.3). Hence, the results are in favor of proposing
M@C:N to be relevant for either efficient toxic-gas degradation/reduction reaction or to
be used as platform in a disposable chemical sensor for toxic gases (e.g., namely, NO

and NO: gases).

5.4.4 Transport Properties

The calculation of I\VV-characteristics requires the use of a device with two electrodes and
the sample consisting of the central zone. To carry on reliable calculations, the sample
must be long enough to avoid interference effects due to the reflections which were
expected to occur at the interfaces with electrodes. In our present case, our sample is the
C2N-NR shown in Figure 5.2, doped with TM-SAC, in which IV-curves are to be
calculated and assessed before and after the capture of NO and NO2 molecules. Usually,
the length of the sample must be at least three times bigger than the width of the
electrode. So, we have set the device to comprise 3 primitive cells of CoN-NR along the
x-axis (i.e., 3x50 = 150 atoms without counting the TM-SAC atom), as shown in Figure
5.2, and the electrode to consist of just 1 primitive cell (i.e., 1x50 = 50 atoms).

Biases are to be applied between the 2 electrodes (i.e., Source and Drain) and electric
current to be collected at Drain electrode. To make sure that I\VV-curves achieved
convergence, we kept observing the transmission coefficient for each bias and made sure
to include sufficient k-points [203]. One more remark about the magnitude of collected
current, for sake of practical measurement, the currents must be larger than order of tenth
of micro-Ampere (nA) (i.e., above the minimum metallic conductivity) in order to yield
electrical resistance less than 10 mega Ohm (M), to avoid the experimental

measurement challenges.
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IV Characteristics versus Catalyst
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Figure 5.5: Spin polarized IV-characteristics of the four samples before and after the
chemisorption of NO molecule and NO2 molecule.

One further important remark is that spin-polarized transport calculation is not only
important but rather a necessity in our present case because the inclusion of TM-SAC
obviously induces magnetization and Spin—Orbit Coupling (SOC) effects in the system.
Figure 5.5 displays the 1\VV-curves for 4 devices whose central regions consisting of: (a)
C2N-NR: Mn, (b) CoN-NR: Fe, (c) C2N-NR: Co, and (d) C2N-NR: Ni, in three states
before gas exposure (dotted black curve) and after the occurrence of chemisorption of

NO (green solid curve) and NO2 molecules (red solid curve).

Convergence of 1\VV-curves was achieved for 6 biases [0,0.5] Volt with a step of AV =0.1

V. The results of 1V-curves corresponding to each device are split into two sub-panels.
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The upper sub-panel includes the results of I\VV-curves spin-up and spin-down split into
two sides for clarity purpose. The lower sub-panel includes the total current versus bias
(i.e., lot = lup + ldown). OF course, the lower subpanel would matter for the further
calculation of differential resistance and sensor response versus bias and recommend
focusing more upon it in our next discussions. In the total current sub-panel, the more
deviation of I\VV-curve occurs after the chemisorption of the molecule the higher the

sensitivity toward that gas would be.

By observing the IV characteristics displayed in Figure 5.5 (total current sub-panel), one

may see the following trends:

e The only case where the adsorbent yields Negative-Differential Resistance
(NDR) is the case of Ni@C:N. It seems that both the chemisorption processes
of NO and NO2 molecules would yield a serious rectification to the NDR and
induce large deviations in IV characteristics. Such large deviations would
primarily select Ni to have the largest gas responses toward both NO and NO-.
Using the upper subpanel in Figure 5.5(d), both spins do contribute to the
deviations especially at relatively higher voltages (V > 0.3 Volt).

¢ In all the four samples, deviations of IV-characteristics are shown to start at
relatively high voltages, similarly to the case of Ni but the strength of
deviation is smaller. To the naked eye, the deviations should be ranked as:
Aliy > Alre) > Algun) = Al(co) Tor sensing NO2 gas (see red curves in lower
sub-panels of Figure 5.5); whereas for sensing NO gas all the four samples
look having comparable sensor responses unless rigorous calculations are

carried out which we present next.

Figure 5.6 shows chart diagrams representing the calculated differential resistance for
each IV-curve presented in the previous Figure 5.5 (lower subpanels). Similar colors as
in Figure 5.5 are used and do correspond to: adsorbent (grey), adsorbent interacting with
NO molecule (green), and adsorbent interacting with NO2 molecule (red). All our
catalysts are tested: (a) MN@C:N, (b) Fe@C:N, (c) Co@C:2N, and (d) Ni@C:N.
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Differential Resistance versus Catalyst
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Figure 5.6: Differential resistance versus bias for the four samples.

By looking at Figure 5.6, one can observe the following trends:

e The only adsorbent sample which possesses native NDR behavior is Ni@C2N
(Figure 5-d). The chemisorption of both NO and NO- gas molecules would
remove the NDR behavior and rectify the IVV-characteristics.

o All the other three samples do not exhibit NDR behavior but the adsorption of NO
on Mn@CzN sample and NO2 on Fe@C:N and Co@C>N samples would induce
an NDR regime at certain biases (Figure 5.6(a), (b), and (c), respectively).

5.4.5 Sensor Response

Based on the results of differential resistance presented in Figure 5.6, the gas sensitivity
(i.e., sensor response) was calculated for each sample per individual gas. Figure 5.7
shows the results of sensor responses versus the bias. The common trend between the
results of Figure 5.7 is that they show the gas sensitivity to be larger when V > 0.3 Volt
(in exception of Fe@C:2N, where V > 0.2 Volt). The averages of sensor responses in each
panel corresponding to the chemisorption of NO and NO2 molecules are shown in Figure
5.7 in green and red dotted lines, respectively. Figure 5.7(a) presents the results of

averages of sensor response of both NO and NO> gases for all the four TM-SACs for
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sake of comparison, as calculated using SIESTA-package. One can notice in Figure

5.7(a) the following trends:

¢ Ni seems to have the largest sensor responses for both NO and NO: gases,
simultaneously. These trends are consistent and well correlated to the enormous
reductions in magnetization displayed in Figure 5.2(d).

e For NO- detection, Fe catalysts can be a second candidate after Ni.

e The trend of sensor responses to NO gas presented in Figure 5.8 is consistent with
both trends of relative reductions of magnetization (JAM|/Mo) obtained in both
VASP and SIESTA (i.e., ATK) and which are shown in both Table 5.3 and Figure
5.8(b). In case of NO detection, the relative change of magnetization seems well
behaved and follows a concave parabolic trend versus the occupancy of the d-
shell.

Sensor Response versus Catalyst
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Figure 5.7: Sensor response due to the adsorption of NO and NO. gases on the four
samples of interest versus bias.

Although there exist minor discrepancies in the values of |[AM|/Mo, both VASP and
SIESTA do agree on predicting almost the same trend whose profile is, in turn, in good

agreement with the sensor response shown in green histograms in Figure 5.8(a). Such
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consistent trends should reveal the existence of a correlation between the change of

magnetization and the sensor response.
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Chapter 6: Synergetic Effects of Combining TM Single- and Double-
Atom Catalysts Embedded in C:N on Inducing Half-Metallicity

6.1 Summary

Designing 2D-materials that exhibit half-metallic properties is crucially important in
spintronic devices that are used in low-power high-density logic circuits. The large pores
in the CoN morphology can stably accommodate various configurations of Transition-
Metal (TM) atoms that can lead to Ferromagnetic (FMC) and Anti-Ferromagnetic
Coupling interactions among them, and thus paving the way for achieving half-metallic
characteristics. In the present study, we use manganese ‘Mn’ as a promising catalyst and
the spin-polarized density-functional theory to search for suitable configurations of metal
atoms that yield half-metallicity. Test samples comprised of Single-Atom Catalyst
(SAC) and Double-Atom Catalyst (DAC) of Mn embedded in a C2N sample of size 2x2
primitive cells as well as their combinations in neighboring large pores (i.e., SAC-SAC,
SAC-DAC, and DAC-DAC). Tests were extended to screen many other TM catalysts
and the results showed the existence of half metallicity in just five cases: (a) C2N:Mn
(DAC, SAC-SAC, and SAC-DAC); (b) C2N:Fe (DAC); and (c) C2N:Ni (SAC-DAC).
Our results further showed the origins of half-metallicity to be attributed to FMC
interactions between the catalysts with the six mirror images, formed by the periodic-
boundary conditions. The FMC interaction is found to have strength of about 20 meV
and critical length scale up to about ~21-29 A, dependent on both the type of magnetic
impurity and the synergetic effects. The potential relevance of half-metallicity to
spintronic device application is discussed. Our theoretical results have been
benchmarked to the available data in literature and they were found to be in good

agreement.
Redrafted from

S. Khan, Y. P. Feng, N. Tit, “Synergetic effects of combining TM single- and double-
atom catalysts embedded in C2N on inducing half metallicity: DFT study,” 2D
Materials, vol. 10, pp. 1-23, 2023.
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6.2 Introduction

The breakthrough discovery of graphene had not only fetched the inventors the Nobel
prize in physics in 2010 but more importantly, it has established a new field of research
in 2D systems [1, 2, 4]. Thereafter, many fascinating novel 2D materials have been
synthesized and functionalized to tune their properties toward numerous applications,
such as C2N and CaN [12, 15-16], black-phosphorus [212], hexagonal BN [213],
Transition-Metal Dichalcogenides (TMD) [214], and MXene [215, 216]. The lack of
bandgap in graphene has triggered research, with the aim of designing other 2D
materials which possess semiconducting properties. For instance, Mahmood et al in 2015
reported their success in synthesizing the nitrogenated holey graphene ‘C2N’ using
simple wet-chemical reaction [12]. In C2N, the presence of the electronegative Nitrogen
atoms along with the uniformly distributed pores of 5.5 A sizes, open up a band gap of
1.97 eV. The reasonably sized pores are suitable sites for stable embedment of Transition
Metal (TM) catalysts which can tune the properties of the material. Another subsequent
article by the same group of researchers [16] reported their successful embedment of TM
atoms into the big pores of C2N in forms of Single-Atom Catalyst (SAC) and Double-
Atom Catalyst (DAC).

The functionalization of CoN has made this material strategic with potential of
applications in several fields comprising (a) nano-electronics: C2N Monolayer (ML) was
proposed for metal-oxide semiconductor field-effect transistor (MOSFET) [217]; (b)
photonics: C2N van der Waals-based heterostructures have been used with enhanced
quantum efficiency [218]; (c) batteries: CoN was found suitable for metal-ion batteries in
general and lithium—sulfur batteries in particular [15, 124, 161, 219]; (d) energy-storage:
C2N possesses an enhanced uptake capacity in hydrogen storage [189, 196]; (e) gas-
sensing: selective detection of toxic gases [183, 197]; (f) bio-sensing: it was proposed for
sensing diabetes mellitus [185]; and (g) spintronics: half-metallicity can be hosted in TM
doped C2N and thus explored in spintronic-device applications [222, 223].

Moore’s law had predicted that from 1965 until 2020, the number of transistors on an
Integrated Circuit (IC) would double every two years, thereby shrinking the size of

computers, and making them more and more portable over time while simultaneously
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reducing their price. However, the progress in electronic devices has become saturated
by the year 2020.

Thereafter to continue this trend of miniaturization of memory devices, new technologies
such as spintronics have to be explored in information storage, processing and
communication [222]. The main property that must be desired in the host material for
spintronic applications is half metallicity [223]. This occurs when one spin is metallic
while the other spin channel is semiconducting, making the overall DC conductivity of
the material spin polarized. Recently many efforts have been focused on this direction,
toward designing, or searching suitable materials that exhibit half metallic
characteristics. Efforts have also been made to understand the underlying physics, in
order to explain its mechanism or origin. In the field of 2D or quasi 1D systems, the
reported findings in literature can be categorized into three main groups: (a) half
metallicity that can be obtained upon functionalization with TM atoms [222, 223]; (b)
half metallicity obtained in quasi 1D materials by applying transversal electric field [66,
225]; and finally (c) half metallicity that results due to vacancies and point defects in
TMDs [227, 228].

In the present Chapter we have focused our effort on investigating the effects of TM
atom doping C2N (i.e., category #1) on the electronic and magnetic properties while
paying special attention to the emergence of half metallicity as attempted to be induced
by exploring the Ferromagnetic Coupling (FMC) interactions. In TMDs, half metallicity
can be achieved by creating point defects (i.e., category #3) [227, 228]. In our recent
research efforts, we have computationally demonstrated that a single Molybdenum
vacancy ‘Vwmo’ can trigger half metallicity in 2D MoSe: periodic samples having
dimensions of 4x4 and 5x5 Primitive Cells (PCs) [229]. The cause of this was attributed
to occurrence of FMC interactions among the localized magnetic moments (i.e., in the
vicinity of the Molybdenum vacancy), and its mirror images, on account of the periodic
boundary conditions that apply on the computational supercell. However, this half
metallicity vanishes for larger supercells such as those comprising of 6x6 PCs and
above, therefore enabling us to determine the critical length for FMC interactions which
was found to be about L = 16.5A. This value was found to be slightly larger than that
predicted by Ma et al [227] which was about 12 A, since they have taken into

124



consideration only a single sample of 4x4 PCs, while overlooking the scaling effects.
Also, Hong et al [230] had experimentally reported a maximum vacancy-defect density
of pmax = 3.5x10% cm~2 which is smaller than the densities estimated in our samples
6.4x10%%cm 2 and 4.2x10%3cm 2. Realistically speaking, experimental efforts based on
concrete theory evidence are the only way to achieve novel materials with half metallic
characteristics that can be used for robust spintronic applications.

As a matter of fact, TM doping (i.e., category #1) is often a preferred route in achieving
the half metallicity. To date, most of the reports in this direction have been based on 3D
half-metals and developing their 2D counterparts remains a challenge. The biggest
hurdle is to establish FM ordering in low dimensional systems [33]. Many computational
efforts have suggested designs or different morphologies of 2D materials that are capable
of hosting half metallicity [231-233]. Feng et al reported a thorough revision on
spintronics in 2D materials (e.g., TM-functionalized graphene, phosphorus, and TMD-
ML) [224]. Ahn discussed the superiority of 2D materials thus proposing a superior way
to control the carrier spin. He presented graphene and other 2D inorganic
semiconductors. He further highlighted the major challenges in integrating 2D materials
into spintronic devices as well as provided a future perspective on 2D materials for spin-
logic devices [232]. An overview on the unusual physical properties emerging 2D
materials as new platform for novel spintronic devices as well as the challenges and
future opportunities was recently addressed by Hu and Xiang [233]. Although metal free
planar FM half-metallic systems are more favored in spintronic devices, their task
remains very challenging from practicality point of view. These systems are important as
they possess long spin relaxation times due to the weakness of spin—orbit-coupling
interactions. Many researchers suggested just computer-designed structures where both
ferromagnetism and half-metallicity can exist simultaneously. For instance, Choudhuri
and Pathak [220] in a Density-Functional Theory (DFT) study suggested C-doped C2oN
as a metal-free FM and halfmetallic 2D material. Gong et al [222] showed that the
electron-doping via gating in CoN with moderate density (p = 4-8x10*3cm~3) would not
only yield FM but also half-metallicity. Nonetheless, metal-free systems are very
challenging for experimental synthesis. Besides, for practical reasons and relying on the

successes achieved in TM-embedment in the large pores of CoN with adequate stability
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[16], we decided to explore the opportunity to study the effect of embedment of SAC,
DAC and their combinations on the emergence of ferromagnetism and half-metallicity.
This Chapter is organized as follows. Next section 6.3 gives details on the computational
model and method. Section 6.4 elaborates a discussion on the obtained results. The last

section summarizes our main findings.

6.3 Computational Model and Method

From the perspective of top-view, C2N monolayer has graphitic structure with one
benzene ring missing per area of four benzene rings (i.e., porosity = 1:3) and the six
carbons most internal in each big pore are converted into nitrogen atoms. The pores are
connected just by pyridine rings (i.e., CaNz), as shown in Figure 6.1(a). Figure 6.1(a)
contains samples that comprise of 2x2 Primitive Cells (PCs). The PC is composed of
12C and 6N atoms and has a lattice constant of a = 8.33 A, which is in good agreement
with the experimental value of 8.30 A reported by Mahmood et al [12]. Most of our
work is done using a computational supercell of size 2x2 PCs (i.e., it contains 48 C + 24
N atoms) and having dimensions A = B = 16.66 A and C = 20 A. The latter C value is
maintained sufficiently large to ensure the isolation of the monolayer to interact with the
mirror images along the c-axis.

The great advantage in studying C2N, over conventional graphene, is that it has pores
which are uniformly distributed and having sufficiently large diameters (5.5 A) [12],
which open up the possibilities of functionalization via embedment of TM atoms in SAC
and DAC configurations. These metal atoms are found to be stable inside the pores, and
they tune the properties of the host material for specific tasks such as spintronic and
selective gas-sensing applications. Regarding the computational method, we used the
DFT method as incorporated in the ‘Vienna Ab-initio Simulation Package’ (VASP) [53].
The ion—electron interaction is treated by projected augmented-wave method [135]. The
exchange and correlation interactions were addressed using the generalized gradient
approximation with the Perdew-Burke-Ernzerhof (PBE) functional [234]. For structural
optimization, the convergence criteria/tolerances for total energy of 108 eV and atomic
force of 0.01 eV A were applied. In sampling the Brillouin zone, a k-mesh of 5x5x1
Gamma-centered Monkhorst—Pack (MP) [56] was utilized in the geometry optimization
of the samples 2x2, 3x3 and 4x4 PCs. A denser k-mesh grid of 8x8x1 (or 5x5x1) was
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used in the calculations of Density of States (DOS) for the 2x2-PC (or 4x4 -PC)
samples. The plane-wave cut-off energy was selected to be 550 eV and on-site U-
Hubbard parameter U = 4.5 eV and J = 1.0 eV, which are almost the default values in the
VASP-package, and in good agreement with the adjusted values done by Mann et al
[211]. The charge exchange between dopant and host crystal is calculated based upon the
Bader charge analysis within the framework of VASP package [58]. Curie temperature
(Tc) is defined to be the critical temperature above which the FMC interactions would
vanish and thus the system exhibits a phase transition to become paramagnetic.

The rigorous calculation of T¢ requires either Monte Carlo [235, 236] or ab-initio
molecular dynamics [237] simulations. Based upon the DFT study done by Gong et al
[222], owing to the prominent van Hove singularity in the band structure of CzN, this
material exhibits spontaneous ferromagnetism at a relatively low doping density. Over
the range of carrier density p = 4-8x10'® cm2, the system becomes half-metallic with
carriers fully spin-polarized. The estimated Curie temperature was about Tc=320 K
[222]. Many researchers argued that the TM functionalization of for instance graphene
can make the Curie temperature much higher than Room Temperature (RT) and rather at
order 500— 800 K [237]. As discussed in section 6.2, our doping density should be within
the range studied by Gong et al and this would pave an opportunity of the halfmetallicity
for room-temperature spintronic device applications. Last but not the least, regarding the
potential synthesis of the proposed structures yielding half metallicity, Mahmood et al
[12] first reported, in 2015, their successful synthesis of Co:N monolayers using wet-
chemical reaction between hexaminobenzene trihydrochloride and hexaketocyclohexane
octahydrate in N-methyl-2-pyrrolidone in the presence of sulphuric acid. Thereafter, the
same group [15, 16] reported, in 2017 and 2019, more progress through presenting an
experimental protocol for creating CoN material with embedment of some selected metal
atoms (like Ru, Pd, and Co) for applications as anodes in lithium-ion batteries. From our
theoretical perspectives, searching for 2D materials hosting half metallicity at RT (i.e.
with Curie temperature higher than RT) is by itself a formidable task, especially if the

synthesis of the predicted structures is potentially plausible.
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6.4 Results and Discussions
6.4.1 Atomic Relaxations

In any DFT study, the calculation of the atomic relaxation should be carried out first.
Figure 6.1 shows the atomic relaxed structures of supercells of CoN with a common size
of 2x2 PCs. The PC contains 6 N + 12 C atoms (i.e., 18 atoms); so that the pristine

supercell would have 72 atoms (i.e., 24 N + 48 C atoms).

(a) Pristine C;N (2x2) (b) C;N:1Mn (SAC)

Figure 6.1: Relaxed atomic structures of CoN 2x2 PCs supercell with and without Mn-
atom catalysts.

Table 6.1 shows the geometrical parameters of relaxed structures in the cases yielding
the half-metallicity character. Figure 6.1 shows six relaxed structures: (a) Pristine C2N;
(b) C2N with 1-Mn (SAC) inside the big pore; (c) CoN with 1 DAC-Mn inside the big
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pore; (d) CoN with double SACs Mn inside two neighboring big pores; () CoN with 1
DAC + 1 SAC of Mn atoms embedded inside two neighboring big pores; and (f) C2N

with 2 DACs Mn inside two neighboring big pores.

Table 6.1: Geometrical parameters of relaxed structures of pristine and Mn doped C2N

samples of 2x2.

(a) Pristine C2N (2x2)

(b) C2N:1Mn (SAC)

bee=1.43-1.47 A7, 1.43-1.47 A
ben = 1.34 A1, 1.34 A

Ang(C-N-C) = 1187, 118%*
A=B=16.685A" 16.66 A*, 16.66 A"

buvnn=1.88-1.91 AT
Ang(N-Mn-N) = 85.77°"
A=B=16.685A"

(c) C2N:Mn; (DAC)

(d) Cz2N:Mn-Mn (SAC-SAC)

buan = 1.93 - 2.03 At

bun-n = 2.02 A"

Ang(N-Mn-N) = 82.99° — 83.10°"
A=B=16.685A"

Bran = 1.85 — 1.96 A'
Ang(N-Mn-N) = 85.52° — 85.64°"
A=B=16.685A"

(e) C2N:Mnz2-Mn (DAC-SAC)

(f) C2N:Mn2-Mn: (DAC-DAC)

DAC:

bunn = 1.93 - 2.03 AY

ban-wn = 2.02 AT

Ang(N-Mn-N) = 84.29° — 84.97°"
SAC:

bunn = 2.12 = 2.31 A"
Ang(N-Mn-N) = 74.12°7
A=B=16.685A"

Bunn = 1.92 = 2.02 A'

b = 2.03 = 2.20 AY
Ang(N-Mn-N) = 84.35° — 89.21°F
A=B=16.685 A"

The details about the results are summarized in Table 6.1 and should be described as

follows:

e Pristine C2N: The results showing a lattice constant a= 8.34 A and bond lengths
bcc=1.43-1.48 A, bc.n=1.34 A, and anglecn-c) = 118 are in excellent

agreement with the experimental data reported by the inventors Mahmood and et

al [12] and the DFT results of Liu et al [239] and Ma et al [127]. In most of the

work reported here, we used a supercell of size 2x2 PCs as to be optimally

suitable to assess the effects of the embedment of 1-4 TM atoms on the

acquisition of half-metallicity within the framework and the capability of VASP-

package. Basically, we screened all the ten TM atoms with various combinations

of SAC and DAC and found only three elements (Mn, Fe, and Ni) to yield the

half metallicity.
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e C2N:1Mn (SAC): Figure 6.1(b) shows the case of SAC-Mn embedded in the large

pore of C2N. It is very important to emphasize that such embedment is

thermodynamically very stable as it indeed corresponds to very strong binding
energy (i.e. Epina =—4.497 eV for Mn in Table 6.2).

Table 6.2: Magnetization and properties in 2x2-PC C2N samples with and without Mn,

Fe and Ni catalyst cases.

Structure Eping (V) E;pmfup (eV) E;Pm*down (eV) Property M (up)
(a) Pristine C;N N/A 1.67 1.67 Semiconductor 0

(b) C;N:Mn (SAC) —4.497 0 0 Metal 4.33
(c) C2N:Mn (DAC) —7.645 0.405 0 Half-metal 4.0
(d) CaN:Mn (SAC-SAC) —9.126 0.20 0 Half-metal 8.004
(e) C;N:Mn (DAC-SAC) —11.881 0.246 0 Half-metal 7.0

(f) CoN:Mn (DAC-DAC) —14.597 0 0 Metal 7.575
(g)CaN:Fe (DAC) —5.885 0 0.368 Half-metal 2.0
(h)C;N:Ni (DAC-SAC) —10.711 0 0.164 Half-metal 1.999

Table 6.3: Magnetization and properties in 3x3-PC C>N samples with and without Mn,

Fe and Ni catalyst cases.

Structure E;Pin*up (eV) E;Pinﬁmwn (eV) Property M (1p)
(a) C;N:Mn (DAC) 0.302 0 Half-metal 4.0
(b) C;N:Mn (SAC-SAC) 0 0 Metal 7.533
(¢) C;N:Mn (DAC-SAC) 0 0 Metal 7.001
(d) C;N:Fe (DAC) 0.739 0.295 Magnetic semiconductor 2.0
(e) C2N:Ni (DAC) 0.148 0.177 Magnetic semiconductor 2.0
(f) CN:Ni (DAC-SAC) 0 0.163 Half-metal 1.999

In the relaxation process, the Mn atom was initially placed at the center of the big pore.

However, the center seems to be an unstable point and during the relaxation the Mn atom

moved closer to make two single covalent bonds with the two nitrogen atoms at the

border of the big pore at distance of about 1.88-1.91 A. This bond length is smaller than

the sum of the two atomic radii 2.32 A [127], revealing the covalent character of the

bonding. The final destiny of Mn atom is to stabilize at off center by an off distance of

about 0.7 A with a binding energy deeper than the center by about 55 meV. These results

are also in good agreement with those reported by Ma et al [127].

C2N:Mn; (DAC): Figure 6.1(c) shows the case of DAC-Mn embedded as a dimer in one

large pore of CoN. As it is shown, each Mn atom gets attached to two N atoms, with
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respective bond length bwn~n = 1.93 A and 2.03 A, while the dimer makes an inter Mn—
Mn bond bmn-mn = 2.02 A. The dimer Mn, occupies positions inside the big pore at the
membrane plane like the case of copper dimer reported by Zhao et al [126]. The relaxed
configuration of dimer Mn; has a binding energy Epind(2Mn) = -7.645 eV dimer* (Table
6.2).

Comparing this latter energy value to the binding energy of SAC-Mn, which is
Ebind(1Mn)=-4.497 eV, one can extract the recursive energy of the second Mn-atom to
be about Erec = -3.148 eV, whose magnitude is still larger than Mn-cohesive energy (i.e.,
Econ = 2.92 eV) [126]). So, one can deduce that the DAC-Mn can be very stable inside
the pore and contribute to the so-called irreversible capacitance in the language of metal-
ion battery perspectives [196].

C2N: Mn—Mn (SAC-SAC): As initial positions, two Mn atoms were put at the centers of
two neighboring big pores of CoN. Throughout the relaxation process, they move closer
so that each Mn atom makes two bonds with the nitrogen atoms at the wall of the pore as
shown in Figure 6.1(d). The bond lengths of Mn—N are about bvn-~ = 1.85-1.96 A and
the bond angle is about Angn-mn-n) = 85.520—-85.64¢ very similar to the case of SAC.
C2N:Mn>—Mn (DAC-SAC): After relaxing a dimer of Mnz in the central large pore, the
third Mn atom was initially placed at the center of the neighboring large pore and the
atomic relaxation is again carried out. The results are shown in Figure 6.1(e) and the
geometric parameters are displayed in Table 6.1. For SAC-Mn, the bond length Mn—N is
about bmnn = 2.12-2.31 A (i.e., a bit larger than the case of single SAC) and bond angle
Angn-mn-N) = 74.12- (i.e., a bit smaller than the case of single SAC). For DAC-Mn;, the
bond length bmn-n = 1.92-2.03 A (i.e. same as in the case of single DAC) and bond angle

ANngn-mn-N) = 84.29°- 84.97° (i.e. a bit larger than the case of single DAC). The dimer
bond-length is about bumn-mn = 2.02 A, smaller than the sum of the two radii (2R=2.56 A)
[146], revealing the covalent-character aspect.

C2oN:Mn2—Mn, (DAC— DAC): Two dimers Mn2 were atomically relaxed in two
neighboring large pores of C2N. The results of relaxed structure are shown in Figure
6.1(f) and Table 6.1. The obtained values of bond lengths Mn—N are about bvn-n = 1.92—
2.02 A (i.e., about same as single DAC) and bond angles Ang-wmn n) = 84.35°-89.21°
(i.e. a bit larger than the case of single DAC). The dimer bond-length is about bymn-mn =
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2.03-2.20 A (i.e., similar to single DAC). So, the dimers should be assumed to alter

covalent bonding with the C2N lattice.

6.4.2 Spin Polarized Partial Density of States (PDOS)

Figure 6.2 shows the spin-polarized PDOS corresponding to the samples shown in the
previous Figure 6.1 with basically the Valence-Band Maximum (VBM) energy and Fermi

level are taken as an energy reference in cases of pristine and Mn-doped C2N, respectively.

e Pristine C2N: Figure 6.2(a) shows the contributions of both C and N atoms to the
Total Density of States (TDOS). The results are based on VASP calculations and
do yield a bandgap energy of Eg = 1.67 eV, which is a bit less than the
experimentally reported one of 1.96 eV [12]. Such underestimation of bandgap
energy is expected in case of using DFT with plane wave basis set unless further
consideration of hybrid functional for the exchange correlation should be involved.
Moreover, the nitrogen atoms are shown to predominantly contribute to the
structure of the valence band due to their possession of filled dangling bonds.

e CoN:1Mn (SAC): The embedment of one Mn atom in the big pore of CoN sample
of size 2x2 PCs would lead to the metallization of the samples. Figure 6.2(b) shows
Fermi level shifting up to cross the dispersive bands originating from Mn atoms.
Moreover, the asymmetry existing between spin-up and spin-down TDOS should
reveal the existence of magnetization (i.e., magnetic moment). Hence the obtained
system is FM metal.

e C2N:Mn; (DAC): the embedment of DAC-Mn as a dimer in one big pore, proven
to be very stable, is shown in Figure 6.2(c) to yield half-metallicity character. Not
only does the system get magnetized, as displayed by the asymmetry between spin-
up and spin-down TDOS, but Fermi level crosses some spin-down bands while
spin-up states behaving semiconducting and having an energy gap of 0.405 eV. It
is worth to emphasize some reduction in magnetization from 4.33 pg to 4.0 Us
corresponding to SAC and DAC, respectively (Tables 6.2 and 6.3). Such reduction
reveals that the two Mn-atoms stabilize into an Anti-Ferromagnetic (AFM) state.
One question should be raised about the origins of ‘half metallicity’ is whether it

will be due to the existence of such AFMC interaction or due to the FMC
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interactions of the whole magnetic moment with its (six) mirror images, which are
expected to be formed by periodic-boundary conditions. Throughout the present
investigation we will come up with answers to this question.

C2oN:Mn—Mn (SAC-SAC): The embedment of two SAC-Mn atoms in neighboring
big pores would also induce the half-metallicity character as it is shown in Figure
6.2(d). Like the previous case of C:N:Mn, (DAC), Figure 6.2(d) shows the
asymmetry between spin-up and spin-down states’ contributions to TDOS
revealing the existence of magnetic moment (M = 8.004 ug), which is about the
double of the value of SAC case shown in Figure 6.2(b). Such huge magnetic
moments should reveal that the SAC-SAC configuration has stabilized to yield FM
state. The second question one should raise here is about the origins of the ‘half-
metallicity’, was it due to the FMC interaction between SAC-SAC or between the
whole magnetic moment and the others due to the (six) mirror images.
C2oN:Mna—Mn (DAC-SAC): Figure 6.2(e) shows another case of realization of
‘half-metallicity’ character due to the embedment of DAC and SAC Mn atoms in
two neighboring big pores of CoN. Fermi level is shown to cross the spin-down
states as becoming metallic while the spin-up states remaining semiconducting with
an energy gap of 0.246 eV. The total magnetization of DAC-SAC is shown in
Tables 6.2 and 6.3 to be about M = 7.0 uB, which is less than the case of SAC—
SAC and thus revealing an AFMC to take place between the two atoms of DAC
configuration. The acquisition of the half-metallicity characters in the three cases
(c—e) will be proven to originate from the FMC interactions with the six mirror
images, formed by the periodic boundary conditions.

C2N:Mna— Mn; (DAC-DAC): Figure 6.2(f) shows that the embedment of DAC-
DAC in two neighboring pores of CoN would result in magnetic metal with a
magnetization of about M = 7.575 us, which is larger than the case of DAC-SAC
but smaller than the case of SAC-SAC. It might reveal the fact of existence of
AFMC interaction within DAC and FMC interaction between DAC-DAC.
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Figure 6.2: Spin polarized PDOS of C>N 2x2 supercell with and without Mn-atom
catalysts.

6.4.3 VBM, CBM and Fermi Eigenstates

In attempting to dig for further understanding of the half-metallicity characteristics, we
performed calculations of the VBM, the Conduction Band Minimum (CBM), and the

Fermi eigenstates corresponding to semiconducting and metallic behaviors of the two
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spin states, respectively. Besides, we performed the calculations of the Orbital Density of

States (ODOS). Figure 6.3 shows the eigenstates density plots corresponding to all the

samples displayed in the previous Figure 6.2. Of course, only cases (c—€) are previously

known to host the ‘half-metallicity’ character. Details of the distribution of the eigen-

states are as follows:

Spin-Up

Spin-Down

(a) Pristine C;N

VBM CBM

VBM CBM

(b) C;N:Mn (SAC)

Metallic (@ Fermi Energy)

Metallic (@ Fermi Energy)

(c) C;N:Mn (DAC)

VBM CBM

Metallic (@ Fermi Energy)

VBM CBM

(d) C,N:Mn (SAC-SAC)
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at
Metallic (@ Fermi Energy)
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() C.;N:Mn (DAC-DAC) | (e) C,N:Mn (DAC-SAC)

Metallic (@ Fermi Energy)

Metallic (@ Fermi Energy)

Figure 6.3: Eigen-functions of VBM, CBM and Fermi-level states of CoN 2x2-PCs

supercell with and without embedment of Mn-atom catalysts.
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Pristine CoN behaves as paramagnetic semiconducting. So, there is no distinction
between spin-up and spin-down states. The VBM state and the CBM state are
shown to be predominated by the N atoms to corroborate the results of PDOS
shown in Figure 6.2(a).

C2N:1Mn (SAC): The embedment of SAC-Mn in one big pore of CoN would
yield a magnetic metal, as shown in the previous Figure 6.2(b). The density plots
of Figure 6.3(b) shows both spin states behave metallic as their Fermi eigenstates
are hosted by all types of atoms and to be percolating from one side to the other.
C2N:Mn, (DAC): In this case the spin-up states behave semiconducting, and one
needs to present both their corresponding VBM and CBM eigenstates; whereas
the spin down behaves metallic to yield the ‘half-metallicity.” While the
VBM/CBM states are hosted by all species in the samples (Figure 6.3(c)), the
metallic spin-down states are attributed mainly to the two Mn atoms. So, one
would expect some d orbitals mixing to take place in the spin-down states.
C2N:Mn-Mn (SAC-SAC): Similarly to the previous case, the spin-down here also
behaves metallic to yield ‘half-metallicity’. VBM/CBM eigen-states due spin-up
sates are attributed basically by all species of atoms in the sample (Figure 6.3(d)),
while the metallic spin-down states at Fermi level are shown to kind of repel from
the vicinities of two SAC sites but clearly shown to be percolating to yield
metallicity. Yet, the mixing of orbitals at Fermi level seems to take place in a
fashion different from that of DAC-based half-metallicity.

C2N:Mn>—Mn (DAC-SAC): This is a third case to yield half-metallicity where
spin-down states behave metallic while the spin-up remains semiconducting. In
this case, the spin-up eigenstates of VBM and CBM are shown in Figure 6.3(e) to
be mainly attributed to the host-crystal atoms (i.e., C and N atoms). On the other
hand, the metallic spin-down states are shown to have contributions more on
DAC than SAC in addition to the C and N atoms of the sample. This might reveal
the mixing of d-states of the two Mn atoms of DAC structure.

C2N:Mn2—Mn; (DAC-DAC): The embedment of two DACSs in two neighboring
pores of CoN would yield magnetic metal where both spin-up and spin down

exhibit mixing of d-orbitals of Mn atoms within two DACs. The eigen-states at



Fermi levels corresponding to the two spin-states are shown in Figure 6.3(f) to be

attributed to both DACs as well as N and C atoms in the sample.

6.4.5 Screening of TM Doping Versus Half-Metallicity

The selection of manganese in our presented study, so far, is based on its high catalytic
activity and FM character as it possesses five unpaired d electrons. We have scanned all
the TM atoms ranging from Sc to Zn and searched for possible configurations to obtain
half-metallicity. We took the three cases of Mn atoms (DAC, SAC-SAC and SAC—
DAC) yielding half-metallicity as model configurations. Nonetheless, we obtained just
two further cases exhibiting half metallicity, which correspond to: (a) CoN:Fe2 (DAC)
and (b) CoN:Ni>—Ni (DAC-SAC). All the results shown in these latter figures show
metallic behavior for both spin states. Throughout the present investigation, the
occurrence of half metallicity requires the providence of two simultaneous conditions,
which are kind of a compromise between synergetic and FMC-interaction effects. The
lack of these conditions would affect the occurrence of half-metallicity. So, having said
that, the fact that the half-metallicity found to take place only in special cases,
specifically when using the FM elements such as Mn, Fe, and Ni, but not to occur in Co
Is among the wonders. Furthermore, it is important to emphasize the relevance of
magnetic semiconductors for spintronic device applications as was recently reported by
Anbuselvan et al [240]. Nonetheless, in the current investigation, we would rather focus

on cases of half-metallicity.
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Figure 6.4: Spin-polarized PDOS of C2N with catalysts Fe and Ni as DACs and SACs
respectively.

Figure 6.4 shows the spin polarized PDOS of these samples:

(@) C2N:Fe2 (DAC): Figure 6.4(a) displays half-metallicity where spin-up states
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behave as metallic, while the spin-down state remains semiconducting with
bandgap energy of about 0.368 eV. The Fe atom is supposed to possess four
unpaired d-electrons and 2s-electrons when it is a free atom. In the configuration
of DAC-Fe embedded in C2N, three electrons in each Fe-atom are engaged in the
bonding. Yet, Table 6.2 shows that the magnetization of the configuration
corresponding to Figure 6.4(a) is about M = 2 pg. This in turn suggests that the
DAC-Fe stabilizes in an AFM configuration (i.e., like Mnz DAC).



(b) C2N:Ni—Ni (DAC-SAC): Figure 6.4(b) shows the half-metallicity character
when Ni>—Ni (DAC- SAC) are embedded in two neighboring large pores of C2N.
Fermi level crosses the spin-up states to reveal their metallization while spin-
down states remain semiconducting with an energy bandgap of about 0.164 eV.
The magnetization value is higher than the case of DAC as FMC between DAC—
SAC seems to take place. In a similar way, the trend of half-metallicity seems to
remain occurring in similar fashion to Mn embedment in CoN. We will show
below that that trend should rather be attributed to the FMC of the total
magnetization with its six mirror images. Figure 6.5 displays the VBM/CBM and
Fermi eigen-states corresponding to the two samples whose PDOSs were

elaborated in the previous Figure 6.4.
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(a) C;N:Fe (DAC)

Metallic (@ Fermi Energy) V‘BM’ CBM

(b) C2N:Ni (DAC-SAC)

Metallic (@ Fermi Energy) VBM CBM

Figure 6.5: Eigenfunctions of VBM, CBM and Fermi level of CoN 2x2 supercell with Fe
and Ni atom catalysts.

Namely, the two structures are as follows:

(@) CoN:Fe2 (DAC): It exhibits half-metallicity due to spin-up states becoming
metallic. So, Figure 6.5(a) presents the eigen-state at Fermi level associated with
spin up states, and the VBM/CBM eigen-states due to the spin-down states
exhibiting the semiconducting behavior. The Fe-dimer seems to induce
metallization in spin-up states through bands to be carried by C and N atoms around
the DAC-Fe. On the other hand, the spin-down states behave semiconducting where
the VBM is a very localized state at the DAC-Fe and the CBM is a delocalized state
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on all sites but not DAC-Fe. Such behaviors of VBM/CBM states should be good
model representation of materials with indirect bandgap transitions (see for instance
the band structure in Figure 6.7(g)).

(b) C2N:Ni—Ni (DAC-SAC): This structure behaves as half-metallic with the spin-up
states being conductive while spin-down states remain semiconducting. Figure
6.5(b) shows all the eigenstates of spin-up at Fermi level, and spin-down
VBM/CBM to be delocalized. The metallization in spin-up states might be caused
by FMC interactions between the total magnetic moment at the DAC-SAC
complex and its six mirror images, which are formed by the periodic-boundary

conditions.

6.4.6 Bands and ODOS

To pursue further analysis about the origins of the ‘half-metallicity’ Figures 6.6 and 6.7
present the spin-polarized band structures and the ODOS for the pristine CoN sample of

2%2 PCs in size and the five samples hosting half-metallicity.

In Figure 6.6, the spin-up and spin-down are presented by the green dashed and red-solid

curves, respectively.

(@) Pristine CoN sample of 2x2 PCs shows the evidence of para-magnetism where
both spins are indistinguishable. Pristine C2N is shown to have a direct bandgap
of Eg = 1.67 eV at Gamma-point (i.e., as being folded from K-point of Brillouin
zone, which is the Wigner—Seitz cell of the reciprocal lattice). All the remaining
samples behave FM and whose bands are spin-dependent as follows:

(b) C2N:Mnz (DAC): spin-down bands (red-solid curves) are metallic and spin-up
bands (green-dashed curves) are semiconducting with an energy bandgap of 0.405
eVv.

(c) CoaN:Mn—Mn (SAC-SAC): spin-down (red-solid curves) are dispersive at Fermi
level and thus metallic; whereas the spin-up bands (green-dashed curves) are
semiconducting with an energy bandgap of about 0.20 eV.

(d) C2N:Mn—Mn (DAC-SAC): spin-down bands (red-solid curves) are metallic as
crossing Fermi level in dispersive fashion. The spin up bands (green-dashed

curves) are semiconducting having an energy bandgap of 0.25 eV.
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(e) C2N:Fe; (DAC): spin-up states (green-dashed curves) behave metallic while spin-

down states (red-solid curves) are semiconducting with an energy bandgap of 0.37

eV.

() C2N:Ni—Ni (DAC-SAC): spin-up states (green dashed curves) behave metallic
while the spin-down states (red-solid curves) are semiconducting with an energy

bandgap of 0.16 eV.

K-vactor

(a) Pristine C;N (2x2) (b) C;N:Mn (DAC)
= (a) C N-Pristine (b) C ,N:Mn (DAC)
= +

K-vector

(c) C2N:Mn (SAC-SAC)

(d) C2N:Mn (DAC-SAC)

& {c) C,N:Mn (SAC-SAC)

(d) C,N:Mn (DAC-SAC)
6

_

1.

1.2
08

=

W — - Tk

nergy (

Was v| Al
' : -1.2..\ .1:_,.‘41..
121 | M - _‘..K “ " ]
K-vector K-vector
{e) C:N:Fe (DAC) (f) CaN:Ni (DAC-SAC)

(e) czN:Fe (DAC)

- -
~N Ld

)

Energy (eV)
0.—

i

Ry
o e

m

K-vector

(f) C N:Ni (DAC-SAC)

K-vector

Figure 6.6: Spin polarized band structures of C2N with TM atom catalysts yielding half

metallicity.
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Figure 6.7 displays the results of spin-polarized ODOS for all the six samples including
the pristine CoN 2x2-PC sample and all the five samples hosting half-metallicity. Figure
6.7(a) presents the case or pristine sample and shows the contributions from the s and p
orbitals on each C and N atom. The valence band seems to be predominantly composed
of C(p) and N(p) orbitals and more specifically attributed to the filled dangling orbitals
residing on the N atoms at the big pores.

In the case of Mn-doped C2N with the catalysts in configurations of DAC, SAC-SAC,
and DAC-SAC, shown in Figures 6.7(b)—(d), respectively, the metallization occurs in
the spin-down states. The contributions to the spin-down metallic bands are shown to be
attributed mainly to the metal catalyst ‘Mn’ and the neighboring C and N atoms at the
perimeter within the big pore containing the catalysts.

In the cases of Fe and Ni catalysts, the DAC and DAC-SAC configurations are found to
host the halfmetallicity, as shown in Figures 6.7(e) and (f). In both these latter cases, the
metallization takes place in the spin-up states and attributed to the metal atom and its

surrounding C and N atoms located at the perimeter of the large pore.
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Figure 6.7: Spin polarized ODOS of cases of CoN with embedment of TM-atom catalysts
yielding half metallicity

6.4.7 FMC versus Sample Scaling

Focusing on the origins of half-metallicity in TM doped C2N, it is due to synergetic
effects of incorporating more than one dopant in adjacent locations. SAC-TM alone

cannot make it happen.
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Table 6.4: The variation of magnetization, spin polarized band gap and FMC potential
“Vemc” versus distance between M centers.

Sample 2x2 Sample 3x3 Sample 4x4

dum M Property EJF dwm | M(us) | Property EJP dum | M(us) | Property EJP

Host (A) | () | BW(eV), | poown | (A) BW (eV), | poown | (A) BW (eV), | poown

Veme (meVv) (eV) Vemc (meV) (ev) Vimc (meV) (ev)

Pristine C;N N/A 0 s/c 1.67 N/A 0 s/c 1.67 N/A 0 s/c 1.67

1.67 1.67 1.67

C:N:Mn (DAC) 1666 | 4.0 | HalfMetal | 0.405 | 25.0 40 | HalfMetal | 0302 | 3333 | 433 s/C 0.64

0.150 (12.5) 0 0.050 (4) 0 0.55

CN:Mn (SAC-SAC) | 1666 | 7.0 | HalfMetal | 020 250 | 7.533 Metal 0.0 — |
0.240 (20) 0 0.0

C:N:Mn (DAC-SAC) | 1666 | 7.0 | HalfMetal | 025 25.0 | 7.001 Metal 0.0 — |
0.230 (19) 0 0.0

C2N:Fe (DAC) 1666 | 2.00 | Half Metal 0.0 250 | 2.00 | Magnetic | 0.739 — |
0.122(10) | 0.368 s/c 0.29

CzN:Ni (DAC-SAC) | 1666 | 1.999 | Half Metal 0.0 250 | 1.999 | HalfMetal | 0.0 3333 | 1.9224 s/c 0.25

0.185(15.4) | 0.164 0.105(9) | 0.163 0.504

Now, the next decisive question is whether the half-metallicity is a product of an internal
FMC/AFMC interactions within the group of TM dopants or external FMC interactions
of the group with its six mirror images, formed on the xy-plane by the periodic boundary
conditions.

In order to assess this latter hypothesis, we have tested the existence of ‘half-metallicity’
in the case of larger samples while keeping the group of TM atoms robust. Furthermore,
one should focus on both the existence of ‘half-metallicity’ and more specifically on the
width of the band at Fermi level of the metallic spin. So, we have basically five cases to
inspect, for which we calculated the spin polarized PDOS and bands. The resulting data
are extracted and summarized in Table 6.4.

(@) C2N:Mnz (DAC): For the sample of size 3x3 PCs, Figures 6.8(a) and 6.9(a) show
the existence of metallic (dispersive) band crossing Fermi level for spin-down
states while the other spin is semiconducting with bandgap energy of 0.302 eV.
The half-metallicity in such system disappears in the sample of size 4x4 PCs,
which becomes semiconducting.

(b) C2N:Mn-Mn (SAC-SAC): For the sample of size 3x3 PCs, Figures 6.8(b) and
6.9(b) show the disappearance of ‘half-metallicity’ as both spin states becoming
metallic. The bands of both spin up and spin-down states shown in Figure 6.9(b)

are dispersive.
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(c) C2N:Mn2-Mn (DAC-SAC): For the sample of size 3x3 PCs, Figures 6.8(c) and
6.9(c) confirm the disappearance of ‘half-metallicity’ as both spin states
becoming metallic with dispersive bands crossing Fermi level.

(d) C2N:Fe2 (DAC): For the sample of size 3x3 PCs, Figures 6.8(d) and 6.9(d) show
the disappearance of ‘half-metallicity’ as both spin up and spin-down states
becoming semiconducting.

(e) C2N:Ni—Ni (DAC-SAC): For the sample of size 3 x 3 PCs, Figures 6.8(e) and
6.9(e) show the half metallicity to still exist and is due to the metallization of
spin-up states while the spin-down states behave as semiconducting with bandgap
energy of about 0.163 eV. Nonetheless, for larger sample size 4 x 4 PCs, the
‘half-metallicity’ disappears as both spins becoming semiconducting. In brief, the
disappearance of ‘half-metallicity’ for larger samples is confirming that it
originates from the FMC interactions of the magnetization of the group of dopants
with the six mirror images, formed on xy-plane by the implementation of the

periodic-boundary conditions.
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Figure 6.8: Spin polarized PDOS of 3x3 scaled up samples of CoN with TM catalysts
that exhibited half metallicity in 2x2 sample size.

The FMC interaction, inducing the half metallicity, have potential energies of magnitude
up to 20 meV and spatially ranging up to critical lengths of order Lc ~ 21-29 A, as

shown in Table 6.4.
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Figure 6.9: Spin polarized band structures of 3x3 scaled up samples of C2N with TM
atom catalysts that exhibited half metallicity in 2x2 sample size.
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Figure 6.10: Comparison between the effects of FMC and AFMC interactions on the half
metallicity in 4x4 sample size.

6.4.8 Ferromagnetism and Anti-Ferromagnetism versus Half Metallicity

To assess the nature of magnetism taking place in case of occurrence of half-metallicity,
it is more convenient to use a larger computational supercell such as 4x4 PC of C2N (i.e.
in case of pristine, it contains 288 atoms = 192C + 96N atoms and in case DAC—SAC the
supercell should contain 288+4x3 = 300 atoms). This supercell should comprise four
weights of repetition of the 2x2-PC sample (i.e., two simultaneous repetitions along each
x and y direction). We have used this large supercell for two tasks.

In task #1, we tested to double check the existence of half-metallicity in the case of large
4 x 4-PC samples corresponding to five cases: (a) C2N:Mn (SAC), (b) C2N:Mn (DAC),
(c) C2N:Mn (SAC-SAC), (d) CoN:Mn (DAC-SAC), and (e) CoN:Mn (DAC-DAC). The
results of the spin polarized TDOS are shown in the appendix. The results are consistent
with those obtained using the smaller supercell of size 2x2 PCs, displayed in Figures
6.2(b)— (f), approving the metallicity in the two cases of (a) SAC and (e) DAC-DAC;
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and confirming the half metallicity in the other three cases (b) DAC, (c¢) SAC- SAC, and
(d) DAC-SAC revealing the half-metallicity to be attributed to the FMC interactions.

In task #2, the large-sized sample of 4 x 4 PCs is explored to carry out a comparison
between the effects of FMC and AFMC interactions on the halfmetallicity. For
demonstration, we took the case of DAC, which yields half-metallicity in the 2x2-PC
sample, and we assessed the effects of both FMC and AFMC interactions on the half-
metallicity in the large 4x4-PC sample. The results of relaxed atomic structures and spin
polarized PDOS and TDOS are shown in Figure 6.10. It is remarkable that the total
energy in the sample exhibiting FMC interactions is lower than that of the sample
exhibiting AFMC interactions (i.e., AE = EFM¢ — EAEMC = —0.125eV).

Consequently, the ground state should correspond to the existence of the FMC
interactions. The second interesting trend shown in Figure 6.10 is that the FMC
interactions do yield half metallicity whereas the AFMC interactions yield metallic state.
The magnetization in the latter case seems to vanish as the AFMC interactions cannot
even exist at that range of distance (which is about 16.6 A). In our simulations, we have
considered each DAC as a unity having one magnetic moment as presented in Figure
6.10, and we turned on the magnetic interactions with results displayed therein.
Throughout our discussions of various combinations of SACs and DACs and various
types of magnetic interactions, it should be concluded that the existence of the half-

metallicity requires a compromise between synergetic and FMC effects.
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Chapter 7: Functionalized HfsC, and ZrsC, MXenes for Suppression of
Shuttle Effect to Enhance the Performance of Sodium-Sulfur Batteries

7.1 Summary

Sodium-sulfur batteries show great potential for storing large amounts of energy due to
their ability to undergo a double electron- redox process, as well as the plentiful
availability of sodium and sulfur resources. However, the shuttle effect caused by
intermediate sodium polysulfides limits their performance and lifespan. To address this
issue, here we propose using HfsC2T2 and ZrsC.T2 (T=F, O), two functionalized MXenes,
as cathode additives to suppress the shuttle effect. By using density-functional theory
calculations, we investigate nature of the interactions between Na>S, and MXene, such as
strength of adsorption energy, electronic density of states, charge exchange, and
dissociation energy of the Na>S molecule. They find that both HfsC,T> and ZrsC,T>
systems inhibit the shuttle effect by binding to Na,S, with a binding energy higher than
the electrolyte solvents. They retain their metallicity during this process and the
decomposition barrier for Na.S, on the O functionalized MXenes gets reduced which
enhances the electrochemical process. Among the MXene systems studied, Zr3C>0, shows
the best performance in suppressing the shuttle effect and increasing the battery's

reversible capacity and lifespan.

7.2 Introduction

In the last few decades, Lithium-ion Batteries (LIBs) have been the leading energy
storage devices available for usage of portable electronics and Electric Vehicles (EV)
[35, 241-242]. Amongst the obvious disadvantages in LIBs is the sustainability issue of
lithium’s resources as it is depleting in an accelerated way from the earth’s crust due to
the high augmenting consumption. Alternative batteries based on other materials have
recently been explored, such as sodium-ion batteries [243], potassium-ion batteries
[244], aluminum-ion batteries [245], zinc-air batteries [246], and Sodium-Sulfur
Batteries (NaSBs) [247-248]. Recently, many researchers focused their efforts on NaSBs
which demonstrated to be reliable to work at Room Temperature (RT) with high energy
density. The biggest advantage of these batteries is the abundance of both sodium and
sulfur in nature [247-248].
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At higher temperatures, the NaSBs’ performance reduces due to a reduction in the
energy density caused by the formation of NaS; product instead of Na.S, [249-250].
Even at RT, some constraints exist, which hamper the performance of NaSBs such as the
poor cycling stability attributed to low electric conductivity and the large volume
expansion of the sulfur cathode [251]. In addition, there is recursive redox
transformation of sulfur to sodium polysulfides (Na.S») which get dissolved in the
common electrolyte solvents, such as 1,2-dimethoxyethane (DME) and 1,3-dioxolane
(DOL), a phenomenon commonly known as shuttle effect, causing the gradual depletion
of cathode material and anode passivation [248, 252].

The idea of physical confinement and chemical adsorption was explored by many
researchers for the effective suppression of the shuttle effect [248, 252]. The idea of
chemical adsorption requires a cathode-additive material to be used as an anchor to
passivate the Na,S, by chemisorption interaction with the anchoring material. To state a
few examples of anchoring materials, one mentions for instance: (i) Graphene/N-doped
carbon [253], (ii)) MOF-derived S, N-doped porous carbon [254, 255], (iii) N and O-
codoped carbon composites [256], and (vi) TizC2Tx MXenes Mono Layer (ML) [257].
The role of the additive anchoring electrode is to prevent the dissolution of Na,S, in the
electrolyte. So, it must provide a chemical binding with NaxS, stronger than those with
the electrolytes. On the other hand, these interactions should not be too strong to restrict
the reversibility of Na>S, during the charging process. Meanwhile, another role of the
anchoring material is to enhance the electrical conductivity of the sulfur cathode.

To provide such moderate interaction between the Na,S, and the cathode-additive
anchor, it would be interesting to consider the materials with large surface areas, such as
MXenes [258]. For instance, in several MXene based gas-sensing studies, selectivity was
achieved in case of ammonia (NHs) with physisorption and an adsorption energy which
do not exceed 0.51 eV [259]. MXenes are novel 2D materials which were originally
synthesized as van der Waals nanolayers [258 - 262]. They have been demonstrated to
have applications in batteries, gas-sensing, and biosensing biomedical molecules such as
those attributed to lung cancer and Alzheimer’s diseases [263 - 264]. Usually MXenes
are metallic, however their electronic properties could be tuned upon passivation with

various functional groups, such as oxygen, sulfur, and halogens (group VI or VII). So,
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MXenes have the ability to maintain their interactions with most molecules at the range
of intermediate strength like a strong physisorption or a weak chemisorption, which is
beneficial to be explored in fabricating reusable sensors.

In literature, many types of anchoring materials have been proposed as an additive on top
the sulfur cathode of NaSBs [255, 265 - 269]. For instance, the proposed materias have
been ranging from Nano Porous Graphene (NPG) [255], to N-doped NPG [256], to
MNs-doped graphene (M = Cr, Mn, Fe, Co, Cu) [265], to sulfur-doped TizC,Tx MXenes
[266], to CoP-Co composite [267], to CoN ML [268], and to AszSs ML [269]. Amongst
all these 2D materials the performance of MXenes has been shown to be either superior
or at par with the other candidates, in order to inhibit the shuttle effect in NaSBs (e.g.,
using TisC,Tx [257, 266]). Owing to their huge diversity, outstanding metallic
conductivity, tunable surface chemistry, and 2D layered structure, MXenes exhibit
enormous potential which can be explored for battery applications in general and NaSBs
in particular [270, 271].

The scope of the present Chapter is to investigate the adsorption of Na>S, on the two
selected MXenes Hf3C>T2 and Zr3C,T>. Also, the role of the different passivation was
analyzed from the perspective of developing a superior anchoring material. Successful
syntheses of these MXenes were recently reported [17, 18]. Namely, Zhou and
coworkers [17] reported the successful growth of HfsC,Tx and showed their potential for
lithium and sodium ion batteries with reversible volumetric capacities of 1567 and 504
mAhcm3, respectively. The same group [18] also reported the successful synthesis of
Zr3C,Tyx and they found them more stable than TisC2Tx at high temperature.

Here, we applied the Density Functional Theory (DFT) method to study the adsorption
of NaxSn on Hf3C,T>2 and ZrsC,T» functionalized with F and O passivation. We calculated
the binding energies of Na>S, with the studied MXenes and compared the results with
those on the electrolytes (DME and DOL) Further, we studied the spin-polarized Partial
(PDOS) and Total (TDOS) Density of States to evaluate the effect of Na.S, adsorption
on the electronic and magnetic properties of HfzC>T2 and ZrsC,T». We thereafter have
presented an elaborated discussion on the charge transfer mechanism using Charge
Density Difference (CDD) profile and Bader charge analysis. Climbing Image-Nudged

Elastic band (CI-NEB) method was used to assess the kinetics of Na* ion’s dissociation
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from NaS and its diffusion during the charging process. The Chapter is organized as
follows. The model and method will be described in next Section 7.3. Section 7.4 shows

a discussion of our DFT-obtained results. The last section summarizes our main findings.

7.3 Computational Model and Method

In crystalline structure, M3X2Tx MXenes are layered hexagonal (belonging to the space
group P63/mmc) [272], with two formu la units per primitive cell. So, as a model, we
considered a computational supercell of size 3x3 primitive cells (i.e., containing 63
atoms). Such a supercell would be sufficient to investigate the adsorption properties of
Na:xSn (n=1, 2, 4, 6, 8) on Hf3C,T2 and ZrsCoT2 (T=F, O). One should expect the
computations to be spin-polarized and rather demanding as they involve heavy transition
metal elements (Hf and Zr), where f-electrons should be included in the calculations. The
relaxed atomic structures will be discussed in the next section. The supercell dimensions
are set to be (A=B, C), with A = 3xa, a is the lattice constant shown in Table 7.1. So, A
and B are set in a fashion to yield periodic slab in xy-direction; whereas C = 20 A is set
large enough to ensure the isolation of the slab from interacting with its mirror images
along the z-direction.

Concerning the computational method, we used the state-of-the-art Density Functional
Theory (DFT), as incorporated in the “Vienna Ab-initio Simulation Package” (VASP)
[53]. The ion-electron interaction is treated by the Projected Augmented Wave (PAW)
method [135]. The exchange and correlation interactions were addressed using the
Generalized Gradient Approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional [234]. We used an energy cut-off of 500 eV. In sampling the Brillouin zone, a
k-mesh of 5x5x1 (12x12x1) under Monkhorst-Pack scheme [56] was utilized for
geometry optimization (DOS calculations). We took as convergence criteria of 10 eV
and 10 meV/A for total energy and force per atom, respectively. Furthermore, it is
crucially important to incorporate the VVan der Waals (vdW) interactions as they alter the
adsorption of Na>Sn. The vdW interactions are included using the DFT-D3 method of
Grimme scheme [57]. The charge exchange between molecule and substrate is calculated

based upon the Bader charge analysis within the framework of VASP package [58].

153



7.4 Results and Discussions
7.4.1 Structural and Electronic Properties

Atomic relaxation always comes first in any DFT study. Figure 7.1(a) shows the results
of four MXenes structures, comprising of HfsCaF2, HfsC202, ZrsCaF2, and ZrsC,0:
monolayers. The optimized geometries have been presented in Figure 7.1(a) and their
corresponding parameters are summarized in Table 7.1. Each passivated F(O) atom is
surrounded by inner two metal Hf/Zr atoms with the bond lengths F - Hf= 2.319 A, O -
Hf =2.105 A, F-Zr=2.333 Aand O - Zr = 2.13381 A. The obtained lattice parameters
area=b=3.291 A for Hf3C,F2, a = b = 3.270 A for Hf3C20,, a=b = 3.342 A for
ZrsCoF2 and a = b = 3.319 A for ZrsC,0;, which are found to be consistent with the
experimental data [17,18] and in good agreement with the ab-initio results [272, 273].
The bond angles of both metal (Hf, Zr) and carbon atoms are shown in Table 7.1 to be

about 90°, which are consistent with what is reported in literature [17, 18, 272, 273].
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Side View Top view

Hf;C,F,

Hf;C,0,

ZI‘3C2F2

Zl‘ngOz

Figure 7.1(a): Side and top view of crystal structure of MXenes Hf3C2X> and TizC2X>
(X=F/O) using 3x3-PC supercell.

Having transition-metal atoms in composition, the inclusion of spin-polarization in the
electronic structures of these MXenes becomes necessary. Figure 7.1(b) shows the
Projected spin-polarized Density of States (PDOS) of Hf:C2X> and ZrsC2X2 (X=F/O) as
calculated by GGA-PBE. Fermi level is taken as an energy reference (i.e., Er = 0) while
the PDOS and TDOS are displayed in energy range [-2, +2] eV around Er. The results
reveal that all the four MXenes are paramagnetic metals (i.e., the PDOSs having
similarity between the spin up and the spin down states to yield vanishing magnetization,
M =0, and exhibit finite value at the Fermi energy). The metallic nature can be

predominantly attributed to the d states in the metals (Hf/Zr).
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Table 7.1: Geometrical Parameters of the MXenes Hf3C» and ZrsC- after the two

passivations(F/O)
MXene Hf3C, ZriC;

Passivation Passivation F Passivation O Passivation F Passivation O
Lattice Constant DFT 3.2091 A 3.269 A 3.342 A 3.319A
Lattice Constant Exp. 3.290 A(¥) 3.27A(%) 3.332 A(**) 3.314 A(**)

bewr=(2.19,2.37) A bewr=(2.36,2.32) A bez =(2.23,2.38) A bez =(2.36,2.34) A
Geometry bure =2.319 A buro = 2.105 A bzr=2.333A bzo=2319 A
Slab thickness = 7.66 A Slab thickness =7.32 A Slab thickness = 7.75 A Slab thickness =7.43 A
Ang C =87.1° Ang C = 90.54° Ang C = 87.50° Ang C = 90.90°
Ang Hf = 90.59° Ang Hf = 91.63° Ang Zr = 90.89° Ang Zr = 90.03°
(a) HR,C,F, (b)Hf3C,0,
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Figure 7.1(b): Spin-polarized PDOS of monolayer MXenes Hf3C2Xz and Zr:CaXz

(X=F/QO) using 3x

3-PC supercell.

7.4.2 Adsorption of NaxSy

Na>S, molecules were introduced on the surfaces of four MXenes to quantify the

anchoring capabilities of the latter. The results of binding energies are shown in Figure

7.2(a) and compared with those of electrolytes (DOL and DME). The results of the

binding energies of the Na,S, are presented in Figure 7.2(b) in a comparative fashion

amongst all the four studied MXenes. Whereas Table 7.2 shows an extended comparison

of our results of binding energies to others existing in literature. The oxygen passivated
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MXenes display the strongest binding energies which are competitive to those displayed
for C2N-based anchoring material [255, 265 - 269].
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Figure 7.2(a): Comparative binding energies of the 4 MXenes with the 6 sodium

polysulfides.

In the atomic relaxation processes, several configurations and orientations were explored

and studied to examine the energetically favorable sites and positions and Figure 7.3 (a-

d) show the strongest binding configurations of Na>Sn on HfsC2F2, Hf3C202, Zr3CzF. and

Zr3C,0., respectively.
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Table 7.2: Comparison of Binding Energies of the MXenes under study with existing
literature for inhibition of shuttle effect.

System NazS Na;S; Na;5, Na;Se Na;Ss Ss
Hf3CzF, -0.92 -1.17 -1.46 -1.69 -1.93 -1.38
Hf3C,0. -2.53 -2.93 -2.73 -1.84 -2.01 -1.64
Zr3CoF; -1.21 -1.49 -1.62 -1.68 -1.81 -1.37
Zr3C02 -2.73 -3.24 -2.92 -2.16 -2.23 -1.62
DOL -0.65 -0.82 -0.64 -0.60 -0.65 -0.18
DME -0.64 -0.88 -0.78 -0.98 -0.42 -0.20
Graphene -0.82 -0.67 -0.51 -0.43 -0.33 --
N-NPG -2.77 -1.77 -1.37 -1.43 -1.66 -0.76
FeNs@graphene -1.09 -1.36 -1.07 -1.16 -1.35
TizCaTx - -1.89 -2.88 -4.72
CoP-Co -1.66 -1.74 -2.43 -2.66 --
C:N -3.09 -3.13 -2.51 -2.39 -2.33
As3S; -3.26 -2.41 -1.94 -1.49 -1.52

After relaxation, Sg prefers a horizontal alignment over the substrate, for all the four

functionalized MXenes. This has also been observed for other 2D materials (e.g., As2Ss

[269], black phosphorene [274], TisC2Tx [275], graphene [276]). The molecular distances
from Sg to the MXenes are as follows: HfsC2F2 (O2): 3.24 A (3.542 A) and ZrsCoF» (O2):

3.29 A (3.51 A), which are greater than the combination of the atomic radii of and S

(1.00 A) and F (0.42 A)/O (0.66 A) atoms. Thus, the binding is weak and mainly

attributed to the vdW interactions.
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Na,S Na,S, Na,S,Na,S; Na,S; S,

Figure 7.2(b): Ratio of vdW interactions in the adsorption energies of Na>S» adsorbed
on Hf3C2F2, Hf3C20,, ZrsCzF2 and Zr3C,0-.
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The Na atoms in the text are moving towards the surface's F (O) atoms, and the distances
between the Na and F(O) atoms are shown in Table 7.3. It is worth mentioning that the
atomic radii of Na, F, and O are 1.80, 0.42, and 0.48 A, respectively. The distances
between Na2Sn and Hf3C2F2/Hf3C202/Zr3C2F2/Zr;sC202 are close to the sum of the radii
of Na and F (O), which explains the strong chemical bonds that can be observed through
X-ray photoelectron spectra (XPS). This is further supported by the calculated binding

energies (Eb) shown in Figure 7.2(a).

Table 7.3: Distance between the MXenes and the NaxS, after relaxation.

System Na,S Na,S$; NayS4 Na;Se Na;Ss Sg

Hf3CF2 2.121A 2.238 A 2.326 A 2.263 A 2.226 A 3.243 A
Hf3C,0; 2.279 A 2.284 A 2.282 A 2363 A 2393 A 3.542 A
Zr;CoF; 2.293 A 2.326 A 2.363 A 2.274 A 2.384 A 3.298 A
ZrsC;0: 2.001 A 2.117 A 2.178 A 2.199 A 2.236 A 3.490 A

The Ep values are compared with those of polysulfides adsorbed by the commonly used
electrolyte molecules, such as 1,2-dimethoxyethane (DME) and 1,3-dioxolane (DME)
[256], and the other 2D materials that have been proposed as anchoring materials in
literature. The interaction of all four MXenes are found to be much stronger than the
NaxSn-electrolyte interactions. This should justify the suppression of the dissolution of
Na>Sn in these electrolytes. Most importantly, the moderate strength of interactions
between the Na.S, and studied MXenes ensures reversibility of the redox reaction.

The immense Ep values are attributed to the polarities of surface O and F atoms. The
electronegativities of F (xy* = 4.0 Pauling) [140] and O (¥°= 3.5 Pauling) are drastically
greater than that of Hf (y*/ = 1.3 Pauling) / Zr (x%* = 1.33 Pauling). Electrons are thus
migrated to F and O surfaces atoms, resulting in the negatively charged ions to directly
attract polar Na>Sn analytes. Hence, the presence of the Hf3C2F2/O2 and ZrsC2F2/O2 on
the cathode adequately anchor the Na>S, molecules and conclusively eliminate the
shuttle effect.

It is challenging to analyze the chemical bonding between Na>Sn and the studied
MXenes that is responsible for the suppression of Na>S» molecules. However, we have
determined that the van der Waals physical interactions play a significant role in the
magnitude of the binding energies (Eb), as reflected by the following equation:

vdW _ pnovdW

LT

Ep
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where EY*W | E°v@W denote the binding energies of Na,Sn including and excluding the
vdW interactions, respectively. Figure 7.2(b) shows the ratio of the vdW energies of NaxSy
adsorbed on the surfaces of Hf3CaoF2, Hf3C202, ZrsCoF2 and ZrsC.02 MXenes.
Interestingly, intrinsic vdW interactions are the predominant contributors to the binding
energy of Sg on all the four MXenes which accounts for 83%, 64.96%, 75% and 62% of
the binding energy for Hf3CzF2, Hf3C202, Zr3CoF2 and ZrsC202, respectively. Moreover,
in the fluorine passivated MXenes, Hf3CzF2 and ZrsCzF, the van-der-Waals interactions
seem to be the controlling attractive force which accounts for the major contribution in the
binding energies. This thereby justifies their weaker interactions in comparison to their
Oxygen-functionalized counterparts where the chemical binding energies seem to be
significantly higher. Another key point to be noted, is that the vdW contributions appear
to reduce with reductions in the sulfur content of the polysulfides, and therefore for NazS
they reduce to only 54%, 25%, 51% and 23% for Hf3C2F2, Hf3C20,, Zr:CoF2 and Zr3C20»,
respectively. This is justified by the presence of strong chemical bonds, and thereby an
enhanced charge exchange between the Na>S moiety and the MXenes as can be seen in
the Bader charge transfer of Table 7.4. The transferred charge Aq from Na.S, to the
passivation layer of MXenes increases with the reducing sulfur content of molecules and

is also remarkably higher on oxygen passivation than fluorine passivation.
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Figure 7.3(a): Relaxed structures of the Na.Sy on the surface of MXenes (HfsCzF>).

2. Na:S:@Hf3C202

4. Na:Ss@Hf;C202

6. Ss@Hf;C,0,

1. Na:S@HfsC.02

3. NazSa@Hf3C.02
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Figure 7.3(b): Relaxed structures of the Na2Sn on the surface of MXenes (Hf3C20.).
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Figure 7.3(c): Relaxed structures of the Na.Sy on the surface of MXenes (ZrsCzF>).

Figure 7.3(d): Relaxed structures of the Na.S, on the surface of MXenes (Zr;C20y).
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Aside from the physisorption of Sg molecule on all the surfaces of studied MXenes, the
common trend amongst the adsorptions of the other five Na,S, is that they all exhibited
chemisorption processes but not associated with molecular dissociation. Furthermore, in
all cases both sodium atoms establish chemical bonds with the passivation layer of
MXene except in three cases, corresponding to Na.Sg on Zr3C, T, (T=F/O) and NazSs on
Zr3C,0; shown in Figures 7.3(c) and (d), respectively.

Thereafter, we analyzed the electronic properties of Hf;C2F2/O2 and ZrsC2F2/0; to
unravel how the presence of Na>Sn alters their intrinsic features. Figure 7.4(a-d) shows
the spin-polarized PDOS and TDOS of Na,S, adsorbed on MXenes. The adsorption of Sg
molecule, does not alter the TDOS of the MXenes noticeably, especially in the range
close to the Fermi energy, indicating minor change in the electronic properties (e.g.,
electronic transport). This is in support of the weak vdW-type physisorption. On the
other hand, there are drastic changes in the TDOS, upon the adsorption of NaxS,
supporting the immense binding energies and manifesting the chemical bonding. Yet, the
electronic properties of MXenes remain metallic after adsorption.

There are additional peaks at the Fermi energy, meaning there are more electronic states
available for conduction. Also, some changes can be noted between the spin up and spin
down states in some cases: HfsCoF2:NaxS, Hf3C202:NazS, Na2S2, Na2Ss, NaxSe,
Zr3CzF2:NazS, Na2S2 and ZrsC202:NazS, NazSz, Na.Ss4 and Na.Ss. However, the value of
the total magnetic moment remains small when compared to the large sample size. Thus
overall, the adsorption of Na>Sn can possibly enhance the electronic transport of the
hosts. Moreover, the metallic feature is preserved during the entire course of polysulfide
adsorption. The increased electronic population at the Fermi energy and the maintained
metal character ensure the conductive anchoring that accelerates the electrochemical

process during the battery operation.
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Figure 7.4(a): PDOS of NaxSn on the surface of Hf:CzF2.
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Figure 7.4(c): PDOS of Naz2Sn on the surface of Zr:CzFo.
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7.4.3 Charge Density Difference (CDD)

Charge transfer is calculated by using Bader analysis with results shown in Table 7.4. As
shown in this Table, the charge is donated from the Na>Sn to the MXenes. This charge
donation was higher in case of O functionalization of the Mxenes, in cases of
chemisorption processes, which agrees with their stronger binding energies. In the case
of Sg molecules, charge transfer was negligible owing to their weak interaction and
insignificant change on the density of states after adsorption. Moreover, we calculated

the charge density difference(CDD = Ap), based on the following equation:

Ap = Puxene+npss — (Pmxene T Pnpss) (7.2)
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of the four MXenes upon adsorption of NaSn as depicted in Figure 5(a-d). Here, NPSs
refer to NaxSn. In Figure 7.5, we display the charge density in both 3D and its projection
(1D) on the z-axis.

Table 7.4: Charge transferred between the Na>S, and MXene.

System

Naz5s

Naz$:

Naz54

NazSe

NazSs

Sg

Hf3CaF2

-0.38504

-0.37148

-0.06916

-0.17986

-0.174753

-0.02685

Hf;C,0;

-0.876345

-0.87019

-0.8738503

-0.497036

-0.194004

-0.01454

Zr;CoF;

-0.55453

-0.54979

-0.14118

-0.19513

-0.04056

-0.03028

2r;C,0;

-0.88898

-0.99504

-0.88124

-0.74342

-0.37673

-0.01511

It seems that there is an accumulation of charge (represented by yellow) on the MXenes
surface, and a decrease in charge (represented by the color cyan) on polysulfide clusters.
This transfer of electrons is due to the movement of electrons from Na2Sn's Na-3s to the
partially filled O-2p (F-2p) orbitals of the anchoring groups. It's important to note that
the charge transfer is greater with oxygen passivation and decreases as the sulfur content
in sodium polysulfides increases. Furthermore, the charge transfer is nearly negligible in
the case of S8 adsorption, which is in line with the results of Bader analysis and can be
attributed to weak vdW-like interactions with the substrate. Finally, the fluctuations seen
in the p(z) plots in Figure 7.5 at the interface between the molecule and MXene's surface

show the formation of covalent bonds.
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Figure 7.5(d): Charge Density Difference plots between ZrsC,0O> and the six NaxSn.

7.4.4 Activation Barrier

The key factor in enhancing the reversible capacity and prolonging the battery life during

the charging phase is the oxidation of the insoluble Na2S by-product through a catalytic

process. To speed up the reaction kinetics, efforts are being made to reduce the

dissociation barrier. This is achieved by using the climbing image-nudged elastic band

(CI-NEG) method [277].
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Figure 7.6: NEB Calculations for Dissociation of Na>S on the surface of the MXene.

The speed at which Na,S breaks down on the anchors (i.e., by dissociating the Na-S
bonds) plays a crucial role in the dissociation process. The high decomposition barrier
hinders the electrocatalytic performance of RT-NSBs. The study focused on the
decomposition barriers of NaS on the most likely meta-stable states of the MXenes,
specifically Hf3C>0> and Zr3C,0.. The Na>S molecule is separated into a NaS cluster
and a Na+ ion (NazS — NaS + Na* + e7). Then, the freed Na* ion can move along two
different paths on Hf3C>0> and Zr3C,0>, and the potential barriers were determined, as
shown in Figure 7.6. The dissociation barrier of a single Na>S is used as a reference, with
the released Na* ion considered to be at the zero of the dissociation coordinates (x-axis).
The ion is considered to be completely freed when the dissociation coordinate reaches
2.25 A [257]. The results show that NazS is much more energetic to dissociate on
Hf3C0> than Zr3C>0> due to its lower potential barrier (1.28 eV, 1.42 eV and 1.32 eV,
1.57 eV for Hf3C20; and Zr3C>0., respectively). Both Hf3C20. and Zr3C20- greatly
reduce the energy required for Na>S dissociation as compared to an isolated NaS.
Additionally, dissociating NaxS is a spontaneous process on both HfsC20, and Zr:C>0>

without the need for energy absorption. The obtained barriers are similar to those of 2D
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materials like chromium nitrogen-doped graphene (Cr@NG) 1.54 eV [278], pristine
graphene 1.94 eV, Fe-N4@ graphene 1.05 eV [279], and single-layer vanadium disulfide
(VS2) 0.53 eV [19]).
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Chapter 8: Conclusion and Future Perspectives

The results presented in this thesis presents the DFT study of functionalization of well-
known synthesized 2D materials in order to tune their properties for specific applications,
namely gas sensing, energy storage and spintronics. In each stage we have checked the
stability of the structures, via total/binding energy calculations to ensure that our proposed
solutions are stable and viable options that can be explored for experimental

synthesis/applications.

In Chapter 2, we started by studying the adsorption, transport and gas-sensing properties
of B/N edge-doped GNRs using the state-of-art computational technique, based on the

usage of both VASP and ATK packages. The results have been summarized below.

The location of dopants with respect to the edges of GNR matters a lot for the IV-
characteristics. Bilaterally edge-doped GNR with either B or N atoms would yield a
blockade of current and creation of NDR behavior, due to back-scattering events. Such
NDR is beneficially explored in inducing the selectivity in gas-sensing. So, we decided to
consider two samples to investigate the gas-sensing properties:
(i) GNR bilaterally edge-doped with B (so named GNR:B); and
(i) GNR bilaterally edge-doped with N (so named GNR:N);
Our results of adsorption show the occurrence of chemisorption processes of NO. and O>
molecules on GNR:B and SOz molecule on GNR:N. The IV characteristics of both
GNR:B- and GNR-N-based devices got very much rectified after the adsorption processes
of (NO2, O2) and SOz molecules, respectively. The deviations of IV curves were so large
so that the calculated bias-averaged sensor responses were: 21.8%, 9.86% and 5.94%,
respectively.
1. Having tested the adsorption and sensor responses of these two devices (i.e.,
GNR:B and GNR:N) to many other gases (e.g., N2, Hz, O3, CO, CO2, H20, H5S,
NHs, NO, and SO.), the results showed that all of these gases do exhibit either
physisorption processes or chemisorption processes but with undetectable electric
current (i.e., below nA). So, we concluded that GNR:B has an exceptionally high

sensitivity (i.e., in other words selectivity) to detect NO2 gas molecules.
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2. Two kinds of NDR behaviors were obtained in case of GNR:N nanodevices. Before
the adsorption of SO3 molecules, the NDR existing in a broad bias range [0.5,1.0]
Volt with Top to Valley Current Ratio (TVCR) is 1.32 has been attributed to Esaki-
diode effects (i.e., quantum coherence effects). Whereas the two NDR behaviors in
the IV-characteristics after the chemisorption of SOz molecules occurring at biases
0.5V and 0.9 V are attributed to Gunn-diode effects (i.e., bias crossing energies of
defects states).

3. While SOz molecule exhibits physisorption process on GNR:B, both NO. and O>
molecules alter chemisorption processes on GNR:N. However, the produced
currents on GNR:N-based devices after NO, and O2 chemisorption processes are
found to be vanishingly small and below the detection limit. Hence, it is suggested
to use the combination of GNR:B and GNR:N to make gas-sensor and logical-gate
alarm sensor for NO: gas, respectively.

Our theoretical results find support by experimental work done by Cho and coworkers
[77]. The B/N edge-doping should be considered in fabricating GNR-based nano-
devices to reach high gas-sensing selectivity towards detecting toxic NO2 and SOz
gases, respectively.
In the third Chapter, we moved on to studying the adsorption properties of H> molecule
on Mn-embedded C:N. Special attention was paid to the effects of dimerization and
magnetization on the adsorption properties. So, a clear comparison is made between
two cases of embedment: (i) Single Atom Catalyst “SAC” (i.e., C2N:1Mn) and (ii)
Dimer Atom Catalyst “DAC” (i.e., C2N:2Mn). The relaxation of H> molecule on these
two systems always yielded chemisorption processes associated with weak molecular
dissociation. Further details about the results of our investigation can be summarized
as follows:

e The relaxation of H> on pristine C>N yielded physisorption with weak adsorption
energy of about Eags = —0.109 eV. The situation can be changed to chemisorption
through the functionalization of CzN, such as embedding Mn atom(s) in the pore of
C2N; and in that case special attention was paid to the effects of magnetic moment

and catalyst clustering (e.g., dimerization) on the adsorption properties.
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e In the case of SAC (i.e., IMn@C:N), originally the system had high magnetic
moment of about 3.60 uB. The relaxation of H2 molecule on SAC yielded
chemisorption associated with weak molecular dissociation. The adsorption energy
was estimated to be about Eags=— 0.474 eV. The chemisorption process modified
many characteristics; for instance, the appearance of a bandgap opening of about
Eg = 0.11 eV and the reduction in magnetic moment to about 3.40 pg;

e In case of DAC (i.e., Mno@C:2N), this system behaved as half-metal with
magnetization of about 2.42 ug. The relaxation of H> molecule on DAC yielded
chemisorption associated with weak molecular dissociation. The adsorption energy
was found to be about Eags = —0.551 eV. The chemisorption of H> opened a band
gap at Fermi level of energy up to Eq = 0.20 eV and reduced the magnetic moment
to about 1.97 ps;

e As far as the recovery time is concerned, SAC had less adsorption energy and thus
shorter recovery time than DAC (i.e., 92 us and 1.8 ms, respectively). So, the
clustering of Mn in the pore of C2N increased the adsorption energy and recovery
time. In any case, the recovery time is still very small (i.e., T << 15). So, the C2N:Mn
based gas sensor would be of reusable type.

As a matter of fact, the H, chemisorption on Mn-doped C2N caused enormous changes in
the electronic and magnetic properties, and the adsorption energy is moderate (Eags lies in
between strong physisorption and weak chemisorption; as having values around 0.5 eV),
the recovery time is at the order of us —ms. Mn is a unique element by having an intrinsic
magnetization.

The chemisorption of Hz on such catalyst would modify the net magnetization and thus
the electronic structure of the system; for instance, by opening small energy gap at Fermi
level and thus modifying the transport properties. Therefore, one can conclude that
C2N:Mn should be an excellent candidate for platform of a reusable magnetic gas-sensor
with high performance to detect H> gas, and having high stability, sensor response and
rapid recovery time.

In the fourth Chapter, the suitability of metal (Ca versus Mn) embedded C:N as a
promising ion in metal-ion batteries (MIB) was investigated. Special attention was given

to the effect of type of catalyst, magnetism, and clustering (SAC versus DAC) on the
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specific capacity and relevance for energy-storage and/or gas-sensing applications. The

results showed the following:

1. C:N:Ca always exhibited physisorption with H> molecule with an increasing
adsorption energy with the clustering of Ca atoms in the pore. These indicators
corroborate the candidature of CoN:Ca to be used as platform-based anode material
in CIBs.

2.  Mn doped C:N exhibited chemisorption with H> molecule, associated with
molecular dissociation. SAC-Mn embedded C>N exhibited chemisorption with H»
molecule, associated with a weak molecular splitting and a moderate adsorption
energy (i.e., Eass=- 0.474 eV laying within the energy range acceptable for energy-
storage applications). C2N:SAC-Mn can have dual applications. It shows potential
to be used as a reusable hydrogen gas sensor gas with high sensitivity and very low
recovery time (t « 1 s). It should further be considered as a strong concurrent
candidate to Ca for anode material in metal-ion battery application with even higher

irreversible capacity of up to 663 mAhg™,

For future work, the uptake capacity of Ca catalysts per single pore of C2N as well as the
optimization of number of H2 molecules to remain adsorbed are still unchecked. Similarly,
if the experimental challenge of achieving the synthesis of SAC/ DAC of Mn-doped C2N
were overcome, then one also needs to find out the hydrogen uptake capacity there. The
desorption procedure in cases of Mn-doping requires sophisticated computational
technique such as CPMD method. If the desorption is found plausible on DAC-Mn
embedded C:N, then it would be better candidate than SAC-Mn for platform-based
cathode material for MIB applications with a capacity that can theoretically reach 1110
mAhg?,

In the fifth Chapter, the effectiveness of catalytic activity of four magnetic TM-SAC atoms
(i.e., Mn, Fe, Co, and Ni) toward the adsorption and gas-sensing properties of two toxic

gases (e.g., NO and NO.) has been theoretically investigated.
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Figure 8.1: Bias averaged Sensor response and relative change in magnetization versus
catalyst for NO and NO; adsorption.

While all the four catalysts yield strong chemisorption states with both gas molecules, two

main trends are worth quoting:

(a) It should be inferred that the strength of the adsorption, Eass and Aq, (e.g., like in
C2N:Mn case) should not necessarily imply to yield the highest sensor response.
But what matters more in case of magnetic TM catalyst is, rather, the associated
change in magnetic state (i.e., change of magnetization in both magnitude and
direction)

(b) Our results demonstrated that the highest sensor responses (i.e., cases Ni for
NO/NO2 molecules and Fe for NO> molecule) are found to correlate very nicely to
the optimal relative changes in magnetization. This is attributed to the engagement
of their unpaired d-electrons into the bonding with the molecule (e.g., in case of
NO/Ni, all the unpaired d-electrons of Nickel are engaged in the bonding, so its

magnetization vanishes).

Obviously, magnetization would directly affect the IV characteristics to yield optimal
sensor response. Our presented results have been benchmarked with the available data in
literature for authenticity purposes. The results showed the relevance of magnetic
SAC@C:N-NR for toxic-gas reduction reactions. Furthermore, as the synthesis of C2N
and its doping with TM atoms have been experimentally realized, we expect our work to
be further explored in the fabrication of sensor platform based on Ni- and Fe-embedded

C2N for an enhanced performance of gas sensing both NO and NO- toxic gases.
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In Chapter 6, we have used spin-polarized DFT calculations to search for the existence of
‘half-metallicity’ in C2N functionalized by embedding various configurations of TM-atom
such as SACs, DACs, and their combinations. We scanned all possible catalysts
comprising of the 3d block of TM elements ranging from Sc to Zn.

We were limited by the system size, due to computational constraints but luckily, the task
was completely achieved as the ‘half-metallicity’ was proven to originate from FMC
interactions between the group of TM-dopants and its six mirror images, formed by the
periodic-boundary conditions. So, the needed samples are of sizes 2x2, 3x3, and at most
4x4 PCs (i.e., comprising four-TM atoms at maximum, and 72, 162, 288 atoms,

respectively). The results can be summarized as follows:

(a) Pristine C2N is paramagnetic semiconductor with bandgap energy of about 1.67 eV
a bit underestimated compared to the experimental data of inventors 1.96 eV.

(b) Three TM atoms (i.e. Mn, Fe and Ni) are found to induce the ‘half-metallicity’ in
C2N sample of size 2 x 2 PCs in five different configurations, namely:

) C2N:Mnz (DAC),

i) C2oN:Mn—Mn (SAC-SAC),
iii)  C2N:Mn—Mn (DAC-SACQC),
iv)  C2N:Fe2 (DAC), and

V) C2N:Ni—Ni (DAC- SAC).

(c) The calculations of binding energies confirmed that the embedment of both SAC
and DAC were thermodynamically very stable. The recursive energy in DAC is
even higher than the cohesive energy in strength.

(d) The calculations of the magnetization revealed that the DAC in one large pore of
C2N exchange AFMC interaction, whereas the inter-pore magnetic interaction
between SAC-SAC, or DAC- SAC, or DAC-DAC to be FMC interaction. Yet,
such FMC/AFMC intra-group interaction should be the driving force for the
induction of the ‘half-metallicity’.

(e) The scaling of sample size to comprise the 3x3- PC and 4x4-PC samples has shown
the disappearance of the half-metallicity and confirmed that its existence would be

attributed not to the intra-magnetic coupling interactions but rather to the FMC
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interactions of the group of TM dopants with its six mirror images, formed via the

implementation of the periodic-boundary conditions.

Thus, our work showed the design of 2D functionalized materials (e.g., TM-catalysts
embedded in large pores of C2N as SAC-DAC combinations) hosting ‘half-metallicity’.
The results further showed that the origins of existence of ‘half-metallicity’ to be attributed
to the existence of FMC interactions between the group of TM-dopants and its six mirror
images. Half metallicity is a fundamental pillar in spintronics, and our results should be
very relevant to spintronic device applications.

Finally in the seventh Chapter, we have used spin polarized-DFT calculation to study the
suppression of shuttle effect in sodium-sulfur batteries for the enhancement of their
performance and the lifetime. MXenes (HfsC2T2 and ZrsC,T2with T = F/O) were proposed
as promising candidates for additive-cathodes (anchors) and found to be efficient for both
suppressing the shuttle effect and catalyzing the electrochemistry process. The binding
energies of sodium polysulfides (Na>Sn) on all the studied MXenes are found to be stronger
than those with electrolytes (e.g., DOL and DME). The oxygen passivation was further
shown to have greater chemical binding to polysulfides and lower activation energy for
ion kinetics during the discharging process. Thus, our results are in favor of candidature
of using MXenes as additive-cathodes (anchors) in room-temperature sodium-sulfur
batteries to warrant better performance and longer lifetime.

Overall, we have proposed solutions to critical problems by tailoring the properties of
existing materials, by functionalizing them. The state-of-the-art computational packages
used by us, VASP and QuantumATK are powerful packages for investigating the

properties of these materials and can provide insights for future research.
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Appendices

Appendix A

Adsorbent-Adsorbate Charge Transfer

To probe the interface interaction between the gas molecule and graphene nanoribbon,
the charge density difference may be obtained by subtracting the charge densities of
isolated gas molecule and graphene nanoribbon from the total charge density of the
hybrid structure, as shown in Fig. A.1. For such aim, we used Bader charge analysis
method to illustrate the charge density differences in cases: (a) NO.@GNR: B, (b) 0@
GNR: B, and (c) SO:@ GNR:N.
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(b) ‘\( }@
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Figure Al: Charge density difference plots of NO.@GNR:B, O.@GNR:B and
SO3:@GNR:N.

It is clearly shown that the charge depletes from C atoms and accumulates at the
interfaces between gas molecules and GNR: B/N. The yellow (cyan) color represents the
excess (deficit) of electrons at the interface region. The yellow lobes indicate strong
bonding between gas molecules and GNRs. These plots further confirm that the charge
transfers from GNR surface to gas molecules. Thus, NO2, O. and SOs are oxidizing

molecules and forming covalent bonds on the surfaces of GNRs.

210



Appendix B

Special 1V Characteristics (on/off)

The concept of minimum metallic conductivity in a dirty metal was first reported by
Mott and experimentally observed by Davis and Compton (i.e., 0,,;;, £ 0.025e?/ha,
where e is electronic charge, f is Planck constant, and a is the average distance between
impurities). Such minimum metallic conductivity can also be deduced from Drude model
of conductivity in metals as the mean-free path must have a lower limit to be the lattice
spacing. The minimum metallic conductivity should yield a minimum conductance of
about Gmin =6.08 x 10® Q%, which corresponds to a maximum resistance Rmax= 0.2M Q.
Until the present, experimental evidence continues to appear and corroborate the
existence of minimum metallic conductivity in various systems. To the best of our
knowledge, the maximum measurable resistance cannot exceed 3M Q . For instance, the
experimental measurements of resistance in ZnO thin films were reported by Wisz’s
group to be no more than 1 M Q and by Al Hardan’s group to be less than 3 M Q.
Beyond these values, experimental measurement appears clear as very weak electric

currents cannot be detected.

Having said the above, hereafter we discuss the effects of adsorptions of SOz molecule
on GNR: B and both NO, and O> molecules on GNR: N. Our ab-initio atomic relaxations
showed that SO3 exhibits a physisorption on GNR: B with adsorption distance of 2.49 A
and weak energy of —0.34 eV. Whereas, both NO> and Oz exhibit chemisorption
processes on GNR: N without molecular dissociation. The obtained adsorption energies
are: —0.47 eV and —1.89 eV, and the charges gained by the molecules are: 0.36e and
0.97e, respectively. Furthermore, it is remarkable that the molecules NO2 and Oz,
chemisorbed on GNR: N, do make chemical bounds with the carbon atoms neighboring
N atoms. The chemical bond lengths are: 2.04 A and 1.69 A, respectively. These bonds
are elongated as compared to the single sigma bonds: dc-ny = 1.47 A and d(c-0) = 1.43 A,

respectively.

From the perspective of transport properties, the physisorption process of SOz molecule

has no effect on the I'\V-characteristics of GNR: B. In contrast to this, our results show
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that the effects of the chemisorption processes of NO2 and O2 on GNR: N on the 1V-
characteristics to be strong as basically very weak currents are produced (see Fig. A.2).
The obtained currents are at maximum of order 1012 and 10" Amperes, respectively.
Obviously, such small currents are experimentally undetectable. Hence, one might think
to use GNR:N as alarm sensor, as it can be explored in logical gate. When NO2 passes
through it the current becomes zero. So, while GNR: B can be good gas sensor for NO2,

GNR:N can play the role of alarm sensor.
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Figure A2: 1V characteristics of GNR:N based devices after chemisorption of (a) NO-
and (b) O2 molecules.

Appendix C
Computational Details for DFT Calculations

Concerning the computational methods, both ATK and VASP packages were used for
tasks to perform atomic relaxation, calculations of adsorption energy, recovery time, and

magnetization:
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First, the SIESTA’s power stems from the use of localized atomic orbitals as a basis set
of the Hamiltonian, which empowered the method to deal with large systems. To take
translational symmetry into account, Brillouin-zone sampling is explored using special
k-point technique, such as Monkhorst Pack (MP) is employed with K-mesh grids of
50x1x1 and 100x5x5 for the respective calculations of atomic relaxation and electronic
structures and transport properties, respectively. The convergence criteria for energy and
force in case of atomic relaxations are similar as well to the ones used in VASP and
described below. In addition, the calculation of spin-polarized Partial Density of States
(PDOS) is performed using a smearing of width 0.026 eV. The latest version of SIESTA
incorporates the Hubbard parameter (DFT+U) to describe the interaction between TM
atoms through onsite parameterization. The adjustment of U parameter is described in
the Appendix (A4).

Second, in VASP, the wave-functions are expanded in Linearized Augmented Plane-
Waves (LAPW) basis set within an energy cutoff (Ecut = 500 eV). Such Ecy controls the
number of plane waves to be used as basis set in the Hamiltonian. Such a larger cutoff
would be computationally more expensive. For the exchange—correlation functional, we
employed the General Gradient Approximation (GGA), parameterized by Perdew-
Burke-Ernzerhof (PBE), including both the long-range dipole—dipole van der Waals
interaction, using the DFT-D3 method of Grimme scheme, and the magnetic interactions
due to TM atoms through the Hubbard U parameter. In sampling the Brillouin-zone, MP
technique was used with grids of meshes 25x1x1 and 50x1x1 in the calculations of
atomic relaxation and spin polarized Partial Density of States (PDOS), respectively. In
the structure optimization, all atoms were allowed to relax until the Hellmann Feynman
forces on each atom and the total energy become smaller than 0.01 eV/A and 0.1 meV,

respectively. The pressure tolerance was set to be 0.1 GPa.
Appendix D
Choice of Hubbard U parameter

In theoretical studies, the Hubbard U parameter is usually chosen in an empirical way to
fit one or several properties of the system under study. For instance, the aimed property

could be the band-gap energy, or the magnetic moment of the transition-metal atom, or
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even the adsorption energy. The value of U should not be a fitting parameter as it
corresponds to a physical property (i.e., related to the strength of a screened electron—
electron interaction). Nonetheless, in literature, about two general methods have been

followed:

(a) Constrained DFT (cDFT), and
(b) Constrained Random-Phase Approximation (CRPA).

In the former method, the parameter U is estimated from the variation of the occupation
of the localized orbitals related to the TM dopant. Whereas, in the latter method, the
static values from the dynamical polarization should be extracted. Definitely, these two
methods should not yield the same results for the screened interaction parameter “U”.
The main reason for the discrepancy is the fact that the cDFT takes into account only
responses coming from only on-site 3d electrons to an external perturbation, while the
CRPA includes responses from both on-site and inter-site 3d electrons. In the present
investigation, the focus was on SAC of TM embedded in pore of C>N and meanwhile
was not on the calculation of Hubbard U. So, these computational methods were not
used, but the U values for different TM-SAC atoms were simply taken from literature.
Effective U Hubbard parameter can be calculated by the U-J approach. We recall that U
and J should stand for the on-site Coulomb repulsion and the exchange interaction
between metal atoms, respectively. As a special case, in our model, we deal with TM-
SAC, so that J is vanishingly small. Moreover, using the hybrid functionals (e.g., such as
the Heyd-Scuseria-Ernzerhof (HSE)’s exchange—correlation functional in VASP, U can
be varied from 0.0 to 8.0 eV in a step of about 0.2 eV in order to benchmark the output
results of some specific experimental quantity like bandgap energy, magnetic moment or
adsorption energy. For example, Mann and coworkers rigorously studied the binding
energy of small molecules to Metal-Organic Frameworks (MOFs). These authors
adjusted U Hubbard parameters to yield the best (CO2 on MOF) adsorption energies to
agree with the experimental data for a number of different metal centers (M =Ti, V, Cr,
Mn, Fe, Co, Ni, and Cu).

The effect of U parameter on the Eags was reported to be linear and shifting for about
0.041 eV over the range of U = 0-5.4 eV in case of Cobalt-based MOF (Co-MOF-74).
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These authors reported the optimized values of U Hubbard, for instance, for the TM-
SACs of our current interest to be: U(Mn) = 5.5 eV, U(Fe) =6.5eV, U(Co) =5.3 eV,
and U(Ni) = 6.7 eV. While the inclusion of U parameter in case of systems with TM-
atoms is necessary, many packages such as VASP and SIESTA use a default on-site

value which is about U = 5.0 eV.

In our work in ATK, we have used the default value by switching on the U-Hubbard
parameter, whereas in VASP we specified the value (U = 5.0 eV) in the INCAR script.
Yet, using the experience of Mann and coworkers, we decided to test the effect of small
variation of U Hubbard parameter on the binding energy of our selected TM catalysts
(i.e., Mn, Fe, Co, and Ni). We considered the ranges of variation of U between two

extreme values as follows:

a) For Mn, U =[4.0,5.5] eV
b) For Fe, U =[4.0,6.5] eV
c) ForCo: U=[3.35.3]eV
d) For Ni, U =[5.0,6.7] eV

We meant to keep the default value (U = 5.0 eV) therein the interval of variation. Mann
and coworkers reported the extreme values [73] using linear response and semi-empirical
approximations. Consistent to what was reported by these researchers (who reported a
small shifting in binding energy in case of Co-based MOF of about 0.041 eV when U
was acted to span the range U = 0 - 5.4 eV). In our cases of M@C2N-NR, the shifting in
binding energy did not exceed 0.010 eV when U was varied over the energy ranges

mentioned above.

The results of total and binding energies are reported in Table 5.1. So, we decided to

stick to the default value of Hubbard U parameter proposed in the SIESTA packages.
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