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ABSTRACT

Density Functional Theory-based investigation of
nanomaterials for the detection of Toxic Gases
Air pollution caused by the release of hazardous toxic gases such as C2Ha, CH4, CO2, CO, and

Ha during thermal runaway in lithium-ion batteries, along with industrial emissions like COCl.
- @ and CNCI, poses a significant threat to human health and environmental safety. The effective
detection and monitoring of these gases require the development of highly sensitive, selective,
and reliable gas sensing technologies capable of real-time operation. In this work, a
comprehensive investigation of chemoresistive gas sensors is presented, with a particular focus
L @ on two-dimensional (2D) materials as promising candidates for next-generation sensing
L @ applications. These materials exhibit unique advantages, including a high surface-to-volume
ratio, tunable electronic properties, and abundant active sites, which enhance gas adsorption
and sensing performance.The study begins with an overview of the fundamental working
principles of chemoresistive gas sensors, which rely on gas adsorption, charge transfer, and
L e modulation of electrical conductivity in n-type and p-type semiconductors. Various 2D
materials, including graphene, transition metal dichalcogenides, g-CsNs4, MXenes, and
hexagonal boron nitride (hBN), are systematically analysed in terms of their sensing
mechanisms, advantages, and limitations. Strategies such as elemental doping, surface
functionalization, and substrate engineering are highlighted as effective approaches to improve
sensitivity, selectivity, and response dynamics. To gain atomistic insights into gas—surface
interactions, Density Functional Theory (DFT) is employed as the primary computational
- @ framework. The theoretical foundation of DET, based on the Hohenberg—Kohn theorems and
- @ the Kohn—Sham formalism, enables accurate modelling of many-electron systems using
electron density as the central variable. The role of exchange—correlation functionals and their
limitations, particularly in predicting band gaps, are also discussed, establishing the basis for
first-principles calculations carried out in this work. Subsequently, DFT-based investigations
are conducted to study the adsorption behaviour of toxic gases on pristine and Cu-modified
hBN systems. For COCl. detection, pristine hBN exhibits weak physisorption with low
adsorption energy and poor recovery characteristics. However, Cu incorporation through
substitutional doping and surface adsorption significantly enhances gas interaction, leading to
L @ chemisorption and improved sensing performance. Electronic structure analyses, including

Density of States (DOS), Hirshfeld charge, charge density difference, Electron Localization

7
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Function (ELF), and Reduced Density Gradient (RDG), confirm strong charge transfer, band
gap reduction, and enhanced conductivity. Similarly, for CNCI gas, Cu decoration improves
adsorption strength and induces notable changes in electronic properties, including a significant

work function variation of 31.54%, indicating high sensor sensitivity. Furthermore, the

- e adsorption of lithium-ion battery thermal runaway gases (C:Ha, CO, CO:, Hz, and CH4) is

investigated. While pristine hBN shows weak physisorption, Cu-doped hBN exhibits strong
chemisorption, enhanced charge transfer, and significant band gap modulation, confirming its
superior sensing performance. RDG analysis reveals the transition from weak van der Waals
interactions in pristine systems to strong attractive interactions in Cu-doped configurations.
Recovery time analysis further supports the practical applicability of these materials. In
addition, the electronic properties of Cu-doped and Cu-adsorbed MoS:. nanowires are
examined. Substitutional doping is found to induce significant charge redistribution, improve
electrical conductivity, and enhance electron emission characteristics, as evidenced by work
function variation and Bader charge analysis. These results demonstrate the effectiveness of
doping in tailoring material properties for sensing and nanoelectronics applications. Overall,
we conclude from our present research work that Cu-functionalized 2D materials, particularly
hBN and MoS.-based systems, as highly promising candidates for efficient, low-cost, and high-
performance gas sensors. The integration of DFT-based insights with material engineering
strategies provides a robust pathway for the design of advanced sensing devices aimed at
environmental monitoring, industrial safety, and early detection of hazardous gases,

contributing to improved public health and sustainable development.
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Air pollution due to the release of hazardous toxic gases such as Co2Hs, CH4, CO2, CO, H;

during the thermal runaway condition in Li-ion batteries, COCl, and CNCI from the industrial

activities has posed Effective mitigation

of this problem requires the development of highly sensitive, selective, and reliable gas-sensing
technologies capable of real-time monitoring. This chapter provides a comprehensive overview
of chemoresistive gas sensors, emphasising their working principles based on gas adsorption,

charge transfer, and conductivity modulation in n-type and p-type semiconductors. Special

.@ attention is given to two-dimensional (2D) materials, due to their large surface-to-volume ratio,
‘@ @  tunableelectronic properties, and abundant active sites, which make them promising candidates

_sensors. The -mechanisms, advantages, and limitations of
.e various 2D materials—including graphene, reduced graphene oxide, fransition metal

_ black phosphorene, -, MXene, metal-organic frameworks, and

hexagonal boron nitride—are systematically discussed. Strategies such as elemental doping,
surface functionalization, and substrate engineering are highlighted as effective routes to
enhance sensor sensitivity, selectivity, and response dynamics. Finally, the chapter outlines
research objectives that integrate with DFT calculations to elucidate gas adsorption
mechanisms, optimize sensing performance, and guide the design of high-performance, stable,

and practical gas sensors for the detection of toxic gases.
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Introduction

1. INTRODUCTION

With the rapid expansion of modern energy storage technologies, there has been a significant
increase in the demand for efficient and reliable energy storage systems.[1-4] In this regard,
Li-ion battery has emerged as a potential competitive energy solution for the highly growing
sector like electric vehicles[5, 6], portable electronics[7, 8] and smart grids[9, 10] due to their
high energy density[11-13], long cycling time[14, 15] and lack of memory effect[16-18].
Despite such remarkable advantages and the growing demand for high energy density, concerns
regarding the safety issues associated with the Li-ion batteries are fire or even explosion due

to thermal runaway conditions. There exists various reports in the past reporting the incidents

- @ associated with the thermal runaway condition in the Li-ion batteries. For example, according

to a report issued by the China National Emergency Management Department, the risk of
spontaneous combustion of clectric vehicles in China is 0.26 per 10,000, indicating that, on
average, nearly 7 electric vehicles catch fire per day. In 2022 alone, reports indicated that in
China, around 18,000 e-bikes and 3,000 electric vehicles were destroyed due to thermal
runaway in Li-ion batteries. In the last 5 years at the global level, at least 60 cases of thermal
runaway conditions in Li-ion batteries have resulted in catastrophic. Thermal runaway is a
situation in which the self-accelerating exothermic reactions cause the temperature of the

battery to rise uncontrollably due to the successive decomposition of the battery components.

It is believed that mechanical damage[ 18-20], manufacturing defects[21, 22], overcharging[23,
24], faulty external wiring, internal short circuits[25, 26] and prolonged operation at high
temperatures[26, 27] are the major reasons behind thermal runaway conditions in Li-ion
batteries. Scientists have studied the thermal runaway condition in Li-ion batteries numerous

times and found that it involves the following steps.

(A) Solid Electrolyte Interphase Decomposition reactions-Under normal working
conditions, Li-ions dissolved in the electrolytic solution got transferred from the cathode
to the anode. At this stage, the Li-ions present in the electrolytic solutions penetrate the
surface of the anode. As a consequence, the surface of the anode undergoes a chemical
reaction with the fraction of Li-ions and electrolyte molecule to formed a thin passivating
and highly ionic conducting film known as Solid Electrolye Interphase (SEI)[28]. The
formed SEI film acts as a protective barrier between the electrolyte-anode that prevents
decomposition of the electrolyte while allowing Li-ions to pass through them. The SEI

layer basically composed of organic substable substances, including ROLi (CH2OL1),
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- @ ROCO;Li (CH20CO:L1i), oxygenated polymer as well as steady state substances such as
Li,CO; and LiF, However, as the temperature reaches to 69°C, the formed SEI layer became
unstable and beyond the 69°C, the formed SEI layer began to disintegrate into Li>COs3,
hydrocarbons[29], thereby releasing CO> and O [30] as shown in the equation (1.1) and
(1.12)[31] below. The generated O not only act as an oxidizing agent but also accelerates the

decomposition reaction within the battery thereby endangering its performance and safety[32].
(CH,0C0,Li); - Li;CO5 + C;H, +€0,+ 0, (1.1)
(CH,0CO,Li), — Li,CO5 + C,H, +C02+% 0, (1.12)
(B) Anode-electrolyte reactions- The decomposition of the SEI films causes direct exposure of
the anode to the electrolyte.[33] As a result, the activation energy of the chemical process
decreases, generating more and more heat due to the incorporation of more and more Li ions
into the anode. At this stage, the organic electrolyte, such as EC(Ethylene Carbonate),

PC(Polyethene carbonate), DMC (Dimethyl carbonate), reacts chemically with the intercalated

Li-ions to generate LiCO; and hydrocarbons as shown in equations (1.13) to (1.15)

respectively.
C3;H,05(EC) + 2Li — 2Li,CO5 + C,H, (1.13)
C,4Hg03(PC) + 2Li —» 2Li,CO5; + C3Hg (1.14)
C3Hg03(DMC) + 2Li - 2Li,CO5 + C,Hg (1.15)

The generation of Li,CO3 leads to the formation of a new Solid Electrolytic Interphase(SEI)
layer, a process commonly referred to as a SEI membrane regeneration reaction[34]. The
regenerated SEI layer has a completely different structure from the SEI layer formed during
charging. As a result, it no longer acts as a protective layer between the electrolytic solution
L) @ and the lithium-ion embedded negative potential. Thus, the reaction between the clectrolyte

and the anode continues to increase the temperature.

(C) Decomposition of the Cathode-At this elevated temperature, the cathode materials,
usually made up of Lithium Cobalt Oxide(LCO), Lithium Manganese Oxide (LMO) and
Lithium Nickel Manganese Cobalt Oxide (NCM), undergo a decomposition reaction.
During decomposition, the oxygen atoms bound to the crystal lattice are released as
molecular oxygen or reactive oxygen species. The released oxygen is highly reactive and
can react vigorously with organic electrolyte solvents such as EC, PC, and DMC, as shown
melting point of the separator, which is typically made of polymer materials such as

polyethene or polypropylene that separate the cathode from the anode, it begins to soften
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and eventually melts. This leads to internal short-circuiting, allowing faster electron flow

between the cathode and anode and generating a large amount of heat in a very short time.

LigsC00; = 2Li;C00, +=C030, +20, (1.16)

LiyMn,0, — x LiMnO, + > Mn;0, + =0, + (1 — x)Mn,0; (1.17)

Liy(NiCoMn)1/, 0, - Lix(NiCoMn)1, + 05y + 20, (1.18)

- @ Decomposition of the Electrolyte- In a Li-ion battery, the electrolyte plays a very crucial

role in the transportation of Li ions from the anode to the cathode . The most commonly
used electrolyte solvents used in Li-ion batteries are EC, PC, and DMC, which are highly
unstable at elevated temperatures.[37] As the temperature of the battery exceeds above
200°C These solvents undergo a decomposition reaction to produce a variety of volatile
compounds. In addition to decomposition of electrolyte solvents, Lithium salts dissolved
in the electrolyte are thermally unstablke and begin to decomposed. For example- The most
widely used Lithium salt in Lithium-ion battery is Lithium Phosphorous Hexafluorate
(LiPFs)[38] which decomposes to Lithium Fluoride (LiF) and Phosphorous Pentafluoride
(PF5) which even under the presence of small amount of moisture undergoesa chemical

reaction to form Hydrofluoric acid (HF) as mentioned in the equation (1.16)-(1.18)

respectively .
LiPF¢ — LiF + PFg (1.16)
PF + H,0 — HF + POF, (1.17)
LiPF + H,0 — LiF + HF + POF, (1.18)

(D) Anode-Binder reactions- In Li-ion batteries binder is a substance that is frequently used
in the batteries to join the electrode materials, conductive agents and other components to
form the electrode structure. As the temperature reaches beyond 260°C the anode material
got directly exposed to the binder thereby creating gases such as fluoride and H,. For
example- Polyvinylidene fluoride (PVDF) , a binder for instance reacts quickly with
lithium metal or LiCs at 350°C as shown below in the equation (1.19).[39, 40]

—CH, — CF, — +Li - LiF + —CH = CF — + - H, (1.19)

However, the problem of release of hazardous toxic gases such as C2Hs, CH4, CO2, CO and H»
is associated with the Li-ion battery system alone. Besides, many industrial process and

manufacturing operations involves the usage of various toxic gases such as phosgene (COCl)
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and Cyanogen Chloride (CNCI). Phosgene, which is itself a colourless toxic gas, was primarily
used in the industries to produce polymeric isocyanate, carbamates, pharmaceuticals and
pesticides. Exposure to its vapour even under low concentration has resulted in throat swelling,
change in voice, pulmonary edema or pulmonary irritation. Similarly Cyanogen Chloride
which is also a highly volatile and extremely poisonous gas was used in the manufacturing of
rubber, plastics, fumigants and pesticides industries. Since all these gases are colourless and
odurless as a consequence they are difficult to be detected by the human senses. Moreover
accidental leakage of these gases in industries can pose a serious threat to the human health
and environment. Therefore there is a need to develop an early warning system capable of
identifying both the thermal runaway gases and highly industrial toxic gases has become an
important issue in research. In this regard among the various existing gas sensing technologies
such as optical[41, 42], electrochemical[43, 44], mass-based technologies[45, 46].
Chemoresistive gas sensor provides various advantages such as cost-effectiveness, device
miniaturization and ease of integration making them highly competitive for scalable and
portable applications . These sensors basically consisits of a chemically sensitive material
sandwiched between conducting electrodes as shown in the figure 1.1.[47] Chemiresisitive gas
sensor has gained enormous attention as an advanced gas detection technique due to its unique
advantages. Firstly chemiresisitive gas sensor exhibited remarkable sensitivity due to the usage
of 2D materials having high surface to volume ratio thereby enabling the detective of these
toxic gases at part per billion (ppb) level[48-50] which is very essential for applications such
as environmental monitoring, medical diagonistics. In addition the selectivity of the gas sensor
can be tailored via material modification, structural design which allow them to distinguish
between different target gases and perform multicomponent gas analysis.[51, 52] Secondly
they show rapid response behaviour often detecting gases within a few seconds making them
highly suitable for real time monitoring particularly in critical and emergency situations.
Moreover, the chemiresisitive gas sensor typically consumes very low power and can operate
at room temperature or with minimal heating, which makes them ideal for integration into
Internet of Things (IOT)systems and wearable technologies. Finally, their ability to be
miniaturised along with compatibility with advanced microfabrication techniques facilitates

their incorporation into compact and portable devices for widespread sensing applications.
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Figure 1.1: Schematic diagram representing the components of the chemirersistive gas
sensor.

1.1CHEMIRESISTOR GAS SENSORS AND SENSING MECHANISM

The sensing parameters, such as selectivity, sensitivity, sensing response and recovery time of
the chemoresistive gas sensor, can only be effectively tuned if one has a deep understanding of
the sensing mechanism, because a proper understanding of the sensing mechanism provides us
a fundamental link between the material properties, surface chemistry and electrical responses.
Therefore, in this section, we have discussed in detail how n-type and p-type semiconductor-
based chemoresistive gas sensors change their electrical conductivity upon adsorption of

oxidising and reducing gases, respectively.

1.1.1 ADSORPTION OF OXYGEN GAS MOLECULES

Whenever a P-type or N-type semiconducting material is exposed to the atmosphere, oxygen
gas molecules are adsorbed onto the surface of the sensing materials, and they trap electrons
from the conduction band to form O, , O~ and 0% ions depending on the operating
temperature. This creates an electron-depletion layer and a hole-accumulation layer around the
n-type and p-type semiconductors, as shown in Figure 1.2(a) and 1.2(d), respectively. For N-
type materials, when a reducing gas is allowed to interact with the adsorbed oxygen species, it
causes the adsorbed oxygen species to release the trapped electrons back to the conduction
band, thereby reducing the electron depletion region, as shown in Figure 1.2(b). This results in
a decrease in the electrical resistance of N-type materials as the concentration of their majority
charge carriers, i.e., electrons, increases. In contrast, when the oxidising gases are allowed to

interact with the N-type materials, it causes more trapping of electrons from the conduction
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band, thereby increasing the electron depletion region around the N-type materials, as shown
in Figure 1.2(c). This causes an increase in the electrical resistance of the N-type materials due
®0 to the reduction in the concentration of the majority charge carriers, i.e., electrons in the N-type
materials. For the P-type materials, when 'reducing gas is allowed to interact with the adsorbed
oxygen species it releases the trapped electrons which interacts with the holes in the Hole
accumulation region thereby reducing the concentration of the majority charge carriers i.e.
holes in the Hole accumulation region around the P-type materials as shown in Figure 1. (e).
This causes increase in the electrical resistance of the P-type materials. On the other hand, the
introduction of the oxidizing gases causes more and more trapping of electrons, this causes the

width of the Hole accumulation layer to grow as shown in the Figure 1.2(f). Thus, the electrical

@@  resistance of the Ntype and P-type sensing materials decreases for reducing and oxidizing
‘e gases whereas the electrical resistance of the P-fype and N-type sensing materials increases for
reducing and oxidizing gases respectively.
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'@ Figure 1.2: Schematic diagram illustrating the sensing mechanism of (a) and (d) N-type

_when exposed to - and (. when N -P-type materials are

exposed to reducing gases (c¢) and (f)jwhen N and P-type materials are exposed to reducing
gases, respectively.
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1.1.2 MODULATION OF SCHOTTKY BARRIER

Chemoresisitive gas sensor basically relies on the change in electrical resistance caused due to

the transfer of electrons between the sensing material- targeted gas molecule or between the

metal contact-target gas molecule. These interactions strongly depend on various external
factors such as relative humidity, operating temperature, pressure and presence of interfering
gases. Whenever a semiconducting sensing material comes in contact with the metal electrode
due to the difference in the Fermi level of the materials, the Fermi level of both the materials
tried to lined up in order to attained equilibrium. The Fermi level basically describes the
thermodynamical work required to add an electron to the solid-state body without considering
the amount of work required to remove the electrons from a point within the solid-state body.
It 1s the work function that determines the amount of work required to remove the electron
from a point within the solid-state body. Generally, the Fermi level within a semiconductor
basically lies within the band gap region and it is the difference between the Fermi level and
vacuum defined the work function (¢). The nature of the interface formed between the metal
and semiconductor at the interface depends on the difference in the work function. If the work
function of the metal () is greater than the work function of the semiconductor (5. ) as
shown in the Figure 1.3(a) then the electrons from the conduction band of the semiconductor
will flow towards the surface of the metal. This leaves behind the positively charged positive
ions at the interface creating a region known as electron depletion layer. For a N-type
semiconducting material where electrons are the majority charge carriers and the Fermi level

(Ep) lies very close to the conduction band (E;) this electron depletion region formed a
potential barrier known as Schottky barrier(¢pg) which exhibits a rectifying behaviour as it
allowed the current to flow in a particular direction similar to a diode as shown in Figure

1.3(b).In contrast if the work function of the semiconducting material (@) is greater than the

work function of the metal electrode (), as shown in Figure 1.3(e) then for a P-type
semiconductor material, at the interface Schottky barrier will be formed as shown in the Figure
1.3(f). For a P-type semiconducting material, the (E) lies very close to the valence band (Ey,)
where holes are the majority charge carriers as a sconsequence due the difference in the work
function of the materials electron will flow from the surface of the metal towards the empty
states in the (Ey) this creates an electron accumulation region/ hole depletion region at the
interface as shown in Figure 1.3(f). Even in some cases, Ohmic contacts are also formed but

are less significant for the use in chemiresistive gas sensors because they are very sensitive to
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‘@ the change in carrier concentration at the interface. The height of the Schottky barrier depends

@D on e ifence brwcen ey nd losion sty of he smconductor ) whorss
_(Vbuilt in) depends on the difference between the work

function of the metal and semiconductor. Adsorption of oxidising or reducing gases onto the
surface of the sensing material has a chemical-doping effect that modifies the electronic
properties of the semiconducting sensing layer. In case of the N-type material, the adsorbed
oxidising gases, which are electron-withdrawing, reduce the (Vpyir in) , increase the width of
‘@@ theelectron depletion and Schottky barrier, resulting in an increase in the electrical resistance
of the N-type materials, as shown in Figure 1.3 (c). In contrast the adsorbed reducing gases
causes a shift in the (Ef) such that the width of the depletion region, height of the Schottky
barrier decreases and increases the V¢ in thereby resulting an increase in the electrical
resistance of the N-type materials as shown in Figure1.3(d). The reverse to the N-type material

happened in case of P-type materials upon the adsorption of oxidizing and reducing gases

[ T123) respectively as shown in Figure 1.3(g) and 1.3(h) respectively.
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-1.. Schematic diagram representing the modulation of the Schottky barrier at
(a)-(b)metal-N type interface (c) upon the exposure of the oxidizing gases (d) upon the
exposure of the reducing gases at the metal-Ntype interface. Schematic diagram
modulation of the Schottky barrier at (e)-(f) metal-P-type interface (g) upon the exposure
of the oxidising gases (h) upon the exposure of the reducing gases at the metal-P-type
interface, respectively.

1.2. 2D MATERIALS-BASED CHEMIRESISTIVE GAS SENSOR

Two-dimensional materials have emerged as highly promising candidates for gas sensing
applications due to their unique structural and electronic properties.[53] Among the various 2D
material as shown in Figure (1.3), Graphene is one of the most extensively studied materials.
In graphene’s hexagonal honeycomb lattice, each carbon atom forms three c-bonds with

neighbouring carbon atoms, resulting in a stable planar structure with an in-plane bond length
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approximately 1.42 A and an interlayer spacing of about 3.35 A.[54, 55] Graphene exhibits
exceptionally high carrier mobility (~2 x 10° cm? V™' s7'), high carrier density (~10'
cm?)[55],and a very large theoretical specific surface area (~2630 m? g™')[56] . Due to its zero
bandgap[57] in monolayer form, its electrical conductivity is highly sensitive to external
perturbations, such as gas adsorption, making it an excellent candidate for room-temperature
gas sensing[58]. The sensing mechanism of graphene is primarily governed by charge transfer
interactions. When gas molecules adsorb onto its surface, they either donate or withdraw
electrons, thereby altering the charge carrier concentration and resistance of the material. This
high sensitivity of the graphene allowed it to detect even individual gas molecules.
Additionally, its excellent mechanical flexibility and robustness make it suitable for integrating
it into flexible and wearable sensing devices.[S9]However, pristine graphene has limited
selectivity and interaction strength with gas molecules. To address this limitation, derivatives
such as Graphene oxide (GO) and reduced graphene oxide (RGO) have been developed. GO,
typically synthesized using modified Hummers’ method, contains abundant 0Xygen-containing
functional groups (OCFGs) such as hydroxyl, epoxy, and carboxyl groups. These functional
groups provide active sites for gas adsorption but significantly reduce electrical conductivity.
To overcome this drawback, GO is reduced through thermal, chemical, or photonic treatments
to form RGO, which restores conductivity while retaining a certain level of defects and
functional groups. Compared to pristine graphene, RGO offers several advantages for gas
sensing. First, as a p-type semiconductor, it facilitates strong charge transfer interactions with
adsorbed gas molecules, often involving a transition from weak van der Waals interactions to
stronger chemical bonding.[60] Second, the presence of defects, sp>-hybridized carbon domain
and residual functional groups provides numerous active sites for gas adsorption.[61] Third, its
surface can be easily functionalized, allowing tunable sensitivity and selectivity toward specific
gases.[62]Building upon carbon-based 2D materials, transition metal dichalcogenides (TMDs)
represent another important class of sensing materials. Compounds such as Molybdenum
disulfide belong to the MX, family, where M is a transition metal and X is a chalcogen. These
materials possess a layered structure with monolayer thicknesses of ~6-7 A and tunable band
gaps ranging from 1.0 to 2.2 eV depending on the number of layers.[63] Unlike graphene,
TMDs exhibit intrinsic semiconducting behavior, which is advantageous for sensing
applications. Their gas-sensing mechanism is also dominated by charge transfer processes,

which have been validated through Density Functional Theory studies and experimental
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.@ techniques such as photoluminescence.[64] For instance, adsorption of electron-withdrawing
gases, such as NO3, leads to electron depletion, while electron-donating gases, such as NHs,
cause electron accumulation, thereby modulating the material's electrical properties.In addition
to graphene-based materials and TMDs, other 2D materials further expand the scope of gas
sensing. Black phosphorus (BP) exhibits a puckered layered structure with a tunable bandgap
ranging from 0.3 to 2.0 eV depending on thickness.[65]Its high carrier mobility and large
surface area, combined with abundant active sites due to its wrinkled structure, make it highly
sensitive to gas adsorption.[66] Similarly, graphitic carbon nitride (g-CsNa), with its layered s-
triazine-based structure and moderate bandgap (~2.5-2.8 V), shows strong affinity toward gas
molecules due to interlayer van der Waals interactions and chemical bonding.[67] Another
important class of materials is MXenes, which are derived from MAX phases by selectively
etching the A-layer elements.[68] MXenes exhibit excellent electrical conductivity, tunable
surface chemistry, and high thermal stability, making them highly suitable for room-
temperature gas sensing applications.[68-70] Furthermore, two-dimensional conductive metal—
organic frameworks (MOFs) offer unique advantages due to their ultrahigh porosity, large
surface area, and tunable structures.[71] Their porous frameworks enhance gas adsorption and
facilitate rapid diffusion, while their adjustable chemistry enables selective detection of
specific gases. Overall, physical and chemical properties of the 2D materials as make them
highly promising candidates for next-generation gas sensors, particularly for detecting

hazardous gases released during thermal runaway in batteries as well as toxic industrial gases.

Graphene Oxide

Chemaresistive gas
sensing material

c‘q PV, F <o

Figure 1.4: Schematic diagram illustrating various 2D materials to be used as a
chemoresistive sensing material.
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1.3. DIFFERENT TYPES OF 2D BASED CHEMIRESISTIVE GAS SENSOR

1.3.1 GRAPHENE-BASED CHEMIRESISTIVE GAS SENSOR

Graphene has attracted significant attention for gas sensing applications due to its exceptional
properties, prompting extensive theoretical and experimental studies. A major breakthrough
occurred in 2007 when Novoselov’s team first showcased graphene’s potential for gas sensing.
They synthesized graphene single crystals, approximately 10 um in size, on oxidized silicon
substrates and fabricated graphene-based sensors by placing these crystals onto Au/Ti
electrodes using electron beam lithography. Their sensor successfully detected multiple gases,
including NO,, NH3, CO, and H,O, at concentrations as low as 1 ppm. The sensing mechanism
relies on variations in graphene’s carrier concentration when gas molecules adsorb onto its
surface, altering its electrical resistance. This pioneering research laid the foundation for future
developments in graphene-based gas sensors. Further investigations, such as those by
Leenaerts et al.[72] examined the adsorption behaviour of gases such as NO», NH3, and CO on
graphene nanosheets(NSs). Using density functional theory (DFT) -calculations, they
demonstrated that adsorbed gas molecules act as dopants, significantly modifying local carrier
concentrations. However, because pristine graphene lacks dangling bonds, it exhibits weak
chemisorption with gas molecules, leading to slow reaction rates and difficulties in returning
to its original state after adsorption. As a result, gas sensors made from pristine graphene often
suffer from prolonged response and recovery times. To enhance graphene’s sensing
capabilities, researchers have modified its surface properties. For instance, doping with
elements like boron (B) and nitrogen (N) or introducing structural defects has been shown to
significantly improve sensor performance. Zhang and his team demonstrated that such
modifications greatly enhance graphene’s gas response. Additionally, Bo et al.[73] studied the
interaction of gases like NO, and H,S with metal-decorated graphene, using metals such as Ni,
Pd, and Pt. Their findings revealed that metal-functionalized graphene exhibits stronger
chemisorption and higher sensitivity to NO: than its pristine counterpart. Other strategies for
optimizing graphene-based gas sensors involve external stimuli such as heat treatment and ion
beam irradiation. Kim et al.[74] developed a flexible, self-activating NO, sensor based on
graphene, demonstrating that increasing the bias voltage and heating temperature improved its
response and recovery times. Similarly, Yeo et al.[75] found that exposing graphene to Ar ion
irradiation enhanced its sensitivity to NH3, NO,, and CO. In 2012, Chung et al.[76] introduced

another promising approach by functionalizing graphene with oxygenated functional groups
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(OCFGs) using ozone treatment. This method significantly enhanced NO: sensing
performance, with ozone-treated graphene (OTG) showing twice the response of pristine
graphene and a much faster response time. These advancements highlight the potential of
functionalized and modified graphene in the development of high-performance gas sensors for

various applications.
1.3.2 REDUCED GRAPHENE OXIDE (RGO) BASED CHEMIRESISTIVE GAS SENSOR

Pristine graphene's lack of a band gap limits its application in electronic devices. In order to
overcome these challenges, graphene oxide (GO) has been synthesized using Hummers'
method[77] and utilized in gas sensor fabrication. Unlike pristine graphene, GO contains
abundant oxygenated functional groups (OCFGs) within its defect regions, which serve as
active sites for gas adsorption. However, these OCFGs disrupt the conjugated electronic
structure, leading to poor conductivity and restricting its effectiveness in electronic
applications.[78] To enhance its conductivity, GO can be chemically reduced, resulting in
reduced graphene oxide (RGO), which exhibits improved electrical conductivity. In gas
sensors, the adsorption of gas molecules onto the surface of RGO leads to electron transfer,
altering the carrier concentration and enabling gas detection. Based on this principle, extensive
research has been conducted on RGO-based sensors operating at room temperature. In 2009,
Professor Chen's research team developed a GO film by suspending GO on gold electrodes.
After heat treatment in an argon atmosphere at temperatures between 100°C and 300°C, partial
reduction occurred, allowing the material to detect NO2.[79] The same team later reduced GO
using hydrazine, creating an RGO-based field-effect transistor (FET) sensor, where RGO
functioned as both the conductive channel and the gas-sensitive layer, with a silicon substrate
serving as the gate. The hydrazine-reduced RGO sensor demonstrated a 360% enhancement in
response to 100 ppm NO: compared to its thermally reduced counterpart.[80] Despite these
advancements, RGO-based gas sensors still encounter challenges such as low sensitivity,
sluggish response times, and incomplete recovery. To address these limitations, researchers
have explored various modifications, including surface functionalization, heteroatom doping,
incorporation of metal or metal oxide elements, conductive polymer composites, and laser
irradiation. These strategies have shown significant improvements in the gas-sensing

capabilities of RGO-based sensors.
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1.4 TRANSITION METAL DICHALCOGENIDE (TMDs) BASED CHEMIRESISTIVE
GAS SENSOR

1.4.1 MoS2 BASED CHEMIRESISTIVE GAS SENSOR

MoS:; is widely recognised for its gas-sensing capabilities due to its unique physical and
chemical characteristics, such as its layered structure, high surface area, and strong adsorption
properties. Structurally similar to graphene, MoS: consists of stacked layers bound by van der
Waals forces (VDWFs), with each monolayer containing a hexagonal arrangement of
molybdenum (Mo) atoms sandwiched between two sulfur (S) layers. Unlike metal oxides, the
gas-sensing mechanism of MoS; involves charge-transfer interactions between the material and
gas molecules, particularly with NO,. Cho et al.[81] synthesized MoS, with atomic-scale
thickness via chemical vapour deposition (CVD) and examined its NO: charge transfer
mechanism using in-situ fluorescence spectroscopy. Donarelli et al.[82] employed liquid-phase
exfoliation (LPE) to produce MoS; nanosheets, achieving NO; detection at temperatures
between 150°C and 250°C. However, pure MoS> sensors have limitations, including low
sensitivity and slow recovery times. To improve performance, various strategies have been
implemented, including noble-metal nanoparticle (NP) doping and semiconductor integration.
Zhang et al. [83]demonstrated that doping MoS> with noble metals like Cu, Pd, and Pt
significantly enhanced hydrogen (Hz) sensing performance by lowering adsorption energy and
strengthening interactions between the gas molecules and MoS>. Moreover, the bandgap of
MoS; increased upon H> adsorption, facilitating charge transfer. Xu et al.[84] used DFT
calculations to show that Au and Pt significantly boosted adsorption energy on MoS:
monolayers. Xiao et al.[85] investigated metal doping (Fe, Co, Ni, Cu) in MoS: and found that
Fe doping notably improved NO: adsorption. Aneesh et al.[86] synthesized Ni- and Pd-
functionalized MoS: through a hydrothermal process, with Pd-MoS. exhibiting a 700%
sensitivity to 2 ppm NO and a detection limit of 0.1 ppm, while Ni-MoS: showed 80%
sensitivity to 2 ppm H,S.Hybrid structures have also been explored to enhance gas-sensing
properties. Zhang et al.[87] developed MoS2 /GO composites, finding that a sensor with a 3%
GO-to-MoS: ratio exhibited a 75% response to 50 ppm triethylamine at 260°C.The
crystallographic orientation of MoS; also plays a role in gas sensing. Cho et al. studied different
alignments of MoS: films (HA-MoS:, MHVA-MoS;, and VA-MoS>) and found that VA-MoS»
exhibited the highest response to NOz. Jung et al. confirmed that VA-MoS: had abundant edge
sites and dangling bonds, enhancing gas adsorption. Additionally, Shi et al.[88] synthesized
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3D nanosheets on mesoporous In,0;, which improved NOx detection.These findings
underscore the potential of MoS.-based sensors, which can be optimized through surface

modifications, hybrid structures, and tailored synthesis methods.
1.4.2 SnS2 BASED CHEMIRESISTIVE GAS SENSOR

SnS, has attracted interest in gas sensing due to its strong electronegativity, abundant
adsorption sites, and excellent stability. Ma et al.[89] synthesized 2D SnS, via ultrasonic
exfoliation from large single crystals, achieving high sensitivity to 5 ppm NHs. Tang et al.[90]
developed an NO: sensor based on SnS, nanosheets, which demonstrated a response of 5.7 for
100 ppb NO: at 120°C. Despite its advantages, SnS; still faces limitations in sensitivity for
broader gas sensing applications. Zeng et al.[91] synthesized SnS, nanosheets using chemical
exfoliation and observed a response of 4.2 to 500 ppm NHs. Their study revealed that sulfur
vacancies (S-vacancies) significantly enhance NHs adsorption. Further Zhao et al.[92] explored
S-vacancy interactions with gas molecules in SnS, monolayers, suggesting that defect
engineering could improve gas sensor performance. Additionally, Hayashi et al.[93] conducted
theoretical calculations showing that natural sulfur vacancies in n-type SnS, facilitate p-type
doping, aiding formaldehyde (HCHO) detection. Similar to MoS,, SnS, gas sensors can be
further improved through quantum dot (QD) modification and light-assisted activation

techniques.
1.4.3 WS; BASED CHEMIRESISTIVE GAS SENSOR

WS2, which shares structural features with MoS., has been widely investigated for gas-sensing

L] m applications. Colomer et al.[94] employed aerosol-assisted chemical vapor deposition (AA-

CVD) to synthesize 2D WS> nanosheets, achieving ultra-sensitive detection of S ppb NO». Xu
et al.[95] fabricated ultra-thin WS, nanosheets with a 3D wall-like structure, which exhibited
a 9.3% response to 100 ppb NO: at room temperature. To enhance WS»-based gas sensors,
various strategies have been explored, including noble-metal nanoparticle (NP) doping,
heterojunction formation, quantum-dot doping, and light irradiation. Kim et al.[96] designed a
flexible CO sensor using Au-WS> nanofibers, which maintained stable performance even after
1000 bending cycles. UV irradiation further enhanced the response of Au-WS; sensors. Hybrid
structures have also shown promise. Shi et al.[97] synthesized MoS@WS: heterojunctions,
significantly  boosting NO> response. Yang et al. developed a WS>—ZnS

heterostructureachieving a response of 32.5 for 5 ppm NO; with a rapid 4-second detection

37

Z'l—.l turnltln Page 50 of 291 - Integrity Submission Submission ID  trn:oid:::27535:154154341



Z'l_.l turnitin Page 51 of 291 - Integrity submission Submission ID _ trn:oid::27535:154154341
Introduction

time at room temperature. Zhang et al.[98] created a highly sensitive formaldehyde (HCHO)
sensor based on Ni—InpO3/WS:, which exhibited a response 10 times higher than pure WS,.

Further improvements have been made using quantum dot decoration. Zeng et al.[99] incorporated Pt QDs

into WS: nanosheets, increasing the NH3 response by a factor of 10 for 250 ppm NH3 compared to pristine WS,.
Qin et al.[100] utilized TiO» QDs to enhance NH3 sensitivity in WS, sensors, resulting in a 17-fold improvement.
Paolucci et al.[101] studied the impact of light exposure and temperature on WS>-modified reduced graphene
oxide (RGO) sensors, finding that purple-blue light and heat treatment significantly improved recovery and

adsorption/desorption dynamics.

1.4.4. OTHER TMDs BASED CHEMRESISTIVE GAS SENSOR

Various transition-metal dichalcogenides (TMDs), including VS:, MoTez, and WSe:z, have
been explored for gas-sensing applications. Zhang et al.[102] fabricated a MoS2/VS»
heterostructure by assembling MoS: nanosheets onto porous VS: , which demonstrated a
stronger affinity for NHs compared to standalone MoS; or VS; sensors.MoTe,, with a bandgap
below 1.0 eV, has attracted interest in gas sensing. Feng’s team enhanced the performance of
MoTe: sensors by preparing MoTe: nanofibers and subjecting them to continuous UV
exposure. Their findings revealed a 25-fold improvement in NH3 detection when illuminated
with 254 nm UV light. Similarly, Wu et al.[103] demonstrated that UV light also enhanced the
sensitivity of MoTe: sensors for NO> detection. Additionally, DFT calculations by Panigrahi
et al. indicated that substituting antimony (Sb) for tellurium (Te) in MoTe: increased the
binding energy and altered the electronic properties, thereby improving its suitability for

detecting gases such as NH3, NO, and NO,.

1.5 OTHER 2D MATERIALS BASED CHEMIRESISTIVE GAS SENSOR

1.5.1 BLACK PHOSPHORENE BASED CHEMIRESISTIVE GAS SENSOR

- @ In 2014, Chen and colleagues employed first-principles calculations to investigate the adsorption of gases like

carbon monoxide and nitrogen oxide on phosphorene monolayers, identifying specific adsorption sites for these
molecules. Expanding on this, Yang et al.[104]examined phosphorene’s interaction with gases such as SO, and
H,S, finding that SO, displayed stronger adsorption and greater electron transfer effects. Donarelli et al.[105]
developed a BP-based gas sensor by chemically exfoliating BP flakes and depositing them onto Si3N4 substrates
with Pt-interdigitated electrodes. While the BP sensor exhibited minimal response to CO and CO: at room
temperature, it demonstrated stable H: sensitivity, with detection limits of 20 ppb for NO and 10 ppm for NHs.
That same year, ProfessorCho’s group compared BP, MoS., and graphene sensors for NO, detection, showing
that the BP sensor had a significantly higher response (80%) to 1 ppm NO> and faster detection speeds than the
other materials. Functionalizing BP with noble metals, particularly Pt, has been shown to enhance its gas-sensing
capabilities. A Pt-modified BP sensor exhibited increased sensitivity and selectivity for low-concentration Ha

detection, outperforming pristine BP sensors. Additionally, research by Liang et al.[106] demonstrated that Pt-
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functionalized BP hybrids showed improved responses to NOx gases. Lei et al.[107] further explored the effects
of noble-metal functionalization (Li, Na, and K) on phosphorene’s gas-sensing performance, particularly on CO

adsorption using DFT.

1.4.5 gCsNs BASED CHEMIRESISTIVE GAS SENSOR

Graphitic carbon nitride (g-C3N,), characterized by its intrinsic porous structure and nitrogen atoms with lone
pairs of electrons, has garnered considerable interest for gas sensing at room temperature (RT). Wang et al. [108]
developed a g-C3N4 based gas sensor capable of detecting NO; at concentrations as low as 140 ppb under 65%
relative humidity at RT. This high sensitivity was attributed to the strong interaction between NO, molecules and
the pyridine nitrogen sites in g-C;N,. Another study, Srinivasan et al. [109] investigated the ethanol-sensing
capabilities of g-C3;Ny4 sensors, reporting a response of 182.4 when exposed to 50 ppm ethanol vapour and a
detection limit of 500 ppb. The sensing efficiency of g-CsNa can be further improved by integrating it with metal

oxides. Zhang et al.[110] developed an a-Fe.0s/g-CsNa ethanol sensor, where the formation of a heterojunction

significantly enhanced its sensitivity. Additionally, Guo et al.[111] synthesized Ni-doped Sn O /g-CsNa

L] ° composites for acetone detection, achieving a remarkable response of 142.5 at 10 ppm acetone, with a detection

limit as low as 1.38 ppb.

1.4.6 MXenes BASED CHEMIRESISTIVE GAS SENSOR

MXenes, known for their exceptional electrical and thermal conductivity as well as their
tunable electronic and chemical properties, have emerged as promising materials for gas
sensing applications. Using first-principles calculations, Yu et al.[112] examined the
adsorption behavior of various gases, including NHs, H>, and CH4, on MXene monolayers.
Their findings indicated that NHs exhibited strong chemisorption on MXene nanosheets. Lee
et al.[113] explored the gas sensing capabilities of Ti3CoTx MXenes for detecting ethanol,
methanol, acetone, and NHs, concluding that the Ti3C>Tx sensor had the highest sensitivity to
NHs at room temperature. Additionally, Guo and colleagues developed a Mo.CTx MXene-
based sensor with excellent selectivity for toluene, recording a response of 2.81 at 140 ppm
toluene, while showing significantly lower responses to benzene, ethanol, methanol, and

acetone.[114]

2. HEXAGONAL BORON NITRIDE

In recent years, hexagonal boron nitride (hBN) has attracted considerable interest as a
promising two-dimensional (2D) dielectric material.[115-117] Due to its structural
resemblance to graphene, it is often referred to as "white graphene."[118] With a wide bandgap
of around 6 eV, hBN serves as an excellent dielectric for high-performance 2D electronic[119]

and optoelectronic[120] applications. Its chemical stability further enhances its suitability for
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transistors, where it functions as a gate dielectric and in electrical encapsulation.The atomic
- e structure of hBN consists of boron and nitrogen atoms arranged in an alternating pattern, with
- @ strong covalent bonding within each layer, while weak van der Waals forces hold the layers
together. This weak interlayer interaction allows for the easy exfoliation of thin hBN sheets
from bulk crystals. In 2015, there were only 137 publications focused on 2D hBN, whereas by
2025, the number had surpassed 969, as shown in Figure 1.5. One of hBN’s key advantages is
its ability to enhance the performance of graphene-based devices. Graphene grown on
conventional SiO: substrates often degrades its intrinsic properties. While suspended graphene
retains its superior characteristics, the complexity of its device fabrication poses challenges.
L o These limitations can be overcome by growing graphene on an atomically thin hBN substrate,
which enables the exploration of new functionalities. For example, Giovannetti et al.[121]
demonstrated that graphene placed on hBN acquires a bandgap of 53 meV, improving the
L @ performance of graphene-based field-effect transistors (FETs). As the only insulating member
of the 2D materials family, hBN plays a critical role in applications such as high-quality
dielectrics, atomically thin insulators, and ultra-thin tunneling devices. Several tunnelling
L) e devices utilising hBN’s van der Waals interactions have been developed. Britnell et al.[122]
introduced the first tunnelling device based on a graphene/hBN/graphene heterojunction,
where hBN Jacted as the tunnelling barrier. In addition to its role in electronic devices, hBN
- @ exhibits outstanding optical, electrical, and mechanical properties, making it a promising
material for next-generation technologies. Its exceptional thermal and mechanical stability
makes it suitable for hydrophobic coatings, UV emitters, and oxidation-resistant layers.
Beyond its dielectric applications, hBN’s high thermal conductivity and stability make it an
excellent candidate for gas sensing, particularly in extreme environments. Experimental and
theoretical studies have explored the adsorption of gases such as NO,, NO, NH3, CO, CH4, and
H> on hBN surfaces. The alternating arrangement of boron and nitrogen atoms contributes to
its reactivity with gas molecules, leading to changes in its electronic properties upon gas
exposure, which is useful for sensor development. Its ultrathin nature provides a large surface
area, enhancing gas adsorption and sensor sensitivity. Additionally, hBN can operate at high
temperatures without significant performance degradation, making it well-suited for flexible

and high-temperature gas sensing applications.
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Figure 1.5: Plotted graph representing an exponential increase in the number of
published hBN-based gas sensing papers over the years. This data is being taken from the
Web of Science with the search keywords “hBN-based gas sensors”.

@@ 2.1 SENSING MECHANISM OF hBN-BASED GAS SENSORS

The ability of a material to withstand harsh environmental conditions is critical for its long-
term effectiveness in gas-sensing applications. Graphene/hBN-based devices demonstrate
exceptional stability even in humid environments, making them highly suitable for selectively
detecting NOx gases. De Souza et al.[123] investigated the performance of nanodevices
exposed to NO, NO:, NHs, and CO., identifying 'CB' and 'CN' as primary adsorption sites.
Their study found that NO2 and NO exhibited the highest charge transfer values, leading to
substantial electronic property modifications and enhanced sensitivity. The lowest adsorption
energies were recorded for NO (1.00 eV) and NO: (2.02 V), whereas CO: and NHs showed
much lower values (0.33 eV). Similarly, charge transfer values were significantly higher for
NO (0.1796 electrons) and NO:2 (0.7901 electrons), while CO: and NHs exhibited considerably
lower charge transfers. The strong interaction of NOx molecules with the graphene/ hBN
surface, facilitated by shorter adsorption distances, contributed to the sensor’s high
selectivityfor NOx detection.MoS2/hBN heterojunction-based sensors have also shown
exceptional gas detection performance. Compared to MoS2/S10: devices, MoS./hBN sensors
exhibited noticeable threshold voltage shifts when exposed to 25 ppb of NOx, indicating strong
charge transfer and heightened sensitivity. These findings further confirmed that
graphene/hBN and MoS2/hBN interfaces provide superior gas adsorption and charge transfer,
making them highly effective for NOx sensing. Additionally, hBN’s excellent thermal

conductivity and stability make it an attractive material for flexible electronics. Ayari et
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al.[124] developed an affordable, wearable NO: sensor by growing AlGaN/GaN on hBN and
transferring it onto a flexible acrylic substrate. The 2D hBN facilitated this process, resulting
in a twofold increase in sensitivity and a sixfold improvement in response time. The enhanced
performance was attributed to self-heating within the acrylic layer, which boosted
sensitivity.Computational studies by Beheshtian et al.[125] examined the adsorption energies
of various gases on BN nanoclusters, reporting values of 6.07, 3.66, 1.35, and 1.06 kJ/mol for
NO, N2, Hz, and CHa, respectively. The interaction of these gases with the nanocluster modified
its electronic properties, thereby improving conductivity. Gautam et al.[126] developed hBN-
based humidity and LPG sensors, explaining their mechanism through oxygen chemisorption.
In this process, oxygen molecules extract electrons from the sensing layer, increasing
resistance. Upon gas exposure, the electrons are released, reducing resistance and enhancing
sensitivity. Similarly, Sajjad et al.[127] investigated resistance variations in BN nanosheet-
based gas sensors, reporting sensitivities of 1.5 and 7.8 for oxygen and methane, respectively.
Methane demonstrated higher adsorption due to its polarity.Lin et al.[128] synthesized hBN
using a low-temperature solvothermal process and explored its gas-sensing properties. The
sensitivity of the device increased with ethanol concentration, reaching a value of 4.5 at 100
ppm and 300°C. The sensing mechanism involved oxygen adsorption, which trapped free
electrons and raised resistance. When ethanol was introduced, electrons were released,
lowering resistance and improving detection performance. Generally, hBN functions as a
chemiresistive or field-effect transistor (FET) gas sensor. For example, when methane interacts
with boron nitride nanosheets, resistance increases, but once the gas desorbs in air or vacuum,
resistance returns to its initial state. Although conventional metal oxide-based gas sensors are
widely used, hBN exhibits high resistivity, which limits its direct application in gas sensing.
However, this limitation can be addressed through doping, substitution, and functionalization,
broadening its potential uses. hBN also offers distinct advantages over metal oxides, such as a
larger surface-to-volumeratio ,which provides more active adsorption sites and enhances
sensing performance. Its ultra flat surface, exceptional stability, and reduced Coulomb
scattering make it an excellent substrate for growing other materials. Additionally, hBN can
function as a sacrificial layer in the fabrication of high-performance flexible and wearable
sensors. One of hBNNs key benefits is its thermal stability, which allows it to operate at
temperatures up to 900°C without performance degradation. Its ultrathin structure also
improves mechanical flexibility compared to metal oxide-based gas sensors. While metal oxide
sensors typically require high temperatures due to surface-adsorbed oxygen ions (027, O,

02%"), which increases power consumption and limits portability, hBN sensors rely on charge
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transfer mechanisms. This allows them to function at lower temperatures with enhanced

efficiency, making them a promising alternative for next-generation gas-sensing technologies.

2.2 STRATEGIES TO OVERCOME THE CHALLENGES ASSOCIATED WITH hBN-
BASED GAS SENSORS

Hexagonal boron nitride-based gas sensors often face challenges such as slow response times,
limited selectivity, and incomplete reversibility due to the material’s chemically inert nature.
Researchers have explored various strategies to enhance their sensing capabilities, including

substrate engineering, surface modifications, and functionalization.

(a) Substrate Engineering: The gas-sensing performance of various two-dimensional
materials is significantly affected by the selection of the substrate. Substrate engineering
plays a crucial role in determining the efficiency of gas sensors. In recent years atomically
thin, dangling bond-free surface of hBN facilitated high-quality graphene growth with
reduced charge inhomogeneities. Decker et al.[129] reported that graphene grown on hBN
exhibited a root mean square surface roughness of 2.3 X 10'° cm?, while graphene grown
on SiO: showed a roughness of 8.2 x 10 cm? This lower surface roughness and
minimized charge fluctuations make hBN an ideal substrate for fabricating high-
performance 2D materials. Topographical and charge density comparisons between
graphene grown on hBN and SiO: confirm the superior smoothness of graphene on hBN.
Scanning tunneling microscopy (STM) images of cobalt phthalocyanine (CoPc) molecules
deposited on graphene transferred onto SiO: and hBN substrates reveal that CoPc
molecules on graphene/SiO: exhibit displacement and disorder, whereas those on
graphene/hBN retain an almost perfectly ordered structure. Furthermore, hBN can serve
as a sacrificial layer to facilitate the defect-free, large-scale fabrication of sensing
materials. These structures can then be transferred onto flexible substrates, paving the way
for high-performance, wearable gas sensors. A recent study by Ali et al.[130] highlighted
the outstanding NOy detection capabilities of MoS2/hBN heterostructure sensors. These
MoS2/hBN transistors demonstrated an exceptionally low detection limit of 6 ppb at room
temperature, with the potential for further improvement through optimized synthesis and
processing. A comparison between MoS»/Si0. and MoS2/hBN transistors revealed an
increase in mobility from 0.25 to 1.16 cm* V' s™' in MoS2/hBN-based devices. This
enhancement was attributed to a reduction in interfacial traps and disorder, leading to

improved sensor performance.Cadore et al.[131] investigated different substrates for
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graphene-based NHs gas sensors and found that the interaction between graphene and gas
molecules is not solely dependent on graphene’s intrinsic properties but also on its
proximity to the underlying substrate. Among the tested substrates, graphene/hBN
exhibited the shortest separation due to the structural and lattice similarities between
graphene and hBN. The gas-sensing response of graphene grown on various substrates
under different NH3 concentrations demonstrated that graphene/hBN sensors exhibited
higher sensitivity and faster recovery times compared to their counterparts on other

substrates.

(b) Surface Functionalization: It is also an effective approach for modifying the surface
properties of hBN for gas-sensing. For instance- Wang et al.[132] demonstrated that surface-
functionalized BN nanosheets with silver nanoparticles altered the thermal conductivity of
pristine BN from 1.63 W m™ K™ to 3.06 W m™' K™'. Similarly, Lin et al.[128] also enhanced
the surface reactivity of hexagonal BN by introducing defects through a ball-milling process.
He concluded that surface functionalization enhances the selectivity of Ag-hBN-based gas
sensors toward specific molecules. Feng et al.[ 133] reported that PthBN nanosheets effectively
detected environmental pollutants, even in high-humidity conditions. When exposed to
hydrogen and methane, the conductivity of the material increased significantly, leading to
improved sensitivity. Notably, the sensor maintained stable performance at humidity levels of
up to 75%. Surface modifications also improve sensor performance, especially in extreme
environmental conditions, as confirmed by experimental and theoretical studies. For instance,
He et al. designed a sulfate-modified hexagonal boron nitride sensor for nitrogen dioxide (NO2)
detection, which exhibited a remarkable sensitivity of 1.645 ppm™!, surpassing pristine hBNand
many other 2D materials. Furthermore, it had an impressively low detection limit of 20 ppb,
well below the recommended NO- exposure threshold. Additionally, selectivity is a key factor
in practical gas-sensing applications. While pristine hBN sensors tend to show similar
responses to multiple gases, limiting their effectiveness, sulfate-modified hBN exhibited a
strong preference for NO> due to the chemical interactions induced by sulfate groups. Even at
a NO2 concentration of 10 ppm, the modified sensor outperformed its response to 100 ppm of
other gases. Lee et al.[134] also developed hydroxyl-functionalized BN nanoplatelets using an
exfoliation technique, enabling their dissolution in various solvents for specialized

applications.
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(b) Elemental Doping: Doping is a commonly employed strategy to modify the electrical and
physical characteristics of two-dimensional materials, particularly to modify the catalytic
properties. For instance- Sun et al.[135] investigated how magnesium (Mg) doping
influences the electrical conductivity of hexagonal boron nitride (hBN). For this purpose
Mg atom was substitutionally doped at the Boron site using CVD. This modification
induces p-type behavior in hBN, leading to a hole density of 1.7 x 10" cm™ and a surface
current of 12 mA. Unlike pristine hBN, which remains dielectric and shows negligible
current flow under a voltage bias, Mg-doped hBN demonstrates a linear current increase
with rising bias voltage, reaching 12 mA at 3V. Similarly, Azevedo et al. also explored
how substitutional doping alters the electronic properties of hBN, reporting a 3.72 eV
decrease in work function when carbon atoms were incorporated into the hBN lattice.
Sajjad et al. fabricated wafer-scale BN nanosheets using pulsed laser deposition (PLD),
ensuring uniform growth without thermal ablation. Carbon doping was introduced to
enhance the sensing performance of these nanosheets for methane detection. The sensor’s
effectiveness was evaluated by monitoring variations in electrical resistance upon gas
exposure. The results showed a stronger response to methane compared to oxygen.
Furthermore, Fadlallah et al.[136] examined the NO> and SO; adsorption onto BN
nanocones using first-principles calculations. Their DFT results demonstrated that pristine
BN nanocone exhibited adsorption energies of 0.71 eV for NO; and 0.34 eV for SO,.
While the Al-doped BN nanocone increased these values to 3.00 eV and 2.22 eV
respectively thereby improving the gas sensing performance. Additionally, Soltani et
al.[137] investigated the sensing properties of Al and Ga-doped single-walled BN
nanotubes. Their findings indicated that NH3 got adsorbed with adsorption energy 1.82
eV and 1.66 eV onto Al-doped BN and Ga-doped BN. The higher adsorption energy was
attributed to the robust interaction between the nitrogen p-orbital interaction between the

Al-NHs, thereby enhancing the chemical reactivity of the BN surface.
- m 2.4 ROLE OF DENSITY FUNCTIONAL THEORY IN THE FIELD OF GAS SENSING

- @ Density Functional Theory(DFT) has garnered significant attention from researchers working
in the field of gas sensing. This can be inferred from the fact that in the recent 10 years, there
has been an exponential rise in the number of published research papers using DFT to predict
the gas-sensing behaviour of various 2D materials, as shown in Figure 1.6. The poularity and

extensive implementation of the DFT lies in its theoretical framework, which has provided a
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precise way to calculate adsorption energies, geometry optimisation, band structure and density
of states, work function, diffusion coefficient upon the adsorption of targeted oxidizing/
reducing gases onto various 2D materials such as graphene, TMDs, MXene, Metal oxides and
Metal Organic Framework, etc. These DFT calculations revealed the most stable adsorption

sites, strength of the interaction , nature of the bond (covalent,ionic) and adsorption process

- @ (chemisorption/physisorption), direction and magnitude of charge transfer between the gas

molecule and the sensing surface. However, it is well known to researchers that through defect
engineering and elemental doping, the sensing performance of various 2D materials can be
improved significantly. But in reality, the creation of defects and elemental doping in the low-
dimensional systems is very challenging and difficult because it involves the breaking of strong
covalent bonds, which demands specialized expensive techniques such as ion-radiation and
thermal annealing, which also create unwanted secondary defects, dislocations, and
amphorization, thereby demanding a high level of precision to control dopants and defects. In
response to all these issues, DFT-based software like Quantum ATK, Quantum Espresso, and
VASP provides an intuitive way to model these structures using supercells and calculations to
calculate formation energy, lattice distortion, and charge transition levels, thereby facilitating
an easy way to optimise the various 2D materials with different morphologies without
synthesising them. Furthermore, various experimental approaches pose serious limitations
when assessing the sensing performance of 2D materials for multiple gases, including the need
for a complex gas-sensing setup, extensive time, and a complicated fabrication process. Here,
DFT allowed precise comparison of adsorption energies, charge transfer, diffusion barrier,
modulation in the band gap and work function for various 2D materials upon the adsorption of
multiple gases. Thus, enabling rapid screening of potential nanomaterials with superior sensing

capabilities.

RESEARCH OBJECTIVES

1. Exploration of the sensing capabilities of 2D material as a sensing material for

the detection of toxic gases under harsh environment conditions.

2. Analysis of the adsorption mechanism by which toxic gas got adsorbed onto the

surface of the sensing material utilizing DFT.

3. Analysis of the improvisation in the sensing performance, adsorption capability

and stability of the sensing material towards toxic gases upon surface
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functionalization.

4. Investigation of the adsorption phenomena and sensing performance of the

Nanowire towards the detection of toxic gases using DFT.
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Figure 1.6: Plotted graph representing an exponential increase in the number of
published DFT based gas sensing papers over the years. This data is being taken from the
Web of Science with the search keywords “DFT based gas sensors”.

3.1 Organisation of the Thesis

This thesis 1s organised into seven chapters, each contributing to a comprehensive
understanding of Cu-decorated hexagonal boron nitride and MoS:-based gas sensing materials

investigated through first-principles calculations.

Chapter 1 introduces the broader context of air pollution and its associated health and
environmental hazards. It provides a detailed overview of chemoresistive gas sensing
technologies, with particular emphasis on the working principles of n-type and p-type
semiconductor-based sensors. The chapter systematically reviews two-dimensional
materials—including graphene, reduced graphene oxide, transition metal dichalcogenides,
black phosphorene, g-CsNa, MXene, metal-organic frameworks, and hexagonal boron

nitride—as promising candidates for next-generation gas sensors. Enhancement strategies such
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as doping, defect engineering, heterostructure formation, and light-assisted activation are

discussed, culminating in the statement of the research objectives.

Chapter 2 presents the theoretical background underpinning all computational investigations
in this thesis. It covers the foundational principles of Density Functional Theory (DFT),
beginning with the Hohenberg—Kohn theorems and the variational principle, and progressing
through the Kohn—Sham formulation, exchange—correlation approximations, and the origin of
the band-gap problem. A comparative discussion of the Kohn—Sham, Hartree, Hartree—Fock,
and Dyson equations is also provided to situate DFT within the broader framework of many-

body theory.

Chapter 3 investigates the adsorption behaviour of phosgene (COCI:) on pristine hBN, Cu-
doped hBN, and Cu-decorated hBN (Cu-hBN) monolayers using DFT. The chapter
demonstrates that Cu incorporation significantly strengthens adsorption through chemisorptive
interactions, reduces the band gap, and enhances electrical conductivity by up to 72.25%.
Charge transfer analyses via Hirshfeld charges, charge density differences, ELF, and RDG
calculations confirm the role of Cu atoms as electron donors. Recovery time under visible light

irradiation at elevated temperatures is also evaluated.

Chapter 4 examines the adsorption of cyanogen chloride (CNCI) on pristine and Cu-decorated
hBN. While pristine hBN exhibits physisorption with a poor recovery time, Cu decoration
markedly enhances the adsorption energy and modifies the electronic structure. The chapter
highlights a 31.54% variation in work function upon CNCI adsorption on Cu-hBN, indicative
of high sensitivity. Recovery time calculations at 300 K, 400 K, and 500 K are reported, and
RDG analysis confirms the non-covalent nature of the Cu-hBN-CNCI interaction.

Chapter 5 addresses the detection of thermal runaway gases (Cz2H4, CO, COz, Hz, and CH4)
released during lithium-ion battery failure. The adsorption of these gases on pristine and Cu-
doped hBN is systematically studied using DFT. Substitutional Cu doping at a boron vacancy
site is found to convert physisorption into chemisorption, substantially improving sensitivity,
selectivity, charge transfer, and recovery time. DOS and RDG analyses confirm chemoresistive
behaviour and strong attractive non-covalent interactions, establishing Cu-doped hBN as a

viable sensing material for battery safety monitoring.
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Chapter 6 investigates the influence of Cu substitutional doping and surface adsorption on the
electronic properties of MoS: nanowires (NW). ELF and Bader charge analyses reveal that Cu
adsorption leads to covalent bonding, while substitutional doping induces ionic bonding with
significant charge redistribution. Work function calculations demonstrate an enhanced electron
emission capability in Cu-doped MoS>NW. Thermodynamic stability is confirmed through
cohesive energy calculations, and the results highlight the potential of Cu-doped MoS:2NW for

field emission and nanoelectronics applications.

Chapter 7 presents the overall conclusions drawn from the research investigations reported in
the preceding chapters. It summarises the key findings related to the sensitivity, selectivity, and
sensing performance of Cu-decorated and Cu-doped hBN-based gas sensors, and

contextualises their significance in the detection of hazardous gases in industrial, automotive,

- @ and urban environments. The chapter also outlines the broader societal implications of the work

and proposes directions for future research aimed at advancing the development of efficient,

low-power, and cost-effective gas sensing technologies.
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Hohenberg-Kohn Theorems

- e In this chapter, the theoretical foundations and practical realisation of Density Functional
Theory (DFT) are taught as a powerful framework for studying many-electron systems. It
L) @ explains how the Hohenberg—Kohn theorems establish the electron density as the central
quantity that uniquely determines the ground-state wave function, the total energy, the external
potential, and all observables, thereby reducing the complexity of the many-body Schrodinger
equation. The chapter shows how the variational principle leads to an energy functional whose
minimum corresponds to the actual ground state, while also highlighting why early approaches
like the Thomas—Fermi model are inadequate due to their neglect of exchange and correlation
effects and their inability to describe molecular stability. A key learning outcome is the
introduction of exchange—correlation energy, which accounts for both Pauli exclusion
(exchange) and electron—electron interactions (correlation), and the recognition that its exact
form is unknown and must be approximated. The Kohn—Sham formulation is considered the
L) @ most practical implementation of DFT, replacing the interacting many-body problem with an
auxiliary non-interacting system that reproduces the correct electron density through a self-
consistent cycle, which forms the basis of modern first-principles calculations. The chapter
also clarifies the interpretation and limitations of Kohn—Sham eigenvalues, the origin of the
band-gap problem due to derivative discontinuities in the exchange—correlation functional, and
why local and semi-local approximations such as LDA and GGA often underestimate band

gaps. Finally, by comparing the Kohn—Sham, Hartree, Hartree—Fock, and Dyson equations, the
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chapter provides insight into how DFT connects to many-body theory, emphasising both its
computational efficiency and the ongoing need for improved functionals to accurately describe

strongly correlated systems.

2.1INTRODUCTION

All the matter around us, whether solids, liquids, gases or even biological systems, is composed
of atoms and molecules, which are the building blocks of matter.[1] Therefore, a proper
understanding of the behaviour of atoms and molecules is necessary, as macroscopic properties
of matter, such as mechanical strength, electrical conductivity, optical absorption, and
biological functionality, depend on microscopic interactions, including electron-electron and
electron-nucleus interactions as shown in figure (2.1).[2] Historically, classical theories have
provided computationally efficient and highly effective methods for studying larger complex
systems over meaningful time scales. For example, the most effective computational approach
for bridging the relationship between microscopic interactions and macroscopic behaviour was
molecular dynamics[3-5], which is based solely on classical concepts. In molecular dynamics,
the atoms are treated as classical particles having well-defined initial positions and velocities.
The time evolution of the positions and velocities was determined by solving Newton’s second
law of motion through numerical integration techniques. It is the time-ordered records of
positions and velocities that contain all the microscopic information needed to compute
macroscopic properties such as diffusion, temperature, pressure, etc., through Statistical
Mechanics.[6] Despite such success, molecular dynamics failed to explain phenomena arising
from quantum effects, such as superconductivity, electron tunnelling, the discretization of
energy levels, and the breaking and formation of bonds. The reason behind the failure of
Molecular dynamics lies in its mathematical formalism, which is based on classical concepts.
On the other hand, Quantum Theory was able to overcome this limitation by considering the
wave nature of microscopic particles, such as electrons, through the Schrodinger equation[7].
For a single electron system having a mass(m) moving under the influence of an external
potential V(r) the non-relativistic Schrodinger equation is written as shown below in the

equation (2.10)

[+ v ) = Ep) (2.10)

2

h2v2 L. . .
Where - S represents the Kinetic energy. The wave function 1 (r) for a single electron system

has a dependence on the position coordinates (x, y, z) as a result, this reduces the non-

relativistic Schrodinger equation to a three-dimensional problem, which can be solved exactly
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2
for a Coulomb potential i.e. V(r)= — %analytically through the variable separable method. In

contrast, for a system having more than one electron, the non-relativistic Schrodinger’s

equation can be written as shown below in equation (2.11).

“ N —h2v2 + V(‘ri)] + Yic<j U(ri,rj)l Y(ry, 1,15 e e ry) = EY(ry, 13 e ry)  (2.11)

i=1 om

Where N is the number of electrons, ;. U(r;, 77)is the interaction energy term for a Coulomb

system having electron-electron repulsion, the interaction energy operator(J) can be written

2
asYi<; |rlq—_r]| The wavefunction Y (ry, 75,73 ... ... ry)for a multielectron system, the dependence

will be on the particle's position coordinate. This reduces the non-relativistic Schrodinger
equation for a multielectron system to a 3N-dimensional problem, which is very difficult for a
normal human being to solve analytically or numerically. It is by comparing equations (2.10)
and (2.11) that we found that, as the number of particles in a system increases from a single
particle to multiple electrons, the interaction energy term becomes significant, making the
problem extremely complex. This is known as the many-body problem[8]. For decades, many
powerful methods have been developed to solve Schrodinger’s equation for many-body
problems. In Physics, for example, there exist various effective approaches, such as
diagrammatic Perturbation theory[9], which is based on the systematic expansion in a Slater
determinant[10]. The major issue with all these approaches is that they demand high
computational resources; as a result, it is impossible to apply them efficiently to a larger and
more complex system. This can be inferred from the fact that till now nobody has ever
calculated the chemical properties for a system having 100 atom/ molecule and electronic
properties for a real semiconductor without using Green’s function.[11]. It is here where
DFT[12, 13] provides a more versatile but less accurate approach to solving many-body
problems by reformulating the many-body problem in terms of electron density, which depends
on the position vector regardless of the number of electrons. As a consequence, DFT
systematically mapped the many-body problem with U onto a single body problem without
Uas shown in Figure 2.2. This approach provided the basis for the electronic structure,
magnetic, and structural properties of an extended system. The extent to which DFT has
contributed to the science of molecules can be inferred from the fact that, in 1998, the Nobel
Prize in Chemistry was awarded to Walter Kohn and John Pople for founding DFT and
implementing it in computational chemistry. Hence, the main objective of the current chapter

is to provide an overview of DFT by presenting many interesting, detailed proofs of the
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theorems, illustrative application and exciting development which might be useful to the
undergraduate, post-graduate students who have completed a first course in Quantum
Mechanics as well as to the researchers interested in exploring the structural, magnetic,
electronic, optical properties in low dimensional systems[14], relativistic effects in heavy
elements[15] and various biological processes such as enzyme catalysis[16], metal ion

coordination[17], and drug—target interactions[18].
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Figure 2.1 Schematic diagram illustrating the significance of understanding the
microscopic interaction in the field of material science, modern advanced technology,
biology and chemistry.

4
!

MANY BODY PERSPECTIVE DFT PERSPECTIVE

Figure 2.2 Schematic diagram illustrating how the electron—electron interaction is
replaced by an equivalent formulation based on electron density, which forms the central
theme of DFT.

2.2 HOHENBERG-KOHN THEOREM
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At the heart of the DFT is the Hohenberg-Kohn theorem[19, 20]. According to the Hohenberg-
- @ Kohn theorem, for a given ground state density no(r), it is possible to calculate the
corresponding ground state wave function y (rq, Iy, I'3,l4........., I'y). This means that y, is a
functional of n,(r). As a consequence, all observables are functions of no(r) as well. If () can
be calculated from no(r) and no(r) can be calculated from (), this implies that both the
functions are equivalent and contain the same information. It seems impossible that how can
electron density (nq(r)), which is a function of one variable, i.e. position vector (), be
equivalent to a wavefunction y,, which is itself a function of N variables ry, ry,, I'3,r4.... I,?
The answer to this question lies in the fact that the knowledge of no(r) implies an implicit
understanding of much more than that of an arbitrary function f(r). The ground-state wave
- @ function i, is the one that not only reproduces the ground-state electron density n,(r) but also
minimizes the system's energy. For a given ground-state electron density, this can be written

as in equation (2.12)

E,o = Jmin <Y|T+T+V]yp> (2.12)
—no

Where E,,, denotes the ground state energy in a potential V(r). The above equation tells us
L @ that, for a given electron density ny(r), not only does ny(r) reproduce the ground-state electron
density n,(r), but it also minimizes the system's energy. For any arbitrary density n(r), we can

write the energy functional E,[n] as given in equation (2.13).

E,,[n]zgl_u:l<zp|f+ﬁ+17|¢> (2.13)

' @
If n(r) is an electron density which is different from the ground state electron density no(r) in a
potential V(r), then the v (11, 12, 13, 14......, rn) wave function generated from the n(r) is different
from the y, generated from ny(r). According to the variational principle, the minimum value

- @ of E,,[n] will be either higher than or equal to the ground state energy £, ,= E,[n,]. This
indicates that the functional.E,[n,]can be minimized for n(r)= ny(r) and its minimum value

will be E,, ,. The total energy functional can be written as shown in the equation (2.14) below.

E,[n]= min <Y|T+ 01> + [d3 n(r)v() =F[n] + V[n] (2.14)

Where F[n]= J)nin <yY|T + U] > is the internal energy function F[n] which is clearly
—n

16 independent of the v(r) and can only be determined by the structural form of T[n] and U[n].

The universality of the internal energy function enables us to define the ground state wave
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function J, as an antisymmetric N-particle function that yields the minimum of F[n] and
reproduces no(r). The strong form of the Hohenberg-Kohn theorem is based on the

inequality[21-23].
[d3r An(r) Av(r)<0 (2.15)

Here A n(r)and A v(r) represent a change in the electron density and potential. According

to equation (2.15), if A v(r) # 0 then A n(r) # 0, this means that any _
would lead to a change in the electron density. This leads to the conclusion that there can’t be

two local potentials corresponding to the same ground-state charge density. Moreover, equation
(2.15) also establishes a relation between the signs of A n(r)and A v(r) if A v(r)Itis mostly
positive then A n(r) must be negative. On the other hand, for a Coulomb potential, the
electron density will have a cusp at the position of the nuclei where it must satisfies the

condition given by the equation (2.15).[24, 25]

_ Qg dn(r)
Zk_zn(r) dr |T—Rk (2'16)

where Ry HEROIESIEIposition SRREIRUGIEN 7, e BOMICHURbERand a, —h?/me? Slihe
Bohr radius. For a Coulomb system it is through the information of the electron density (n(r))
one can thus completely specify the Hamiltonian of the system _
total particle nurmber () the position of the cusps of n(s) are the position of the nuclei (1)
-derivatives _Zk _equation (2.16). But in

practice, it is tough for one to know the density distribution sufficiently well in order to search

for the cusp and calculate the local derivatives. But Kato’s theorem provides a vivid illustration

of how, from the knowledge of electron density, one can lcompletely specify a non-trivial

Hamiltonian.

2.1.1 SUMMARY OF HOHENBERG KOHN THEOREM

1. The non-degenerate ground state (GS) wave function is a unique function bf thelground
state electron -(no (1)). -core -Hohenberg-Kohn - It is due

to this theorem that any observable (0) will also be a functional of electron density too.
0y = 0[ny] =< ¥[ne]0l[ne] > (2.17)

The most critical observable is the ground-state energy, which is given by equation (2.17)
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@@ ' willnever have an energy value below the true ground-state energy. Similarly, in exact DFT,
-the total energy _any system having an external potential v(7),,; and if
@@ 00 is the non-trivial electron density, which isinot the'actual ground-state electron density
ny(r), then - will never have a total energy below the true ground-state energy.
Ey[no] = < Y[nolH[[no] > (2.18)

Ey[no] < Ep[n’] (2.19)

Eyp = Ey[Yo] =< PolH[ho] > < <YP'|H[Y' >= E,[Y'] (2.20)
.a While performing the minimization of E,[n] there is a constraint that the integral of -
particle number N is an integer, which is taken into account by means of a Lagrange multiplier,
threby replacing the constrained miimization of £,[r] by an unconstrained o of £, -

uN. Thus, energy minimization leads to the relation for calculating chemical potential.

SE,[n] __ OE

Sn(r) H=oy (2.21)

2. For any non-relativistic Coulombic system, the energy functional E,[n] can be written as

£, [n] ~ Wl V] + VIS BV 22)
where T[n] and U[n] are universal functions independent of the v(r). on the other hand, the

_for any system having potential v(r) is just the expectation value of v(r).

Moreover, equation (2.23) also indicates that if the potential v(r) for any system is well known

then just from the knowledge of the electron density, one can calculate the functional V[n] very

easily.
Vn] = [ d3r n(r) v(r) (2.23)

@@ 3 Therelisa fourthisub statement fo the Hohenberg-Kohn! theorem, which shows that if

v(r) is not held fixed, then the functional V[n] becomes universal. This means that the
ground-state electron density not only determines the ground-state wave function but also
the potential V =V [no] up to an additive constant. This can be proved from Schrodinger’s

equation as the potential operator ¥ can be written as in the equation (2.24)

7=YNu(r) =E % (2.24)

‘@ The above equation (2.24) indicates that any eigenstate Yy, _17
up to an additive constant corresponding|to the Energy cigenvalue. Asalresult, the explicit
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reference to the potential v in the energy functional E,/n/ is not necessary, and one can rewrite

the ground state energy as in equation (2.25).
Eo =Elno] =<[nol| T + U + VIno][$[no] > (2.25)

Also, we found from equation (2.25) that n, now does determine not only the ground state

wave function but the complete Hamiltonian and thus all excited states too:

W (ry, T2, I3, Tn)= P[] (2.26)

where k labels the entire spectrum of the many-body Hamiltonian H in the equation (2.26).
2.3 THOMAS FERMI APPROXIMATION

According to the Hohenberg—Kohn theorem it is possible to calculate the observables once the
knowledge of the electron density is known because they are all functionals of the electron
density n(r). But in practice, using the Hohenberg-Kohn theorem, we can calculate only those
observables that are explicit functions of n(r) like total number of electrons, external potential
energy and classical electrostatic energy, whereas it doesn’t tell us how to compute those
observables that are implicit functions of electron density n(r) like optical properties, band
gap, transport properties and excitation energies. Also, the energy minimization is a tough
numerical problem. To overcome this problem, Llewellyn Thomas and Enrico Fermi proposed
a model known as the Thomson-Fermi Model, which treats a large number of electrons within
atoms and molecules as a uniform, non-interacting Fermi gas moving in an effective
electrostatic potential. As a consequence, the full interaction energy, which was approximated
by the Hartree energy as written in equation (2.27). On the other hand, the kinetic energy

functional can be approximated as written in the equation (2.28).

Ulnl=Uy ] = £ f d¥r J % 200 2.27)
T[n]~ T*?4[n] = [ d°r n(r)tyomo (2.28)

Where ty,mo represents the Kinetic energy of the homogeneous interacting system with a fixed
electron density n(r). For any interacting system, the nature of the ¢y, 1S not known
explicitly as a function of (7) ; therefore, its determination requires further approximation.
Initially, the local density approximation (LDA)was used to determine the function of tz,m0
According to this approximation, one can imagine the real inhomogeneous system to be
decomposed into small cells havingn(r) and v(r) as the electron density and potential,

respectively, which are approximately constant. The per-volume energy of each cell contributes
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to the real inhomogeneous one. For any interacting system, the nature of the ty,m, 1s well
known explicitly as a function of n(r), which can be inferred from equation (2.29), but further,
- @ this was also approximated using LDA as a result, the kinetic energy functional for the non-

interacting system can be written as mentioned in the equation (2.30).

3h2 32/3

h — 5/3
tS*°"%(n) = o mn(r) / (2.29)
Tn]= TEPAn] = [ d3rn(r)tlome (2.30)
L a Where TLP4[n] is the local density approximation to the kinetic energy of the non-interacting

electrons of density n(r). Combining equations (2.27) and (2.30), the total energy functional

using the Thomas-Fermi approximation can be written as
E[n] = T[n] + U[n] + V[n] = ETF[n]= TP4[n] + Uy[n]+V[n]  (2.31)

The biggest limitation of the Thomas-Fermi model is that it cannot explain the molecule's
stability, as the approximation implies that the molecule's energy is greater than the sum of its
constituent atoms' energies.[26, 27] This type of limitation and inaccuracy is a consequence of
the neglect of the correlation in the Uy [n] and usage of local density approximation in the T[n],

thereby limiting the practical implementation of the Thomas-Fermi model in DFT.

(A) DERIVATION OF THE KINETIC ENERGY FOR THE THOMAS-FERMI
MODEL

Let us consider a small volume element (AV) in real space at T=0K. The electrons are in their
ground state and can occupy momentum states from p=0 to the maximum p=pF in momentum
space. Thereby filling the spherical volume in the momentum space up to Vr, whose value is

given by equation (2.32)
4 -
Ve = 2mp3(P) (2.32)

Where 7 is the position vector of a point in AV . Since each point in the phase space
corresponds to an allowed state. Therefore, the corresponding real space volume (AV) in the

phase space will be V'Vp),, which is given as in equation (2.33)
AVpy, = Zp}(F)AV (2.33)

L) Q But according to the Heisenberg uncertainty principle, the uncertainty in position and
momentum coordinates in two dimensions (x-p,) is connected as A x A p, = h. Similarly A

y Apy = hand A z A p, = h. As aresult, the minimum volume that can be occupied in phase
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space is h’. Also, according to the Pauli exclusion principle, only electrons having different
spins can occupy the same states. As a result, the number of electrons that can be allowed to
occupy a particular state is 2. The number of electrons available in the phase space volume

A Vpp, 18 A Npy, given by the equation (2.34).

2 2 4 e 8 e
SAVen= = Gmpi(HAV)= S pi (F)AV (2.34)

.2 : :
Where the quantity 318 the density of electrons in the phase space. In real space, the electron

density n(r) will be the ratio of A Npj, to AV.

n(r) = AZ;”I: grtp;’; ) (2.35)
_Bn@mn3/3

The fractions of electrons at a position 7 having momentum between p and 15+E)) is given by
the distribution function (f,-(p)dp) which is defined as in equation (2.37)

4mp?

i D =Dr
fr(p)dp = § =& (2.37)

0, otherwise

Using the classical expression for the kinetic energies, the kinetic energy for a non-interacting

electron having mass (me) and electron density n(r) is given below in equation (2.38) -(2.40).

Tgln] = 7" 2 o fr@In(@)dp (2.38)
Ts[n] = Op” ;:n i:f n(r)dp =, pr 3p° n(r)dp— i - () (2.39)

T3

3n(r) [(3h3n(r)) /3] 3h? [(3)2/3(n(r))5/3]

Tsln] = 2m, 8m)*/3 40m, (m)°/3 (2.40)

2.4 EXCHANGE CORRELATION ENERGY

As discussed in the section on the usage of the Local density approximation, the T[n] resulted
in inaccuracy. Therefore, to overcome this issue, a more accurate method was developed to
account for the kinetic energy of the interacting electrons. Under this scheme, the T[n] is
decomposed into Ts[n] and Te[n], where Ts[n] is the kinetic energy of the non-interacting

particles of electron density n(r) and T¢[n] is the kinetic energy of the correlated electrons.
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T[n] = Tg[n] + T¢[n] (2.41)
Here in the above equation (2.41) Ts[n] is an unknown function of the electron density n(r)

@@ bt can be ety expressed i terms of the single parile obitals 9, (rJof  non-interscting
_electron -n(r) .shown below in the equation (2.42).

T[] = 2o 58 [ d*r g (720i(r) (2.42)

‘@ @  This is because for non-interacting particles, the total kinetic energy is just the sum of the
_ Moreover, .single-particle orbitals ¢;(r) is itself a functional
of electron density n(r); as a result, the kinetic energy of the single particle Tg[n] becomes an
explicit function of single-particle orbitals ¢; (), but on the other hand, it is an explicit function
of electron density n(r) . As a consequence, we can rewrite the exact energy functional as in

the equation (2.43)

L 7] E[n] = Tlnl + Uln] + Vin] = Tel(o: ()] + Uy (Rl # VIRl + Exc[n]  (243)

‘a On comparing equation (2.43) with equation (2.31), we found that the energy functional is
formaly exact but . is unknown, althogh the Hohenlhers-K o theorem guarantees tha i
.also lfunction of electron -n(r). This function is called the exchange correlation
energy, [28, 29], which is basically the difference between (T.) and (U-Un). The exchange

.@ correlation energy itself can be decomposed into Ex and Ec as Ex. = Ex + E. _

‘@ @  the exchange energy and Ec is the correlation energy. The exchange energy is due to the Pauli
Principle, and Ec is due to correlations. The exchange energy (Exc) can be written explicitly in
terms of the single-particle orbitals as written below in equation (2.44).

Mk )e;r)r(r)
[r=r]|

@@  Theabove equation (2.44) is known as the Fock term, but no general exact expression in terms
of electron density is known.

(A) DIFFERENT PERSPECTIVES OF CORRELATION ENERGY

PROBABILISTIC APPROACH-In quantum mechanics for a system having (N) number of

E oDl L35  dr [ a2 (2.44)

electrons, the probability of finding these electrons at any position (7) is just the amplitude of

the many-body wave function. But if the existence of any electron doesn’t affect the existence

.e of other electrons, then the amplitude of the wave function of the _can be
written as the amplitude of the wave function of the individual electrons. In reality, due to
‘@ Coulomb repulsion, electrons repel each other; as a result, the probability of finding an electron
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in the vicinity of another clectron decreases. This mutual repulsion between the electrons
causes the lowering of the total energy because the repulsion energy is dependent on the joint
probability of finding an electron in the vicinity of another electron. For a system that is highly
correlated, the correlation energy will be higher or comparable to the kinetic energy of the
single particle, whereas for a weakly correlated system, the correlation energy will be lower

than the kinetic energy of the single particle [Ts].

MEAN FIELD THEORY-Let us consider an alternative form of the Coulomb interaction

represented by the operator U defined below by the equation (2.45)

-1 f &3r [ d3r '—"(”"(” “ Cdirfdir LG i) (2.45)

[r—7']

2 o,
The term fd3rfd3 ’m and %fd%‘fd%"w in the equation (2.45)

—r'| [r—7'|
represents the Hartree energy term whereas the second term represents the interaction of the
electron with itself. The expectation value of the operator Uwill involve the expectation value
of the product of the density operator, i.e.< n(r)n(r’) >. In order to understand how mean
field theory deal with the expectation value of the product of the density operator we need to
recall that the quantum correlation between the interacting particles give rise to quantum
fluctuation. Therefore, rewriting the electron density operator by incorporating the fluctuation

operator the resulting electron density operator is given by equation (2.46) and (2.47)
a(r) = n(r) + 6ﬁ(r)fluctuation (2.46)
ﬁ(T') = n(r’) + 6ﬁ(r’)fluctuation (2-47)

Substituting the value of the 7A(r) and 7A(r') in the expectation value of the product of the

density operator, i.e.< r(r)n(r’') > we get
< n(?‘)?’l(?") > =< (n(r) + 6ﬁ(r)fluctuation)(n(r,) + 6ﬁ(rl)fluctuation) >

< n(r)n(r’) >+< (n(r)(aﬁ(r,)fluctuation) >+< ((Sﬁ(r)fluctuation) (6ﬁ(r’)fluctuation) >
+< (5ﬁ(r)fluctuation)(n(r,)) >

< n(r) >< n(rl) > +< (Tl(T‘) >< Sﬁ(r)fluctuation) > +< (n(r’) >< 5ﬁ(r’)fluctuation >
+< (5ﬁ(r)fluctuation) >< (6ﬁ(r,)ﬂuctuati0n

If we neglect the quantum fluctuation this implies that < ((Sﬁ(r)ﬂuctuation) >=<

(5ﬁ(r’) ﬂuctuation) >=() then the expectation value of the product of the density operator
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becomes equal to the product of the expectation value of the individual electron density, i.e.

< n(r)n(r") >=<n(r) >< n(r") >in the case of mean field theory.
2.5 KOHAN SHAM EQUATION

DFT can be implemented in various ways, as discussed in the previous section; one is the
minimization of the energy functional, which is not an efficient method. In response to this
issue, the Kohan Sham equation[30, 31] is considered the most widely accepted approach for
implementing the DFT method. The success and popularity of the Kohan Sham can be
- attributed to the fact that it replaces the difficult interacting many body systems in the Hamilton
equation (2.11) with different auxiliary system that can be solved more easily. As a
consequence, the many body system appears to be a single body system. Therefore, in the
section (A) we have tried to derived the Kohan Sham equation in order to understand the

formalism.

(A) DERIVATION OF KOHAN SHAM EQUATION

In the previous section (2.4), we observed that the kinetic energy of non-interacting electrons
depends on the orbitals. Therefore, one cannot directly minimize the energy functional directly
with respect to electron density n(r).With respect to this issue, Kohan Sham provides an

indirect method of minimizing the energy functional as follows in equation (2.48).

- @ _OE[n] _ 8Tg[n] | 6V[n] | 6Ug[n] SExc[n]
sn(r) — én(r)  én(r) = én(r) on@)
SE[n] _ 8Ty[n]
on(r) - on(r)

(2.48)

+ v(r) + vy (r)+v,.(1) (2.49)

Since the derivative of E,. [n] with respect to n(r) can only be calculated if one has the
knowledge of the approximation used for E, . [n]. Therefore, we have assumed v, [n] is equal
to the derivative of E,. [n] with respect to n(r). According to the Sham-Schulter equation, it

- @ is related to the irreducible self-energy. For a system having non-interacting electrons moving
under the influence of the potential V;(r)The energy minimisation condition is simply given
by equation (2.50).

_OEg[n] _ OTs[n] |, &Vs[m]  6Ts[m]
133] sn(r) ~ én(r) = n() én()

The above equation (2.50) suggests that, for a system of non-interacting electrons, the vy and

+ vg(7) (2.50)

vxc terms are absent. Let n(r)and ng(r) be the electron density satisfying the energy
minimization condition given by the equations (2.49) and (2.50) respectively. Comparing

equation (2.49) with equation (2.50) we found that both the energy minimization conditions
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can have the same solution, i.e.ny(r) = n(r) if vy(r)satisfies the condition given by the
equation (2.51).
Us(r) = v(r) + vy (r) + e (1) (2.51)

As a consequence, one can calculate the density of the interacting system having the potential
v(r) just by solving the Schrodinger equationfor a system of non-interacting particles having
the potential vg(7). In particular, the Schrodinger equation for an auxiliary system mentioned
in equation (2.52) yields an orbital (¢; (7)) capable of reproducing the original electron density
for the system through a relation given by equation (2.53)

[_Zjnv "+ ”s(r)] @i(r) = e @;(r) (2.52)
ns(r) =n(r) = XL fi lg: (M) (2.53)

Where f; is the occupied i**orbital. The above-mentioned equation from (2.51) to (2.53) is
known as the Sham equations. Thus, Kohan Sham replaces the problem of solving many-body
systems by solving the Schrédinger equation for a system of non-interacting particles. The flow
chart shown in Figure (2.3) represents the algorithm of solving the Kohan Sham equation,
which is utilized by various DFT-based software like VASP, Quantum Espresso, Gaussian,

Wien-2K, etc. The usual way of solving the Kohan Sham equation is by starting with an initial

guess for the electron density n(r), followed by the calculation of v4(7) and then the solution
of the auxiliarydifferential equation given by the equation (2.52) for the orbitals ¢;(r). After
evaluating the orbitals ¢;(r) one can calculate the new electron density using the equation
(2.53). If the calculated electron density converges with the initial electron density, then this
process step otherwise continues; this process is called “Self-Consistent Cycle”. Different

convergence criteria such as convergence in the energy, density or some observable calculated

from these and various convergence accelerating algorithms such as mixing of old and new
effective potential are also used. In practice, it requires a dozen iterations to achieve
convergence, whereas if the convergence seems unattainable, a self-consistent solution of the
Kohn-Sham equation can’t be found. If (n¢(7)) is the converged solution, then one can

calculate the total energy in an alternative form is given by the equation (2.54).

2 !
Eo =X, B — L [ d3r [ a3 220D [ 435 ng (1) Voo (1) +Exclno]  (2.54)

[r=7"]

Equation (2.54) follows from writing V[n] in (2.43) by means of (2.51) as shown in the
equation (2.55).
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Vin]= [ &®r v(n@) = [ & r [Vo(r) = V(1) — Vxc(MIn(r)
=[ A3 rVin(r)- [ d®r [V () + Ve ()In(r) (2.55)

Thus, the total energy of the non-interacting system as E; = YN E; = Ts + V.

If calculation did not converge

If converged

®0 Figure 2.3: Schematic flow chart describing the iterative Self-Consistent Cycle (SCF)
employed to solve the Kohn-Sham equations in the DFT.

(B) THE KOHAN SHAM EIGENVALUES

In the previous section we have observed while deriving the Kohan Sham equation that (E;)

has been treated as artificial objects because they are the eigenvalues corresponding to the

‘° eigenfunction ¢;(r) orbitals capable of yielding _electron -
that has a _to the Kohan Sham. The calculated Kohan Sham eigenvalues was

found to bear a semi quantitatively approach to the true energy spectrum[32], thereby
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0 (vacuum)
N A A
AKS. A
HOMO(N+1)
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|
LUMO(N)
A -
Axs 4

Figure 2.4: Schematic flow chart illustrating how the Kohan-Sham eigenvalues are
related with some observables.

- ° indicating that they cannot be trusted quantitatively. The major exception to this rule is the
highest occupied Kohan Sham ‘eigenvalues. Let Ex(M) denotes the N eigenvalues having M
electrons. It has been proven through rigorous calculation that Ex(N) = -I and En+1(N+1) =-A

where I and A are the first ionization energies and electron affinity of the system having N
electrons.[32, 33] These results hold good for exact functional but when calculated using local
density approximation and Generalized Gradient approximation, the calculated highest Kohan
Sham eigenvalues don’t provide good approximation to the experimental I and A. In order to
obtained better results for these observables they were calculated using the energy difference
L) ° like Eo(N-1)-Eo(N)=I and E(N+1)-Eo(N)=A where Eo(N) is the ground state energy of the N
body system. Alternatively self-interaction correction was also used to improve the ionization
energies and electron affinity from the Kohan Sham eigenvalue.[34]. Figure (2.4) represents
the role played by the highest and lowest Kohan Sham eigenvalues and their relation with
observable. For a molecule HOMO(N) and LUMO(N) is the highest and lowest occupied
- @ molecular orbital for a system having N electrons. In case of a solid having a gap, the HOMO
and LUMO become the top and bottom of the valence and conduction band, respectively,
whereas in the case of a metal, they both lie at the Fermi level. The vertical line in Figure (2.4)
- “ indicates the Kohan Sham gap (Ags ), the fundamental gap (A), and the derivative
discontinuity in the XC function interacting electron system. Here I(N)=—Ey (N), A(N)=
—Eyn4+1 (N+1) is the electron affinity and the Kohan Sham electron affinity Agg(N) =

—Eyn+1(N).For a system that is characterized by fermionic quasi particles and the absence of
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@O  comelation, itis a suprise that the Kohan Shiileigeivalies (5)) 4o provide aveasomble st
approximation to the actual energy level of an extended system. This approximation to the

Kohan Sham eigenvalues does provide a useful and successful method of calculating the band

structure in solid state physics. But on the other hand, one must remember that in the Kohan

@@  Shamcquation, we are literally treating the auxiliary single-body equation as an approximation
o the many-body Schrodinger equation! As a consequence, DFTis practical in'this mode and

no longer serves as a many-body theory but rather as a mean-field theory. Moreover, the neglect

@@  ofthe derivative discontinuity (» ) by the standard local and semi-local XC function leads to
.a an underestimation of the band gap. This problem, known as the band-gap problem, is the most

commonly observed infransition-metal oxides and other strongly correlated systems. Self-

interaction correction also provides a partial remedy to this problem.[35, 36]
(C) BAND GAP PROBLEM

The most intriguing property of the exact exchange correlation part is the derivative
discontinuity of the exchange correlation function with respect to the total number of particles

given by equation (2.56)[37-39].

SEyc[n] SExcln], _
Sny V45" onay N8 = Véxe “Vexe = Lxc (2.56)

@@ Where s th infiitesimal sift i the lectron number (N)and 4 system-dependent b
s the independent sift of the exchnge potential (Vi () as it passes from the elctron-poor
to the electron-rich side of integer N. As a consequence, thelexact functional cannot be

described by local (LDA) or semi-local (GGA or meta-GGA) approximations. This is because
the exact function is highly non-local, meaning that it depends on the electron density over a
region of space rather than just at a point (ﬁ whereas the LDA and GGA /meta GGA
approximation depend on the electron density and a few local derivatives at a position (r_))

Similarly, the Kinetic energy functional exhibits a discontinuity, as expressed below.

8Ts[n] 8Ts[n]

sn () |v+5- () In—s = En41 -En = Dgs (2.57)

Where Ey ., and Eyare the highest and lowest Kohan-Sham eigenvalues in the equation (2.57).

In chemistry, the highest and lowest Kohan Sham eigenvalues are called HOMO and LUMO.

@@  Thediscontinuity!in the derivative of the kinetic energy functional with respect foparticle
'a -gives rise to the Kohan Sham single particle gap Ags . _
E(N +1) + E(N — 1) = 2E(N) is the discontinuity of the total ground state energy function,
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Differentiating the energy functional E[n] given by equation (2.58) with respect to the particle

number.

E[n] = Ts[n] + V[n] + Uy[n] + Eexc[n] (2.58)
SE[n] SE[n _ 5Tyim] 8Tyln] sV[n 8V[n] Uil
) Dyas - ) S8 s e s - sy N8 T Snn S s - Snr IN=8 T Snah s -

SUgIn | 6Exc | SExcn
on(r) N-& T on(r) N+6 on(r)

|N 6= Dgst Dxc (2.59)

Since the rest of the terms in the exact energy functional don’t have derivative discontinuity
with respect to particle number which means they are continuous except the kinetic energy
functional and the exchange correlation functional. As a consequence, the fundamental gap
which is the sum of derivative discontinuity in the kinetic energy functional and exchange
correlation. functional with respect to the particle number, but standard approximation
functionals like LDA or GGA predicted Ax=0 as a result, it underestimated the band gap.
Thus, giving rise to the so-called “Band Gap problem”.[40-42]

(D) HATREE, HATREE FOCK AND DYSON EQUATION

In this section, we will see how the Kohan Sham eigenvalues can serve as a starting point for
the calculation of the quasi-static particle energy, 1.e. the total energy required to remove any
electron or add an electron to @ many-body system, just by comparing the Kohan Sham equation
with the self-consistent equation for many-body physics. Among the many self-consistent
equations for many-body physics, the Hartree-Fock and Dyson equations are some of the

equations.

202 +v() + v ()] 0 () = Bl () o0

Y(r,r"
[r—7']

[% V2 +u(r) + vH(r)] ofF(r) — q* [ d®r oHF (1) = EFF HF (1) (2.61)

Where Y(r,r')is the density matrices in the equation (2.61). According to Koopman’s
theorem[43, 44], the Hartree-Fock eigenvalues can be interpreted as the energy required to
remove the unrelaxed electrons, whereas in the case of density functional Theory (DFT), the
highest Kohn-Sham eigenvalues can be interpreted as the energy required to remove an electron
for a many-body system. Here, unrelaxed electrons mean an electron whose presence or
absence is treated without allowing the orbitals to adjust self-consistently. The Kohan Sham
equation includes both exchange and correlation via a multiplicative operator, capVey., as

anormal approximation in DFT. On the other hand, the Hartree-Fock equation takes into
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@@  account the exchange exactly through the integral operator containing ¥(r, ') , butcompletely
ignores the correlation. In practice, the result obtained using DFT Kohan Sham eigenvalues is

.a as good as the one obtained using Hartree Fock _for the _
correlated methods. Also, Kohan Sham equations are much more easily solvable compared to

.° the Hartree-Fock equation. All the three equations, Hartree, Hartree-Fock [Fock and Kohn-
Sham cquations, can also be interpreted as approximations to the Dyson equation, which can
be rewritten as mentioned below.

[;—: V-r)] Y@ + [P r' S0, v, Ep (') = Exp (1) (2.62)

Where }; is the irreducible self-energyin the equation (2.62). The calculated Ex appearing in

.@ the above equation (2.62) is essentially the true energy required to add or remove an electron

from the many-body system! There is no doubt that the rewritten equation (2.62) is more
complicated and difficult to solve than the Koopmans-Suhm equation or the Hartree-Fock
equation. Moreover, it is also harder to find a useful approximation to the irreducible self-

energy than for Vy.. Thus, on comparing the equation (2.60) with equation (2.62) we found

‘o that the Kohan Sham equation involves a local, energy-independent potential in place of a non-
local, energy-dependent operator . Whenever this is a good approximation then the energy

.0 eigenvalue (E;) calculated in case of Kohan Sham _ Thus,
the interpretation of the Kohan Sham equation as an approximation to the rewritten Dyson

‘° equation is suggestive and useful, but it is not necessarily sufficient for DFT to work. If the
Kohan Shamequation is used to obtain the clectron density, and observables, such as total

.Q energies, depend on it, then the Kohan Sham equation is not an approximation at all but simply
a very useful mathematical tool.

2.6 BASIS FUNCTIONS
In practice the numerical solution of the Kohan Sham equation typically proceeds by expanding

the Kohan Sham orbitals as & combination of well-known suitable basis sets. This in turns
convert the original Kohan Sham partial differential equation into a secular equation whose
eigenvalues is basically the solution. This approach is very useful in practice because it avoids
direct solving of complicated partial differential equations in 3D, works effectively for atoms,
molecules, and periodic solids, and controls both the accuracy and computational costs. The
understanding regarding the construction of suitable basis sets doesn’t begin with the

introduction of DFT rather it was well known to the physicists from the time they had been
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dealing with the band structure and electronic calculations using the other theoretical
frameworks like Free electron model, Tight band method, Hartree and Hartree Fock
calculations. It is through these theoretical frameworks that researchers have gained extensive

experience in choosing the basis functions that represent the crystal symmetry and periodicity,

describing both localised (core) and non-localised (valence) electrons. In physics, there are two

conceptually distinct ways to choose a basis function.
1. Fixed basis sets that don’t depend on energy.
2. Energy depended basis sets.

Some of the common examples of the fixed basis sets that don’t depend on energy are Plane
Wave expansion, Tight binding, LCAO (Linear Combination of Atomic Orbitals)[45], OPW
(Orthogonalized Plane Wave) methods[46, 47], whereas example of the energy dependent basis
sets is APW (Augmented Plane Wave)[48], KKR (Koringa Kohn Rostoker)[49] approaches.
There exists a fundamental separation between the working of fixed basis set that don’t depend
on energy the Kohan Sham orbitals are written as a combination of basis functions that are
energy independent as a result the chosen basis functions can be used for all the energy states
thereby reducing the Kohan Sham equation to a linear generalized eigenvalue problem which
can be easily solved using standard Linear Algebra method like diagonalization of matrices.

On the other hand, in the case of energy-dependent basis sets, the chosen basis functions are

- @ explicitly dependent on the energy, as a result, the Kohn-Sham, when expressed as a

combination of these basis functions. This reduces the Kohan Sham differential equations to a
non-linear eigenvalue equation which require complex solving method like ire complex solving
method like Iterative Linearization / Self Consistent, Newton Raphson/Secant method, energy
grid/ scanning methods. The major advantage of the fixed basis sets that don’t depend on
energy over those that do depend on energy is that it is easy to solve computationally, whereas
on the other hand, the accuracy per basis function is moderate for fixed basis sets that don’t
depend on energy, and higher in the case of energy-dependent basis sets. The most widely used
method to solve the Kohn-Sham equation in solid state physics is LMTO (Linear Muffin Tin
Orbital)[50] and LAPW (linear Augmented Plane Wave)[51]. Similar situation exists in
chemistry where quantum chemists have learned the art of constructing chemical basis sets
suitable for molecules by spending many decades doing Hartree-Fock and Configuration
interactions calculation. The chemical basis sets have been classified as Slater Type Orbitals

(STO)[52] and Gaussian Type Orbitals (GTO)[53] based on how the radial function varies with
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the distance from the nucleus. The mathematical formalism of the Slater Type Orbital consists

of a radial function is of the form 7™ e ~$Tand the angular part is determined by the spherical

harmonics Y™ (6, ®).

Y(r,8,®) = Nr~le=STy™ (6, ®). (2.63)

- @ Where (r) is the distance from the nucleus, N is the Normalization constant, and (¢) is the

orbital exponent which controls the orbital size, and I respectively in the equation (2.63). The

mathematical formalism of the Gaussian Type orbitals is of the form
W(r,0,®) = Ne~9 xlymzn, (2.64)

Where (x, y, z) are the Cartesian coordinates, (n, I, m) are the quantum numbers, and a is a
parameter controlling radial decay, respectively in the equation (2.64). In practice, Slater Type
Orbitals are capable of resembling the true behaviour of the atomic wave function, effectively
compared to the Gaussian Type Orbitals. The answer to this statement lies in their
mathematical formalism. Let us try to understand how their mathematical formalism

approximates the behaviour of atomic wavefunctions.

1) In atoms, the electron feels a strong attraction as the electron approaches the nucleus
due to the strong Coulomb interaction between the electron and the nucleus. It is
because of this strong interaction electron density around the nucleus increases. This
causes the wave functions to change sharply, which is possible if and only if there exist
a non-zero derivative wave functions with respect to radial distance as 7*tends to zero.
This creates a condition known as the electron-nucleus cusp. It is quite clear from
Figure (2.4) that in the case of Gaussian-type orbitals, the wave function is flat at 7#=0,
indicating that the electron density doesn’t change sharply near the nucleus whereas in
the case of Slater Type Orbitals, the wave function ha a sharp edge atr=0, indicating

that the electron density changes sharply near the nucleus. As a result, for Slater Type
. dYsiater AYsiater
Orbital % lr—o # Owhereas% lr—o = 0.

2) Moreover, at a larger distance from the nucleus, real atomic orbitals decay
exponentially reflecting the binding energy of the electron. Slater Type Orbitals
reproduces this type of behaviour because of the term e =" whereas Gaussian type

—ar?

orbitals decay at a much faster rate due to the term e as a result it underestimates

the electron density in the outer region.
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3) Also, the orbital exponent (&) factor represents an effective nuclear charge and allows
Slater Type Orbitals to account for electron shielding in multielectron atoms, making
them flexible enough to model realistic electron densities. Additionally, the presence
of spherical harmonics in the angular part of the Slater Type Orbitals produces the
correct orbital shapes and angular nodes of the atomic orbitals as suggested by the real
atomic orbitals. The main advantage of practicing Gaussian Type Orbital is that they
are computationally efficient because they are easier to handle numerically as the
product of two Gaussian Type Orbitals located at different atoms is another Gaussian
Type Orbitals located somewhere between the two atoms. On the contrary in case of
Slater Type Orbital, the product of two Slater Type Orbitals is not a Slater Type
Orbitals, the so called “contracted Basis functions™ are utilized to solve Kohan Sham
equations. In this type of basis functions, the Slater type orbitals are expressed in a
small number of Gaussian Type Orbitals basis functions. This is the most common

method used in quantum chemistry for solving the Kohan Sham equation.
2.7 PSEUDOPOTENTIAL

In all the quantum mechanical calculations for a many-electron system, the most fundamental
problem is the treatment of the core electron-nucleus interaction in Schrodinger’s equation.
This is because all the electron wave functions oscillate very rapidly near the nucleus due to
the strong Coulomb interaction. Therefore, an accurate description of these rapid oscillations
in the Plane wave basis methods requires a very high cut-off energy and extremely large basis
sets, which make the calculations very expensive. However, considering the core electrons in
calculations of molecular properties such as chemical bonding, elastic, phonon, and optical
properties, create computational inefficiencies, as significant effort is spent describing
electrons that barely affect the chemistry. To overcome these limitations, the combined effect
of the nucleus and core electrons on the valence electrons is replaced by an effective potential,

known as a pseudopotential, which acts only on the valence states. Within the core region, this

pseudopotential is significantly weaker and smoother than the bare, singular Coulomb
potential of the nucleus. As a result, the corresponding pseudo-wavefunctions are smooth, free
of rapid oscillations near the nucleus, and contain no nodes in the core region, while matching
the true all-electron valence wavefunctions outside the cut-off. radius as shown in the figure.
This smoothing of the pseudo-wavefunctions greatly reduces the basis-set requirements and

makes quantum-mechanical calculations significantly more efficient without compromising
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Figure 2.5: Schematic diagram representing the comparison of the all-electron wave
function (solid line) with the pseudo wave function (black dotted line) in the Coulomb
potential of the nucleus. It clearly shows that beyond cut off radius the pseudo wave
function is in good agreement with the all-electron wave function.

the accuracy of valence-electron properties. Let us try to understand how a pseudopotential can

be generated using an atomic calculation. In the original Kohan Sahm equation, the effective
potential for a non-interacting electron can be defined as Vs[n]= Vexe +Va[n]+Vxc[n] is actually
determined from the knowledge of the electron density(n(r)=nc(F)+ ny(¥) which contained the
information of the core electron density(nc(r)) and valence electron density(ny(F))in it. In the

pseudopotential approach, the Hartree (Vi) and the exchange energy (Vxc) terms are solely

determined from the Ny and the core electron densities are accounted for by replacing the

external potential (Vext) with a pseudopotential (VF: ). Hence, the effective potential for a non-

interacting (single-body) system in the pseudopotential approach can be redefined as below in
the equation (2.65).
VP [n]=Vei+ Vi [n]+Vx¢ [n] (2.65)

The external pseudopotential can be determined in two steps. Firstly, through an auxiliary
atomic calculation, the VP for the reference atomic configuration will be the one for which the
single particle orbitals beyond a cut off radius separating the core and the valence region

matches exactly with the valence orbitals obtained on solving all the electron Kohan Sham
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equation for the same atomic configuration. As aconsequences, this causes the calculated
valence eclectron densities for the atomic Kohan Sham equation, and the pseudopotential
approach are same. Next one can subtract the atomic -valence contributionsNext one can
subtract the atomic-valence contributions Vy[n3'] and Vy[n&] from Vy[nd'] to obtain the
external pseudopotential V; [n('] which is then used in solids or molecular state calculation
with Vy;[n,/] and V};[n, ] taken at the proper valence densities for these systems. The way V,'is
generated using atomic calculation is a very common approach known to the researchers. Some
of the popular pseudopotentials generated using atomic calculations are Troullier Martins[54],
ultrasoft pseudopotentials[55], Vanderbilt [56], and PAW (Projected Augmented Wave)[57,
58]. Thus, the pseudo potential approach in DFT calculations is used because it reduces the
number of electrons treated explicitly, making DFT calculations feasible for systems with tens

of thousands of electrons.

2.8MAKING DFT PRACTICAL: APPROXIMATIONS

In the standard DFT, there exist basically three types of approximations. In the first type of
approximations, we are primarily concerned with the interpretation of the Kohn-Sham
eigenvalues and orbitals as physical energies and wave functions. The second type of
approximations involves numerical modelling for solving the Schrodinger equations for an
auxiliary system. [The third type of approximations involves the construction of an expression
for the unknown exchange correlation function Exc[n] which contains all the many-body
quantum effects, such as how electrons with the same spins tend to avoid each other, formation
of the exchange hole and how the motion of an electron affects the motion of other electrons
due to Coulomb repulsion. Among the different types of approximations discussed above, it is
the third type of approximation we are primarily interested in. For this purpose, we have
reported and discussed local functions such as Local Density Approximations (LDA)[59],
semi-local functions such as Gradient exchange approximations (GEA), Generalized Gradient

Approximations (GGA)[60] and non-local functions such as hybrid orbital functions, such as

meta-GGA[61] and SIC[62], their feature are discussed in this section.

A) Local Density Approximation-Historically the most important type of approximation in
the DFT is the local density approximation. In order to understand the concept of LDA
there is a need to recall how the kinetic energy functional have dependent on the electron
density. According to the Thomas-Fermi approximation for a homogeneous non-interacting
systemn(r) = constant) the kinetic energy was expressed in the equation (2.29). On the

other side, the kinetic energy for an inhomogeneous system (n(r) # constant)can be
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written just by replacing the electron density term with n(r) in the equation (2.29) we get

the following equation (2.66).
t5(r) = thomo[n(r)] = 22 (3m2)2/n(r)5/3 (2.66)

Te(n) = [ d3r thomo[n(r)] f SR (3n2)2/3n(r)5/3d3 (2.67)
The total kinetic energy can be obtained just by integrating it all over the space volume In the
above equation(2.67), we found that the kinetic energy has become highly local because it has
dependence on the electron density (n(r)) at any position(7), independent of the gradient
electron density (Vn)This has led to the inferior treatment of kinetic energy in orbitals, as in
Koopmans' theorem. But the concept of LDA has been extremely useful in approximating the
exchange energy term present in the energy functional. For a homogeneous interacting system,

the exchange energy per unit volume can be expressed as mentioned in the equation (2.68).

—3g2 /3 1/3
Exc[n] === (2) " n*/3 (2.68)

YA

Whereas for a non-homogeneous interacting system, the exchange energy per unit volume can

be expressed as in the equation (2.69)

ELPA[n] = ‘34" ( ) [ ()3 d3r (2.69)
L @ On the other hand, for the correlation energy Ec[n] present in the energy functional, the
L @ situation is more complicated because the exact form of the expression for the correlation

energy is still unknown for the homogeneous interacting system, which is itself a many-body
problem. To approximate the correlation energy, perturbation theory was initially used. Later,
L a these approximations became outdated with the introduction of highly precise Quantum Monte
Carlo (QMC) calculations for the electron liquid by Ceperley and Alder, whereas modern
- “ expressions for the correlation energy are just parameterizations of these data. These modern
expressions are implemented in most standard DFT packages and, in typical applications, give
nearly identical results. It is based on comparison that the earlier parameterization based on
L) o perturbation theory was found to deviate substantially from the Quantum Monte Carlo ones;
- @ therefore, they are generally avoided. Therefore, in the case of Local Density Approximation,
the exchange correlation energy can be approximated independently of the parameterization as

described below in the equation (2.70)
Exc[n] = Ex¢*[n] = [ ef¢™n(r) d°r (2.70)
. @ Where ell2™0 = glhomo 4 ghomo The correspondmg XC potential is simply the derivative of

the exchange of correlation energy with respect to electron density as in equation (2.71).
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LDA_0exd™’ ()
e Q.71)

The way Exc[n] has been approximated in the local density approximation has been very
successful even for system that are quite different from the electron liquid which forms a
reference system in the LDA. The real reason behind such success can be attributed to the fact
that the LDA underestimates the correlation energy (E¢) but overestimates the Ex, resulting in
the expectedly good values of Exc . This error cancellation is known as systematic error, which
is caused by the fact that for any electron density, the LDA XC hole satisfies the correct sum
rule [ nkPA(r,r") d3r=-1, which is possible if and if only the integrated error in the
nkP4cancels with those of n:P4. For many decades, the LDA has been used by physicists to
calculate band structures and total energies in solid-state physics. In Quantum chemistry, LDA
failed to yield results accurate enough for a quantitative discussion of the chemical bond in a
molecule. This is known as “chemical accuracy” which requires calculation with an error of
not more than 1Kcal/mole=0.04338¢V/particle. Initially, the way local density approximations
in the DFT deal with the inhomogeneous interacting many-body system, like atoms and
molecules, is by decomposing it into two simpler problems. Firstly, the solution for a spatially
homogeneous interacting system yielding uniform exchange energy. Secondly, the solution of
an inhomogeneous non-interacting system yields the particle density. Finally, it is through the
local density potential that the XC energy of the uniform interacting system enters into the
equation for the inhomogeneous non-interacting system. The particular way in which the
inhomogeneous many-body problem is decomposed and the various possible improvements on
the LDA are behind the success of DFT in practical applications of Quantum Mechanics to real
materials.

B) Semi-local GGA, GEA and beyond- In the previous section, we observed that the LDA
approximated the exchange correlation energy functional by assuming that the electron
density at each point in a real system remained uniform. But in reality, the electron density
at each point in a real system varies. Therefore, there is an inevitable need to include the
information on how rapidly the electron density varies with the position in the exchange
energy functional. In this regard, the first initial attempt made by the researchers was so-
called the “Gradient Expansion Approximation” (GEA). In this type of approximation, one
tries to systematically incorporate the gradient corrections of the form

|Vn(r)|, [Vn(r)|2and V?n(r) etc by expanding the exchange correlation function as a
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- n power series. A famous example to the lowest order gradient corrections to the Thomas-

Fermi approximation for Ts[n] as mentioned in the equation (2.72)

h? 2 5 h? |V z
Ty[n] =~ T¥[n] = fo—m(Snz) /3 [n(r)/3 d%m[%d% (2.72)

- ° The second term on the right-hand side is called Weizsacker term. Similarly, applying the
lowest order gradient correction to the exchange energy function can be approximated in case

of LDA we get in the equation (2.73)

2 1 2 2
Ey[n] ~ Ef¥4[n] = -2 (2) B ) g — 200 [ITOP g5 o

4 432n(3m2) /3”7 nr)'a
2 a1/
& @ where Ex[n] = — 3% (Z) ’ n(r)4/ 3. The second term on the right-hand side of the equation
- e (2.73) is the lowest order gradient correction to £:°4[n]. In Practice the incorporation of the

lower order gradient correction to the LDA don’t significantly improve it but worsen it also.

This is because the lower order gradient correction work very well for all those systems in
which the electron densityn(r) varies very slowly i.e.|Vn(r)| <& n(r)Kgbut in real systems
electron density varies rapidly near the nucleus, bonding region. As a result, higher order
gradient correction of the form |Vn(7)|, |Vn(r)|?> and V?n(r) etc. becomes highly significant
which are difficult to calculate while approximating the exchange correlation energy. To
- 0 overcome this entire situation, it was realized in the early eighties that instead of expanding the
exchange correlation function as a power series containing gradient corrections one can
represent exchange correlation functional as a function of n(r)and Vn (r) as mentioned in the

equation (2.74) whose numerical integral over the volume gives numerical value.
EEAn] = [ f(n(r),Vn()) d3r (2.74)

The above equation (2.74) is known as Generalized Gradient function. It is based on the method

employed in constructing the functionalf (n(r), Vn(r)) there exists various type of GGA. For
L @ example, in Quantum chemistry GGA are developed by fitting parameters to the tests of
selected molecules whereas in condensed matter physics the GGA are developed based on the
extent they can satisfy the constraints. Currently the most widely used and trusted GGA are
PBE (denoting the functional proposed in 1996 by Perdew Burke and Ernzerhof) in physics
and BLYP[63] (denoting the combination of Becke’s 1988 exchange functional with thel1988
correlation functional of Lee, Yang and Parr in chemistry. In general, GGA provides very

reliable results while calculating magnetic moments, lattice constants, Bulk modulus etc.
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However, both the LDA and GGA failed to describe the Vander Waals interaction existing in
the layered structure materials. In order to describe the Vander Waals interaction dispersion
corrections such as Grimme DFT-D2[64], Grimme DFT-D3[65, 66] are available in DFT.
Finally, it is due to the extensive implementation of GGA in the DFT calculations by the
researchers working in the domain of physics and chemistry has led to the major improvement
- Q in the GGA functional compared to LDA, although chemical accuracy has not been yet fully

achieved but is of great research interest in future.

C) Orbital functional and other non-local approximations hybrids, Meta-GGA, SIC,
OEP- In spite of such advancement the quest for more accurate exchange correlation
beyond GGA functional exists both in physics and chemistry. In this regard hybrid
exchange correlation function proved to be a very useful and viable option. The
construction of hybrid functional involves a certain amount of empiricism in mixing of
Hartree Fock exchange functional into DFT exchange functional. However, this approach
appeared to be a drawback but in practice this approach has proved to be very successful.
For example- B3 which is the most successful exchange functional when mixed with LYP
GGA for correlation (E¢) resulted in the most popular exchange correlation in quantum
chemistry which is B3LYP[63]. Another recent beyond GGA development is the
emergence of so called Meta-GGA. In Meta-GGA, the exchange correlation function
depends on electron density, gradient of the electron density and Kohan Sham kinetic

energy densityl"(r) as written in the equation (2.74).

re) =2 5.1ve,? (2.74)
We have seen in the section (2.74) that the Kohan-Sham kinetic energy functional is known
as orbital function because they are explicit function of single particle orbital but an implicit
function of electron density. Similarly, here Meta-GGA functional are also known as orbital
functions because they have a direct dependence on Kohan Sham kinetic energy functional
which is itself explicit function of single particles orbitals. The major advantage of
including the Kohan sham kinetic energy density as the additional degree of freedom
besides electron density, gradient electron density is to satisfy some additional constraints
such as finite exchange potential at the nucleus, self-interaction correction to the correlation
function (E.).As a result, in various tests, Meta-GGA have provided better accuracy while
calculating atomic energies, structural properties and bond lengths as compared to

Generalized Gradient Approximations (GGA).
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29LIMITATION OF THE DFT

Although DFT has provided a strong theoretical framework to the researchers working in the
field of condensed matter physics, quantum chemistry, surface and catalysis, nanotechnology,
material science, biophysics and drug design. Despite its various advantages offered by DFT
as a theoretical framework to predict and calculate the physical and chemical properties of
various low-dimensional systems, DFT faces some serious limitations in comparison to

experimental approaches which are listed as below:

1) Experimental approaches analyse the sensor sensing performance under realistic
conditions, such as operating temperature, pressure, relative humidity and presence of
interfering gases, whereas DFT calculations are performed under idealistic conditions, such
as T=0K, perfect vacuum conditions, defect-free surfaces, etc.

2) In reality, low-dimensional systems consist of grain boundaries, surface roughness, and
defects, which significantly influence the sensing behaviour of the low-dimensional

3) systems, but in DFT, it is practically very tough to model these structures precisely before
performing quantum mechanical calculations on them.

4) DFT calculations are computationally expensive, as a result, they are typically restricted to
hundreds or a few thousand atoms, whereas real fabricated devices contain billions of
atoms, thus making full device-scale simulation impractical.

5) DFT calculations also include a potential source of error despite their remarkable predictive
properties because they are based on certain assumptions and approximations. These
include the choice of exchange correlation function, treatment of vanderwaal correction,
consideration of spin-orbit coupling. In addition, the level of accuracy of DFT calculations

varies as it depends on the system and level of theory employed.
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electron acceptors. Furthermore, RDG analysis revealed vdW interaction in the case of A4,
whereas strong, attractive interaction exists in the case of B2 and C2 adsorption configurations.
Finally, the calculated recovery time for B2 and C2 adsorption configurations at elevated
temperatures under visible light suggests that Cu-doped hBN and Cu-hBN systems can be

utilized as a sensing material in gas sensors to detect COCI: gas at high temperatures.

3.1 INTRODUCTION

Toxic carbonyl compounds such as phosgene[1] (COCL), a colourless gas, are primarily used
in industries to produce polymeric isocyanates, carbamates, pharmaceuticals, and pesticides. It
has also been used as a chemical warfare agent during World War I[2] Exposure to its vapor
resulted in throat swelling, change in voice, pulmonary irritation, or pulmonary edema.[3, 4].
Recently, accidental exposure to the COCl; gas due to the derailment of a freight train carrying
vinyl chloride resulted in an environmental hazard near East Palestine, Ohio.[5]. Therefore,
considering the industrial utility and the adverse effects of COClz gas on the environment and
human health, there is an inevitable need to detect and monitor COCl; gas under the permissible
limit of 0.1 ppm in the air for the safety of human civilization and a cleaner environment. In
this regard, robust gas sensors capable of exhibiting better selectivity, sensitivity, and fast
recovery time in harsh environments are required. A wide range of research is ongoing in the
search for optimal gas-sensing materials capable of detecting hazardous and toxic gas
molecules. At present researchers have extensively explored as a gas sensing material diverse
range of layered two-dimensional materials (2D) such as graphene[6], black phosphorene[7],
germanene([8], silicene[9], transitional metal chalcogenides (TMCs)[10], transitional metal
dichalcogenides (TMDs)[11, 12], Aluminium Nitride (AIN)[13], indium Nitride(InN)[14] and
MXene[15] due to their high surface area to volume ratio, a large number of active sites, tunable
band gap, and optical properties, good compatibility with the device integration[16]. Despite
such unique properties, these materials exhibit poor selectivity and sensitivity at high
temperatures, which hinders the practical implementation of these materials as gas-sensing
materials to detect toxic and hazardous gas molecules in harsh environments[17]. Therefore,
sensing materials capable of exhibiting good sensitivity and selectivity in harsh environments
are required. In this regard, atomically thin hexagonal boron nitride (hBN), known as “white
graphene,” can be considered a promising sensing material in harsh environments due to its
exceptional properties, such as wide band gap, high thermal conductivity, better temperature

stability, resistance to oxidation, and excellent chemical inertness[18, 19]. However, numerous
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studies exist reporting the usage of hBN monolayer as a gas sensor and biosensor[20, 21]. On
the other hand, these studies have also reported the sluggish response, poor selectivity, and
instantaneous recovery time of the hBN-based gas sensor due to the weak interaction between
the gas and hBN [22-24]. Therefore, to counter the problem of weak gas adsorption capability
of the sensing material, researchers have adopted the technique of surface functionalization
through elemental doping[25-27], substrate engineering[28, 29], and defect engineering[30-
32]. It has been well proven that doping Transition metal (TM) onto 2D materials significantly
enhances the adsorption capability of 2D materials. For example, Liu et al. investigated the gas
sensing capability of TM (Fe, Pd, Co) doped MoTeSe monolayer in detecting thermal runaway
gases of lithium-ion batteries. He concluded that adding TM dopants enhances the conductivity
and adsorption capability of the MoTeSe monolayer[33]. N Yuskel et al. examined the gas-
sensing capability of both Pt and Pd-doped graphene sheets in detecting propylene oxide (PO).
His findings indicate that Pt and Pd-doped graphene sheets can effectively adsorb PO. In
another study, Wang et al. discovered that the adsorption of four greenhouse gases such as CHa,
N2O, CO,, and SFs, onto pristine GeSe monolayer was physisorption. However, after
modifying it with a Pd atom, he observed better adsorption affinity and sensitivity in the Pd-
GeSe monolayer for N>O and SFes gas molecules[34]. Despite such advances, numerous kinds
of literature exist reporting the utilization of various morphologies of hBN as a gas sensor to
detect COCl, gas. For example- Mohammadi et al. reported that the adsorption of H»S, Cls,
NH3, and COCl» gas onto B12CeNg was physisorption. However, Li-decorated B12CsNs exhibits
excellent sensitivity towards Clo and COCl> gas molecules[35]. Hussain et al. studied the
adsorption of COClz onto Cu-decorated B12N12 nanocage. His finding indicates that Cu atom
decoration onto B12Ni2 nanocage enhances the adsorption strength, stability, and chemical
reactivity of B12Ni2, and Cu-decorated B12N12 nanocage can be used as an efficient gas sensor
for the detection of COCIl, gas molecule[36]. Behesstain et al. emphasized that Sc-doped boron
nitride nanotube (BNNT) can be utilized as an electronic sensor to detect COCl, gas molecules.
This can be attributed to the significant enhancement in the adsorption strength and electrical
conductivity of Sc-BNNT[37]. However, from the above literature survey, we found that there
have been no reports regarding the adsorption behavior of Cu-decorated hBN towards COCl..
This lack of prior research led us to investigate the adsorption behavior of Cu-decorated hBN
towards COCl> gas. For this purpose, we have decorated Cu atoms onto hBN via (a)
substitutional doping[38, 39] and (b) surface charge transfer doping[40, 41]. Therefore, in the

present study, we have investigated the adsorption of COCl; onto substitutionally doped Cu
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atoms and adsorbed Cu atoms using DFT. Here, the adsorption energy and distances were
calculated to determine the interaction strength upon COCI; adsorption onto the hBN,
substitutionally doped Cu atom, and surface-adsorbed Cu atom. Further, to analyze the effect
of COCl> gas adsorption, we have calculated DOS and PDOS for various adsorption
configurations, respectively. For the quantitative and qualitative analysis of the charge transfer
during the interaction of COCI2 with the adsorbents, we calculated the charge density
difference and Hirshfield atomic charge. Further, RDG and ELF analyses were performed to
examine any non-covalent interaction and electron density distribution around the interacting
atoms. Finally, the recovery time and sensitivity were calculated to examine the performance

of the Cu-doped hBN, Cu-hBN, and pristine hBN systems upon COCI, adsorption.

3.2 COMPUTATIONAL DETAILS
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Figure 3.1: Convergence test for the (a) cut-off energy and (b) K points respectively.

All the computational calculations were carried out within the framework of DFT using the

QUANTUM ESPRESSO software package.[42]. To describe the correlation between the

electrons, we have used Generalized Gradient Approximation (GGA)[43]with Perdew Burke-

Ernzerhof (PBE)[44]as an exchange-correlation (XC) function. A Plane wave basis within the
framework of the projector augmented wave (PAW)[45] was implemented with ultrasoft
pseudopotential to represent the electron-ion interaction. For the proper convergence of the
self-consistent field (SCF) calculation, we have performed a convergence test to determine the
optimized cut-off energy and K points. The convergence test results shown in Figure 3.1(a)
and 3.1(b)respectively illustrate that 55Ry and 7x7x1 are the optimized cut-off energy and K
points. To simulate, the hBN monolayer 5X5 supercell was created by repeating the unit cell 5
times along the X and Y axes. Further, a vacuum layer of 20A was applied along the z-axis to

obstruct the interaction between the periodic replicas. We have implemented the “Grimme
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DFT-D2.”[46] method to consider the weak vanderwaal (vdW) interaction accurately in the
layered structure. All the geometries were completely optimized until the energy, pressure, and
force convergence were less than 10 Ry, 0.5 kbar, and 10~°Ry/Bohr, respectively, using the
Boryden- Fletcher- Goldfarb- Shanno (BFGS) scheme. VESTA software was utilized to
calculate the adsorption distance and bond angle and visualize the charge density difference
diagram for various optimized adsorption configurations. In addition, Multiwin and VMD

software were also utilized to visualize the RDG scatter and RDG isosurface plots.

3.3 RESULTS AND DISCUSSIONS

3.3.1 ELECTRONIC AND STRUCTURAL PROPERTIES ANALYSIS OF THE
PRISTINE hBN
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Figure 3.2: (a) Optimized structure of hBN monolayer with the red colored box
representing the unit cell. The atoms in blue and pink correspond to the N and B atoms,
(b) DOS, (c¢) PDOS, and (d) ELF plot. The red, blue, and green colored areas
correspond to high, low, and partially delocalized regions, respectively.

In the present section, the electronic and structural properties of the pristine hBN were
investigated to differentiate the electronic and structural properties modification pristine hBN
undergoes upon Cu decoration and COCIl. adsorption. Therefore, we have optimized the
geometry and found that the resulting optimized structure exhibits an alternate periodic
arrangement of N and B atoms bonded to nearby three B and N atoms, giving rise to sp’
hybridized honeycomb-like planar structure shown in Fig.2(a). Moreover, the optimized B-N
bond length, the bond angle between B-N-B, and the nearest distance between the B-B or N-N
atoms were found to be 1.45A, 120°, and 2.51A, respectively.[47-49]. These findings were
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consistent with the experimental results reported by various authors. Further, we have
performed a DOS calculation to investigate the electronic properties of the optimized structure.
The DOS plot shown in Figure 3.2(b) revealed that the optimized structure behaved as an
insulator with an energy band gap of about 4.29¢V, consistent with the band gap (4.30eV)
calculated by Kim et al.[50]. Therefore, the agreement of our calculated band gap with the
previously theoretical result validates the reliability of our DFT calculation. We have
performed PDOS calculations to study the contribution from the individual atomic orbitals to
the TDOS. The resulting PDOS plot in Figure 3.2(c) revealed that the contributions to the
valence band (VB) and conduction band (CB) were primarily from the 2p orbitals of the N and
B atoms, respectively. We have utilized the Electron Localization Function (ELF) to visualize
the electron density around the atoms. The ELF plot in Figure 3.2(d) illustrated a region of high
and low electron densities around the N and B atoms identified by the red and blue-colored
regions, respectively. The observed variation in the electron densities can be attributed to the

difference in the electronegativity. Being highly electronegative, the N atom withdraws
electrons from the B atom, making the N and B sites electron-rich and electron-deficient sites,
respectively. This confirmed the behavior of N and B atoms as an electron donor and acceptors,
respectively. Hence, the structural and electronic properties analysis suggest that the resulting

optimized structure behaved as an hBN monolayer.
3.3.2 Adsorption of COCI; gas onto the pristine hBN monolayer

Table 3.1 Calculated B-N bond lengths in A, adsorption distance, and energies in A and
eV for the different optimized structures.

Optimized Adsorption distance (A) | Adsorption Energy (eV) | B-N bond length (A)
structures

Al 3.572 -0.501 1.451

A2 3.320 -0.439 1.449

A3 3.340 -0.435 1.449

A4 3.527 -0.533 1.450

To explore the interaction of the COCl, gas with the pristine hBN monolayer, we have
considered the B site (top of the B atom) and N site (top of the N atom) as the most preferential
adsorption sites because B and N sites are electron-deficient and rich sites, suggested by our
ELF calculation in the previous section. Hence, they served as active sites for the COCl, gas

adsorption onto the hBN. Therefore, we have considered various possible orientations of the

gas at the B and N sites as the input geometries for optimization. Upon optimization, we
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(a)

Figure 3.3: Top observation of the optimized structures (a) Al, (b) A2, (¢) A3, and (d) A4,
respectively. The arrows in black represent the distance from the hBN surface to the COCI, gas.
The red, black, and green atoms represent the O, C, and Cl elements respectively.

obtained four different optimized structures abbreviated as A1, A2, A3, and A4. The resulting

optimized structures shown in Fig.3 revealed that the N-B, C=0, and C-Cl bond lengths did
not vary too much from that of the N-B bond length in pristine hBN and C=0, C-Cl bond
lengths in isolated COCl, molecules. This can be attributed to the weak interaction between
the COCl; and pristine hBN. From Figure 3.3(a) and Figure 3.3(d), we observed that in the
case of Al and A4 adsorption configurations, the COCl> gas orients itself parallel and
perpendicular to the z-axis and got adsorbed at a distance of 3.572A and 3.527A with the CI
and O atoms facing toward the B site. In contrast, for the A2 and A3 adsorption configurations,
we observed that the COCly gas orients itself along the z-direction and got adsorbed at a
distance of 3.340A and 3.320A with the O atoms facing toward the B and N sites, as shown in
Fig.3(b) and 3(c), respectively. From Table 3.1, we found that the adsorption distances for all
the optimized structures lie within the range of 3.320A-3.572A, which is greater than the sum
of
the atomic radius of O, C, Cl, B, and N atoms, indicating that the adsorption of COCI, gas onto
hBN was physisorption. Further, to determine the interaction strength and most stable
adsorption configuration among the different optimized structures, we have calculated the
adsorption energies for all the optimized structures using equation (3.1).

Eads = Enn+gas - (EnpntEgas) (3.1

where E ppnygas » Enpy and Egyg represents the total energies of the pristine hBN upon gas
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adsorption, pristine hBN, and isolated COCIl, gas molecule, respectively. According to the

equation (3.1), the calculated adsorption energies for the Al, A2, A3, and A4 adsorption
configurations were found to be -0.501eV, -0.439¢V, -0.435eV, and -0.533eV, respectively.
The reported negative value of the adsorption energies in Table 3.1 validates that the adsorption
of COClI; onto pristine hBN was physisorption, spontaneous, and exothermic. It was based on
the comparison of the reported adsorption energies in Table 3.1, we found the A4 adsorption
configuration to be the most stable adsorption configuration among the different adsorption
configurations due to its lowest adsorption energy. Therefore, we have considered A4 as the
final structure for the rest of the study. Hence, based on the results from the adsorption study,

we found that the pristine hBN exhibits weak adsorption affinity towards the COCl. gas.

3.3.3 Structural and electronic properties analysis of the Cu-doped hBN
monolayer

Figure 3.4: Top observation of the optimized (a) Cu-Vg-hBN and (b) Cu-V~-hBN doped systems. The atom
in orange represents the Cu element.

In the previous section, we observed that hBN exhibits poor gas adsorption affinity towards
COCl; gas molecules. It is well known that doping 2D materials with Transition metal (TM)
atoms effectively enhances the gas adsorption ability of 2D materials[51]. Among the various
Transition Metal (TM) atoms, we have selected the Cu atom as the dopant because it is cost-
effective, readily available, surplus in nature, and does not get poisoned by the analyte.
Therefore, in this section, we have investigated the effect of substitutional doping the Cu atom
on the structural and electronic properties of hBN. For this purpose, we have created the B and
N vacancies by ejecting a single B and N atom from the hexagonal lattice. After creating the
vacancy, the Cu atom embedded at the B and N vacancies was allowed to relax. Upon
relaxation, we obtained two doped structures abbreviated as ‘Cu-Vg-hBN’ (Cu-doped at B
vacancy) and ‘Cu-Vn-hBN’ (Cu-doped at N vacancy), respectively. The resulting relaxed
doped structure revealed that the hexagonal B-N ring no longer remained intact and underwent
distortion. It was due to the large atomic radius of the Cu (1.28A) atom compared to the B

(0.85A) and N (0.65A) atoms that the hexagonal B-N ring underwent an expansion to
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accommodate the substitutional doped Cu atom within the hexagonal lattice. From Figure
3.4(a) and 3.4(b), we observed that in the case of ‘Cu-Vp-hBN’ and Cu-Vn-hBN doped
structures, the Cu atom got bonded with the adjacent three N and B atoms respectively. The
atomic distance between the Cu atom with the adjacent three N and B atoms was 1.739 A and
1.763A, which is comparable with the Cu-B (1.87A) and Cu-N (2.10A) bond lengths reported
by Balkani et al. in their studies[52]. The differences in the calculated bond lengths were due
to the usage of different basis sets in the SCF. In the comparison, we found that the calculated
Cu-B and Cu-N bond lengths were longer than the B-N bond lengths in pristine hBN. This
indicates that the doped Cu atom bulges slightly outward from the surface, making it a highly
preferred adsorption site for the gas molecule. Also, the averaged B-N bond lengths in the case
of Cu-Vg-hBN and Cu-Vn-hBN doped structures were 1.439A and 1.445A, smaller than the
B-N bond lengths of the pristine hBN. This indicates that the doped Cu atom causes the overall
structure to be somewhat corrugated. Further, to determine the bonding strength of the Cu atom
with the hBN monolayer and the stability of the doped structures, we have calculated the
binding energy (Ep) and formation energy (Er) using equations (3.2) and (3.3) for the Cu-Vg-
hBN and Cu-Vn~-hBN configurations, respectively.

Ep=Ecu-nBN+gas~ (EvTEcu) (3.2)

Ef =Ecyu+nen - Enn-Heut Hx (3.3)
where E cuinen s Ev > EcusMcu @nd py represents the total energies of the substitutional
doped Cu atom into hBN, total energies of the defected hBN, total energies of the isolated Cu
atom, and chemical potentials of the isolated Cu and ejected atoms from the hexagonal lattice,
respectively. According to equations (3.2) and (3.3), the binding and formation energies for the
Cu-Vg-hBN were -5.048eV and 5.379¢V, whereas for the Cu-Vn-hBN were 1.31eV and
9.42¢V, respectively. The calculated formation energy suggests that the Cu atom can be doped
easily at the B vacancy compared to the N vacancy due to the low formation energy of the Cu-
Vs-hBN. This result is consistent with the theoretical studies in which it was proved that doping
TM metal atoms at the B vacancy is energetically more favourable than N vacancy[53, 54].
Further, Cu-Vg-hBN has the lowest binding and formation energies compared to Cu-Vn-hBN.
These findings suggest that Cu-Vg-hBN was the most stable configuration among the Cu-Vg-
hBN and Cu-Vg-hBN doped structures. Therefore, in the subsequent section, we have selected
the Cu-Vg-hBN as the final doped structure to study the interaction with the COCl> gas and
referred to Cu-Ve-hBN as ‘Cu-doped hBN ’for the rest of the study. In addition, the DOS plot

in Figure 3.5(a) revealed that substitutional doping of the Cu atom introduces a new impurity
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state at -4eV, reducing the energy band gap from 4.29¢V to 3.10eV. Consequently, there was
an enhancement in the peak intensity of the conduction band, indicating an increment in the
conductivity of the hBN. In addition, the PDOS plot in Figure 3.5(b) illustrated there exists
multiple overlapping between the 3d-Cu and 2p-N atomic orbitals within the energy range from
-4eV to -10eV, indicating strong hybridization between the atomic orbitals to form molecular

orbitals involved in

the bond formation. indicates that

These findings strong
chemical(ionic/covalent) interaction exists between the substitutionally doped Cu atom and the
nearby neighbouring N atom. Hence, the structural and electronic properties analysis suggests
that the substitutional doped Cu atom induces distortion in the structure and modifies the

electronic properties of the hBN.
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Figure 3.5: (a) DOS and (b) PDOS plot upon substitutional doping of the Cu atom within the hBN

respectively.

3.3.4 Adsorption of COCI; onto the Cu-doped hBN monolayer

Table 3.2 Calculated adsorption distance, energy, C=0, C-Cl, and CI-C bond lengths of the COCl. gas for
the different optimized adsorption configurations.

Optimized Adsorption Adsorption C=0 bond C-Cl bond

structures distance (A) energy(eV) length (A) lengths (A)
B1 2.236A -1.851eV 1.203A 1.732-1.733A
B2 2.1984 -1.939eV 1.207A 1.727-1.731A

To analyze the interaction of COCl» gas with the Cu-doped hBN systems, we have considered
the dopant site as the most preferential adsorption site because of the protrusion the COCl» gas
can easily interact with the Cu atom. Therefore, different orientations of the COCIl; gas above
the doped Cu atom were considered the input geometries for optimization. After optimization,

we obtained two adsorption configurations abbreviated as B1 and B2. For the B1 and B2 that
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Figure 3.6: (a) Lateral observation and (b) Top observation of the optimized structure
upon Cu adsorption. (¢)TDOS and (d) PDOS plot upon Cu adsorption onto hBN,
respectively.

the C=0 (1.180A) and C-CI (1.720A) bond lengths of the isolated COCl, gas molecules. In

addition, for the B1 adsorption configuration, we observed that the three Cu-N bond lengths
got elongated from 1.730A to 1.852A, 1.856A and 1.859A upon COCI» gas adsorption. In
contrast, for the B2 adsorption configuration, we observed that the three Cu-N bond lengths
got elongated from 1.730A to 1.856A, 1.861A, and 1.862A upon COCI, gas adsorption. The
observed elongation in the C=0, C-Cl, and Cu-N bond lengths might be due to the attractive
electrostatic interaction between the COCl; gas and Cu-doped hBN. Further, to determine the
strength of the interaction between the COCl» gas and Cu-doped hBN, we have calculated the
adsorption energies for the B1 and B2 adsorption configurations using equation (3.4).

Eads = Ecu-doped-hBN+gas - (Ecu-doped-hBn+Egas) (3.4)
where E cy_doped—hBN+gas » E cu—doped-hBn and  Egas represent the total energy of the Cu-
doped hBN system upon COCIl, adsorption, the total energy of the Cu-doped hBN without
COCl,, and the total energy of the isolated COCl; gas. According to equation (4), the
adsorption energies for the B1 and B2 adsorption configurations were found to be -1.851eV
and -1.939¢V, respectively. The high adsorption energy and short adsorption distances for the
B1 and B2 adsorption configurations suggest that the adsorption process was chemisorption.
This finding indicates that COCl, binds strongly with the Cu-doped hBN. Based on the

comparison of adsorption energies, we found that the B2 adsorption configuration was the most
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stable among the B1 and B2 configurations, due to its lowest adsorption energy. Therefore, we
have selected the B2 adsorption configurations for the recovery time and sensitivity analysis in
the subsequent section of the present study. Hence, our adsorption study confirms that
substitutional doping of the Cu atom effectively enhances hBN adsorption capacity for COCl..
3.3.5 Structure and Electronic properties analysis of the Cu-hBN

To analyze the effect Cu adsorption had on the structure and electronic properties of hBN. For
this purpose, we have considered the N site the most preferential adsorption site for the Cu
atom based on the previous theoretical studies[55]. Therefore, in this study, we have optimized
the Cu atom adsorbed above the N sites and abbreviated the resulting optimized structure as
‘Cu-hBN’. The resulting optimized structure shown in Figure 3.7(a) and 3.7(b) revealed that
the Cu atom adsorbed at 2.207A from the surface, and the B-N bond length elongated from
1.450 A to 1.468A. The observed elongation in the B-N bond lengths indicates that the
monolayer undergoes expansion to increase the available space for the adsorption of the Cu
atom onto the surface. Further, to determine the thermodynamic stability of the structure and
strength of the interaction between the adsorbed Cu atom and hBN, we have calculated the
cohesive energy/atom (Econ/atom) and adsorption energy (Eads) for the Cu-hBN using equations

(3.5) and (3.6), respectively.

Eoqn= EmBN-cu)— [X*E;a)"' y*En)+Ecw)] (3.5)
Eqas= En-cuwy — [Emsn) + Ecw] (3.6)

where Eupn—cu)> Enany > E) » Evy and E(¢y) represents the total energies of the adsorbed
Cu atom onto hBN, pristine hBN, isolated B, N, and Cu atoms, whereas x, y, and N represent
the number of B, N, and total atoms within the unit cell, respectively. According to equations

(3.6) the adsorption energy for the Cu-hBN was -0.33eV. In contrast, the cohesive energy/atom
for the Cu-hBN using equation (3.5) was found to be -1.40eV/atom. The calculated low value
of the adsorption energy suggests that the adsorbed Cu atom binds weakly with the hBN, and
the adsorption of the Cu atom onto the hBN was physisorption. The calculated negative value
of the cohesive energy suggests that the Cu-hBN configurations remained thermodynamically
stable. From Figure 3.7(c), we observed an impurity state in the energy range from -4eV to -
3eV, reducing the energy gap from 4.29¢V to 2.42eV. It was revealed by the PDOS plot in
Figure 3.7(d) that the impurity state was due to the contribution from the 4s-Cu and 2p-N
atomic orbitals, and there exists weak interaction between the atoms due to weak hybridization

between the atomic orbitals. This result was consistent with our findings that the Cu atom binds
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weakly with the hBN. Hence, our DOS, PDOS and adsorption results are in agreement with

each other.
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Figure 3.7: (a) Lateral observation and (b) Top observation of the optimized structure
upon Cu adsorption. (¢)TDOS and (d) PDOS plot upon Cu adsorption onto hBN,
respectively.

3.3.5 Adsorption of COCI; gas onto the Cu-hBN

Table 3.3 Calculated adsorption distance, energy, C-O, C-Cl, and CI-C bond lengths of the COCl: gas for
the different optimized adsorption configurations.

Submission ID trn:oid:::27535:154154341

Optimized Adsorption Adsorption C=0 bond C-Cl bond

structures distance (A) energy(eV) length (A) lengths (A)
C1 1.840A -1.101eV 1.265A 1.782A
C2 1.841A -1.155eV 1.271A 1.791A

To analyze the interaction of COCl> gas with the Cu-hBN, we have considered different
orientations of the COCI, gas above the adsorbed Cu atom as the input geometries for the
optimization. After optimization, we obtained two adsorption configurations abbreviated as C1
and C2. For the C1 and C2 adsorption configurations, we observed that the COCIl, gas orients
itself perpendicular and parallel to the z-axis and got adsorbed at a distance of 1.840A and
1.841A with the O atom of COCl, gas facing toward the Cu atom, as shown in Figure 3.8(a)
and Figure 3.8(c). From the reported data in Table 3.3, we found that upon COCl adsorption,
there was a variation in the B-N, C=0, and C-Cl bond lengths. As the C=0 and C-CI bond
lengths for the C1 adsorption configuration increase from 1.180A to 1.268A and from 1.720A
to 1.782A. In contrast, for the C2 adsorption configuration, the C=O and C-Cl bond lengths
increase from 1.180A to 1.271A and from 1.720A to 1.791A. In addition, the B-N bond lengths
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vary from 1.481A-1.482A and 1.481A-1.485A in the case of Cl1 and C2 adsorption
configurations, as shown in Figure 3.8(b) and 3.8(d), respectively. The observed elongation in
the B-N, C=0, and C-CI bond lengths might be due to the strong attractive electrostatic
interaction between the COCl, gas and Cu-hBN. Therefore, to determine the strength of the
interaction, we have calculated adsorption energies using equation (3.7) for the C1 and C2

adsorption configurations.

Eaas=E ngN-cu-cociz— (Enen-cutEcoci2) (3.7)
where E pgn—cu—cocizs Enen—cu and Ecocz represents the total energies of the Cu-hBN upon
COCl; adsorption, Cu-hBN without gas molecule, and isolated COCl. gas, respectively. Using
equation (3.7), the calculated adsorption energies for the C1 and C2 adsorption configurations
were -1.101eV and -1.155eV, respectively. The calculated high value of the adsorption
energies for the C1 and C2 adsorption configurations suggests that the adsorption of COCl, gas
onto Cu-hBN was chemisorption, confirming the existence of ionic/covalent interaction
between the COCl, gas and Cu-hBN. Hence, these findings suggest that COCl, gas binds
strongly with the Cu-hBN systems. Further, a comparison of the reported adsorption energies
for the different adsorption configurations in Table 3.3 suggests that C2 was the most stable
adsorption configuration among the different adsorption configurations due to its lowest
adsorption energy. Therefore, we have also selected the C2 adsorption configuration for the

recovery time and sensitivity analysis in the subsequent section of the present study.
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Figure 3.8: (a) Lateral observation and (b) Top observation of the optimized C1 adsorption configuration
and (c)Lateral observation and (d) Top observation of the optimized C2 adsorption configuration,
respectively.

3.3.7 Comparison of the adsorption energies with other various systems

Table 3.4 Adsorption energies reported previously for some of the various systems upon COCI: adsorption.

Systems Adsorption energy(eV) Reference

B12N12 nanocage -0.097 [36]
Cu-decorated Bi2Ni2 nanocage -0.175

Bi2P12 -0.271 [56]
Cu-decorated B12P12 -1.233

BN nanotubes -0.043 [37]
Sc-doped BN nanotubes -0.182

Li-decorated B12C¢Ng nanocage -0.790 [35]

Cr-graphene -0.719 [57]

BN nanoflake -0.141 [58]

B24N24 nanocage -0.043 [59]
Al-B24N24 nanocage -0.236

BN nanocones -0.254 [60]

In this section, we have compared the adsorption energies of the B2 and C2 adsorption

configurations with the various systems from the literature, specifically regarding the sensing

of COClz gas molecules as shown in in Table3.4. However based on the literature survey in

terms of sensing COCla, a wide range of various systems such as B12N2 nanocage, B12P12, Cu-

B12Ni2 nanocage, Cu-Bi2P12, BN nanotubes, Sc-doped BN nanotubes, Li-Bi2CsNs, Cr-

graphene, BN nanoflake, BN nanocones, B24N24 nanocage and Al-B24N24 nanocage exhibited
adsorption energy values of -0.097¢V, -0.175eV, -1.233eV, -0.043eV, -0.182¢V, -0.79¢V, -
0.719¢V, -0.141eV, -0.254eV, -0.043eV and -0.920eV, respectively. The B2 adsorption

configuration demonstrates better adsorption energy, whereas the C2 adsorption configuration

also demonstrates better adsorption energy than all reported systems in Table 3.4 except Cu-

B12P12. Hence, the comparison results confirmed that both B2 and C2 adsorption configurations

have efficient adsorption ability towards COCl» adsorption.

3.3.8 Charge Density Difference and Hirshfield Charge Analysis

To gain an understanding of the charge transfer process upon COCl; adsorption onto pristine

hBN, Cu-doped hBN, and Cu-hBN, we have analyzed the charge transfers quantitatively and
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qualitatively using the Hirshfield and charge density difference (CDD) methods for the A4,
B2, and C2 adsorption configurations, respectively. The charge density difference (Ap) for
all these adsorption configurations was calculated using the following equation (3.8).
ApP=paB-PA- PB (3.8)
where paB, pa, and pp represent the charge densities of the complexes with gas
molecules, the charge densities of the complexes without gas molecules, and the charge
densities of the isolated gas molecules, respectively The yellow and cyan-colored in the charge
density difference diagrams represent the electron accumulation and depletion regions. From
Fig.9(a), we observed that upon COCl, adsorption onto hBN, a small yellow-colored region
exists around the O atom, and large blue and yellow-colored regions exist between the B and
N atoms. These findings indicate that B and N atoms primarily interact with each other,
resulting in weak charge transfer between hBN and COCl,. As a consequence, there exists a
weak interaction between the hBN and COCl.. In addition, we also observed a large cyan and
a yellow-colored region around the Cu and O atoms, indicating a strong charge transferred
from the Cu atom to the COCl,. These findings confirmed the nature of the Cu atom and COCl,
as an electron donor and acceptors, respectively. Further, we calculated the electrostatic
potential (ESP) for the COClI: to gain additional insights into the charge transfer mechanism,
as shown in Figure 3.9(d). The red and blue colour in the ESP map corresponds to positive and
charge distribution. From Figure 3.9(d), we found that a negative charge distribution exists
around the O atom, identified by the red color, whereas a positive charge distribution exists
around the C and Cl atoms, identified by the blue color, respectively. The observed charge
distribution can be attributed to the difference in the electronegativity between the atoms. O
atom, being highly electronegative compared to the C atom, withdraws electrons from it. As a
consequence, the electron density around the O atom increases, making it an electron-rich and
C atom electron-deficient species. These findings indicate that the strong electrostatic attraction
between the Cu atom and COCl; was responsible for the orientation of the COCl, with the O
atom facing toward the Cu atom upon optimization and strong charge transfer in the case of B2
and C2 adsorption configurations. The Hirshfield charge analysis validate that a weak charge
transfer of -0.162e takes place in the case of A4 adsorption configuration compared to strong
electron transfer of -0.457e and -0.292¢ in the case of B2 and C2 configurations. This finding
is in support of the results from the charge density difference calculations. Hence the results of
our Hirshfield and charge density difference calculations are in good agreement with each

other.
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Figure 3.9: Charge density difference diagram for (a) A4, (b) B2, and (c) C2 configurations. The yellow
and cyan color in the CDD diagrams represents the electron accumulation and depletion regions,
respectively (d) ESP map for the optimized COCI: gas molecule. The blue and red colors represent the
positive and negative charge sites.

3.3.9 Non-Covalent Interaction Analysis

Noncovalent interactions (NCls) are of great importance in gas sensing since they play a vital
role in the adsorption of the gas, thereby influencing the adsorption energy and the recovery
time of the sensing materials. Therefore, to analyze the existence of any non-covalent
interaction between pristine hBN, Cu-doped hBN, Cu-hBN, and COCl», we have calculated the
variation in the value of the reduced density gradient (RDG) function[61] with sign()2) p(r) for
the A4, B2, and C2 adsorption configurations. Further, we have utilized the RDG scatter plot
and RDG isosurfaces for all these adsorption configurations to visualize the variation in the
RDG function. Here, the RDG function (s(r)) defined in equation (3.9) represents a relation
between the electron density(p(r)) and its gradient (Vp(r)). The quantity sign(A2) p(r) is of great
significance as it describes the fluctuation in the electron density near the critical points, which
is helpful in determining the nature of the non-covalent interactions. If sign(12) p(r)<0, sign(i>)
p(r)=0, and sign(12) p(r)>0, it indicates attractive strong hydrogen bonding, van der Waals

interaction (vdW), and repulsive strong steric effects.
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s(r)= (3.9)

The blue, red, and green color schemes shown in the RDG isosurface correspond to attractive
strong hydrogen bonding, repulsive steric effect, and weak vdW interactions. We observed that
the RDG scatter plots underwent a sharp decline in the RDG value around sign(A2) p(r)>0 for
all the adsorption configurations, as shown in Figure 3.10. This confirmed the existence of a
strong repulsive steric effect. Further, the corresponding RDG isosurfaces revealed that strong
steric effects exist between the B and N atoms of the hBN layer. The observed steric effect
arose due to the strong electrostatic repulsion between the positively charged Cl and B atoms
as the COCl, gas approached. From Figure 3.10(a), we observed a sharp decline in the RDG
value around sign(12) p(r)=0 in the case of A4 adsorption configuration. The corresponding
RDG isosurface shown in Figure 3.10(b) verified that weak vdW interaction exists between the
COCl; gas and hBN identified by the green patches. This confirmed that weak vdW interaction
was responsible for the physisorption of the COCl, gas onto hBN. However, upon
substitutional doping of the Cu atom and Cu adsorption, we observed from the RDG scatter
plot in Figure 3.10(c) and Figure 3.10(e) a sharp decline in the RDG value around sign(A2)
p(r)<0. The RDG isosurface plot revealed that strong attractive H bonding exists between the
Cu atom and the nearby neighbouring N atom identified by blue patches as shown in Figure
3.10(d) and Fig.10(f), respectively. This can be attributed to the electrons transfer from the

positively
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charged Cu atom to the nearby negatively charged N atom, creating a strong, attractive

interaction between the oppositely charged species. These findings confirmed that the doped

Cu atom in the case of Cu-doped hBN and Cu-hBN systems interacts electrostatically with the

hBN. In contrast, upon COCl; adsorption, we found from the RDG scatter plot that there is a

sharp decline in the RDG value around sign(A2) p(r)<O for the B2 and C2 adsorption

configurations, as shown in Figure 3.10(g) and Figure 3.10(i), respectively. These results

indicate a strong, attractive electrostatic interaction between the Cu atom and COCl; identified

by the blue patches, as shown in Fig3.10(h) and Figure 3.10(j). These findings validated that it

was due to the strong electrostatic interaction that COCl2 binds strongly to the Cu-doped hBN

and Cu-hBN systems, resulting in high adsorption energy. Hence, our RDG results are in good

agreement with those of our adsorption study.
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Figure 3.10: RDG scatter plot for the (a) A4, (¢) Cu doped-hBN, (e¢) Cu-hBN, (g) B2, and
(i) C2 adsorption configurations, respectively. Isosurface plot for the (b) A4, (d) Cu
doped-hBN, (f) Cu-hBN, (h) B2, and (j) C2 adsorption configurations, respectively.

3.3.10Electron Localization Function Analysis (ELF)

To analyze how the electrons are distributed around the interacting atoms upon COCI;
adsorption onto hBN, Cu-doped hBN, and Cu-hBN, we have utilized the ELF to visualize the
distributions of electrons in the A4, B2, and C2 adsorption configurations. The corresponding
ELF plot for all these configurations is shown in Figure 3.11. From Figure 3.11(d), we observed
that upon COCIl; adsorption onto pristine hBN, there exists an intense red-colored region
around the O and Cl atoms, indicating that electrons are strongly localized to the COCl, gas.
There also exists a large region of low electron density exists in between the COCl, gas and
the hBN monolayer, which is identified by the blue-colored region. These findings suggest a
weak interaction exists between the COClz gas and the hBN monolayer. Further, to validate

our findings, we have plotted the bottom view of the ELF plot for the A4 configuration, as
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shown in Figure 3,11(a). Due to the weak interaction, we found that electron density
distribution around the monolayer upon COCl, adsorption was identical to that without COCl,
gas. But, for the B2 and C2 adsorption configurations, we found there was a decrement in the
intensity of the red color around the Cu atom and an increment in the intensity of the red color
around the O atom, as shown in Figure 3.11(e) and Figure 3.11(f) respectively. These results
indicate that electrons are transferred from the Cu atom to the COCIl; gas during COCl, gas
adsorption. However, the Cu atom intensity in the C2 configuration was higher than in the case
of the B2 configuration, indicating a stronger charge transfer took place from Cu-doped hBN
than Cu-hBN to COCl, which is consistent with our Hirshfeld analysis. The bottom view of
the ELF plot for the C2 configuration shown in Figure 3.11(c) revealed that the electron density
distribution around the atoms remained unaltered upon COCI, adsorption onto Cu-hBN.
Similarly, the bottom view of the ELF plot for the B2 configuration shown in Figure 3.11(b)
revealed that the electron density distribution around the atoms remained unaltered upon COCl2
adsorption onto Cu-doped hBN and a low electron density at the doping site. Hence, these
findings suggest that the Cu atom was the primary active site for the adsorption of the COCl»
gas onto Cu-doped hBN and Cu-hBN systems, respectively. This is because of the strong
electrostatic interaction COCIl, primarily interacts with the Cu atom. As a consequence, the

interaction of the COCI» with the hBN becomes weak during the COCI, adsorption.

Figure 3.11: Bottom view of the ELF map for (a) A4, (b) B2 and (c) C2 adsorption
configurations. Lateral view of the ELF map for (d) A4, (e) B2, and (f) C2 adsorption
configurations, respectively.

3.3.11 Frontier Molecular Orbital Analysis

The Frontier Molecular Orbitals (FMO) include the Highest Occupied Molecular Orbital
(HOMO), and Lowest Unoccupied Molecular Orbital (LUMO), which provide useful
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information regarding the alteration in the electronic properties upon the adsorption of the
specified gas molecule on the adsorbent. Therefore, we have calculated the HOMO-LUMO
energies for the various adsorption configurations. The data presented in Table 3.5 indicate that
hBN exhibits insulating behavior with a HOMO-LUMO energy gap of 4.29¢V. In the pristine
hBN, the HOMO and LUMO energy levels lie at -4.51eV and -0.22eV, respectively. However,
upon substitutional doping, it was observed that the HOMO energy level shifts from -4.51eV
to -3.60eV, and the LUMO energy level shift from -0.22eV to -0.50eV. Similarly, upon
adsorption of the Cu atom, it was observed that the HOMO energy level shift from -4.51eV to
-3.17eV, and the LUMO energy level shift from -0.22eV to -0.75eV, respectively. These
changes in the position of HOMO and LUMO reduce the energy band gap by 27.74% and
43.58% for the Cu-doped hBN and Cu-hBN systems, respectively. Furthermore, the adsorption
of COCl; onto hBN shifts the HOMO from -4.51eV to -4.35eV and the LUMO from -0.22eV
to -1.73eV, thereby reducing the band gap to 2.62eV. For the B2 and C2 adsorption
configurations, the HOMO shifts to -3.14eV and -2.09¢V, whereas the LUMO shifts to -2.28eV
and -0.98eV. Here the shifts in the position of HOMO and LUMO narrows the band gap from
3.10eV to 0.86eV and from 2.42eV to 1.11eV for the B2 and C2 adsorption configurations
respectively. The reduction in the band gap indicates that doping of Cu atom favours the
adsorption of the COCl,. We also found on comparison that the B2 and C2 configuration
exhibits excellent conductivity than A4 configurations. The observed reduction in the energy
gap, as well as changes in the position of the HOMO and LUMO, can be attributed to the
destabilization and stabilization of the HOMO and LUMO, respectively. Further, we have
analyzed the distribution of HOMO-LUMO orbitals for all these configurations to justify the
observed variation in the HOMO-LUMO energies. From Figure 3.12(a), we observed that the
HOMO-LUMO orbitals are concentrated around the N and B atoms indicating that in case of
hBN both N and B atoms are involved in charge transfer process. But upon substitutional
doping and Cu adsorption, we observed that the HOMO orbitals got concentrated around the
Cu atom, and LUMO orbitals got concentrated around the nearby neighbouring N atoms, as
shown in Figure 3.12(c) and 3.12(d), respectively. This happens because the Cu atom causes a
redistribution of electrons in the hBN by losing excessive electrons to the nearby highly
electronegative N atom. On the other side, for the B2 and C2 adsorption configurations, we
observed that upon COCl, adsorption, the HOMO remained distributed around the Cu atom,
whereas the LUMO orbitals got distributed around the COCI: as shown in Figure 3.12(e) and
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Figure 3.12(f). It was due to the charge transfer from the Cu atom to COCl, we observed a shift

in the LUMO around the COCl,. Hence the HOMO-LUMO analysis suggests that COCl»
adsorption modifies the electronic properties of Cu-doped hBN and Cu-hBN by reducing the

band gap making them a promising candidate to be utilized as an electronic sensor.

(a)
E
LUMO = -0.22¢V I

Bu = 4.29eV E' = 2.62eV

E, = 3.10eV

HOMO = -4.35V l HOMO = -3.60eV l
HOMO =-4.51eV "
N ) o = b WV
.
-
-
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HOMO = -3.14eV l - l
. l Q HOMO =.2.00¢V
HOMO =-3.17e\ ,, ———

Figure 3.12: HOMO and LUMO for (a) pristine hBN, (b) A4, (¢c) Cu-doped hBN, (d)

Cu-hBN, (e) B2 and (f) C2 adsorption configurations, respectively
3.3.12Global Indices of Reactivity

To determine the chemical reactivity, sensing ability and performance of the surface sensing

materials, we have calculated various quantum descriptors such as Ionization potential (IP),

HOMO-LUMO gaps (Ey), electron affinity (EA), chemical potential(p), electrophilicity (w),
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chemical softness(S), and hardness()). These quantum descriptors were reported in Table (3.5)

and calculated using the below equation (3.9) -(3.13).

E;= Erumo — Enomo (3.9)
- —Emmozw (3.10)
“:M (3.11)
S = ZLH (3.12)
o= :_jl (3.13)

The negative value of the HOMO and LUMO energies represent the ionization potential and
electron affinity in Table 5. The reported value in Table 5 indicates that hBN has the highest
ionization potential(4.52eV) and lowest electron affinity(0.22eV) among the various
adsorption configurations. It was due to the chemically inert nature of the hBN layer. In
contrast, upon substitutional doping of the Cu atom we found that the ionization potential
decreases to 3.60eV and the electron affinity increases to 0.50eV. Similarly, upon Cu
adsorption onto hBN, we found that the ionization potential decreases to 3.17eV, and the
electron affinity increases to 0.75eV. Further, we found that COCl, adsorption onto hBN
decreases the ionization potential to 4.35eV and increases the electron affinity to 1.73eV. For
the B2 adsorption configuration, the adsorption of the COCl, decreases the ionization potential
to 3.14eV and increases the electron affinity to 2.28eV, whereas, for the C2 adsorption
configuration, the COCl, adsorption lowers the ionization potential to 2.09eV and increases the
electron affinity to 0.98 eV. These results implies that efficient charge transfer took place in
case of B2 and C2 configurations respectively. Furthermore, to examine the chemical reactivity
of the surface sensing material, we have calculated electrophilicity which describes the
electron-accepting tendency of the adsorbent. From Table 5, we found that pristine hBN has
the lowest electrophilicity value of about 1.31eV, and this property increases by 3.81% and
21.37% upon substitutional doping and Cu adsorption respectively. These findings imply that
the incorporation of the Cu atom enhances the electrophilicity character in Cu-doped hBN and
Cu-hBN systems by losing electrons to the nearby highly electronegative N atoms. However,
upon COCIl, adsorption, we found that the B2 (8.54eV) configuration exhibits the highest
electrophilicity among the various configurations. In addition, to determine the chemical
stability, we have calculated the chemical hardness and softness factor for all these adsorption
configurations because it describes the resistance and willingness of the material to undergo

any change in its electronic properties. The chemical hardness factor for the pristine hBN, Cu
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doped hBN, and Cu-hBN systems was found to be 2.15¢V, 1.55e¢V, and 1.21eV, whereas the
corresponding chemical softness factor was found to be 0.23eV, 0.32¢V, and 0.41eV,
respectively. We found that Cu-doped hBN has a high hardness and a low softness compared
to Cu-hBN. These findings suggest that Cu-hBN would exhibit significant variation in the
energy gap upon incorporating Cu atom onto hBN, consistent with our HOMO-LUMO gap
results. We also observed that upon COCl; adsorption, there was a 39.47 % increase in softness
and a 39.06 % decrease in hardness factor for the A4 adsorption configuration. In contrast, for
the B2 and C2 adsorption configurations, there was a 72.41% and 54.44% increment in the
softness factor, whereas 72.25% and 53.71% decrement in the hardness factor, respectively.
The observed high softness and low hardness imply that both B2 and C2 configurations are
more likely to undergo significant variations in the electronic properties. Hence, the above-
discussed quantum descriptors suggest that Cu-doped hBN and Cu-hBN exhibit excellent

chemical reactivity towards COCl, compared to pristine hBN.

Table3.5 Calculated HUMO-LUMO energies, HOMO-LUMO gaps (Eg), Ionization potential (IP), electron
affinity (EA), chemical potential(n), electrophilicity (w), chemical softness(S) and chemical hardness(n)
respectively for the pristine hBN, A4, Cu-doped hBN, B2, Cu-hBN, and C2 systems respectively. All the

reported values are in eV.

Adsorption HOMO | LUMO | Eq n 1P EA S n w

Configurations
Pristine hBN -4.51 -0.22 429 | -237 | 451 | 0.22 | 0.23 | 2.15 | 1.31
A4 -4.35 -1.73 262 | -3.04 | 435 | 1.73 | 0.38 | 1.31 | 3.53
Cu-doped hBN -3.60 -0.50 3.10 | -2.05 | 3.60 | 0.50 | 0.32 | 1.55 | 1.36
B2 -3.14 -2.28 086 | -2.71 | 3.14 | 228 | 1.16 | 0.43 | 8.54
Cu-hBN -3.17 -0.75 242 | -196 | 3.17 | 0.75 | 041 | 1.21 | 1.59
C2 -2.09 -0.98 1.11 | -1.54 | 2.09 | 098 | 0.90 | 0.56 | 2.14

3.3.13Sensitivity analysis of the pristine hBN, Cu-doped hBN and Cu-hBN

Sensitivity is considered an important parameter in determining the sensing performance of
chemical gas sensors, and it is primarily judged by the variation in electrical conductivity
upon gas adsorption. According to equation (14), the electrical conductivity of the sensing
material depends exponentially on the negative of the band gap at a certain temperature. This
implies that a reduction in the band gap leads to an enhancement in the electrical conductivity
of the sensing material. Therefore, to analyze the sensitivity of the A4, B2, and C2 adsorption
configurations, we have utilized DOS to calculate the changes the band gap underwent upon

COCl; adsorption.
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Figure 3.13: Plotted DOS for (a)A4, (b)B2, and (¢) C2 adsorption configurations and
plotted PDOS for (d)A4, (e)B2, and (f) C2 adsorption configurations, respectively.
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(14)

where o is electrical conductivity, 4 is a constant, T is the temperature in K, Eg is the band gap
in eV, and Kz is the Boltzmann constant in eV/K. The resulting DOS plot shown in Figure 3.13
(a) revealed that the COCI, adsorption onto hBN introduces an impurity state near the
conduction band, reducing the band gap from 4.29¢V to 2.62eV. In contrast, COCIl, adsorption
onto the Cu-doped hBN and Cu-hBN creates an impurity state in the energy range -2to-1eV
and -3to-2eV reduces the band gap from 3.10eV to 0.86eV, and from 2.42eV to 1.11eV as
shown in Figure 3.13(b) and Figure 3.13(c) respectively. The calculated band gap indicates that
the B2 and C2 configurations exhibit better electrical conductivity than the A4 configuration
due to the 72.25% and 54.13% reduction in the energy gap. Further, to gain additional insights
regarding the contribution of the different atomic orbitals to the impurity state, we have
calculated PDOS for all these configurations. The resulting PDOS plot in Figure 3.13(d)
revealed that the impurity states in case of A4 configurations were due to the contribution from
the 2p-B, 2p-C, 2p-O, 3p-Cl atomic orbitals. However, the contribution from the 2p-B atomic
orbital was weak, resulting in weak hybridization between the B and O atoms, accounting for
the weak interaction between the COCl> gas and hBN. Conversely, the PDOS plot in Figure
3.13(e) revealed that the impurity states in the case of A4 configurations were due to the

contribution from the 2p-C, 2p-0O, 3p-Cl, 2s-C, and 3d-Cu atomic orbitals. Similarly, for the
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C2 configuration, 3d-Cu and 2p-C atomic orbitals contribute to the impurity states lying in the
energy range from -3eV to -2eV, as shown in Figure 3.13(f). These findings suggest that
impurity states lying very close to the conduction band facilitate easy pathways for the charge
transfer during the interaction of the COCIl, with the sensing material. Therefore, it was due to
the reduction in the band gap, there was a strong charge transfer in the case of B2 and C2
configurations, which is responsible for the observed enhancement in the electrical
conductivity of the Cu-doped hBN and Cu-hBN upon COCI, adsorption. Hence our findings
suggest that both the Cu-doped-hBN and Cu-hBN systems exhibit better sensitivity than

pristine hBN, making them a promising sensing material to detect COCIl, gas molecules.

3.3.14Recovery time analysis of the hBN, Cu-doped hBN and Cu-hBN
systems

Table 3.6 Calculated the recovery time for the Cu-doped hBN and Cu-hBN systems upon COCl: adsorption
at different temperatures under visible light and UV radiation

B2 C2
Temperature(K) | recovery time recovery time recovery time recovery time
visible light Uv visible light UV
300 K 3.661 x10?° sec | 3.661 x10'7 sec 2.495x107sec 2.495x10%ec
400K 2.647 x102 sec | 2.647 x10° sec 3.530x10%sec 3.530x10! sec
500K 3.453 x107 sec 3.453 x10* sec 4.347x10"'sec 4.347x10%sec
600K 1.913x 10%*sec 1.913x 10'sec 4.995x107%sec 4.995x10%sec
700K 9.033 x 10'sec | 9.033 x 10%sec 2.056x 10™sec 2.056x 107sec
800K 1.626 x 10°sec | 1.626 x 107 sec 1.879x107 sec 1.879x10°® sec
900K 7.154x 10sec 7.154x 103sec 2.992x10%sec 2.992x10sec
1000K 5.876 x 10%sec | 5.876 x 10%sec 6.593x107sec 6.593x10"%ec

To analyze the reusability of the gas sensor, we have calculated the recovery time (r) using

equation (15) for the A4, B2, and C2 adsorption configurations, respectively.

_Eﬂ)
r=v ‘e KsT

3.15)
where T is the testing temperature measured in Kelvin (K), and Kz is the Boltzmann constant
whose value is 8.62 x107° eV/K. Eyy is the potential barrier for the desorption of gas molecules,
which can be substituted with adsorption energy (Eaqs) because adsorption and desorption are
reverse processes to each other, and v represents the attempt frequency, which is 10'? Hz for
the visible radiation. The recovery time calculated for the A4, B2, and C2 adsorption
configurations at 300K under visible light was found to be 8.937x10sec, 3.661x10*’sec, and
2.495x107sec, respectively. The reported too-high recovery time for the B2 and C2 adsorption

configurations can be attributed to the calculated high adsorption energy for these configuration
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This result implies that the too-high recovery time limits the reusability of both the Cu-doped
hBN and Cu-hBN systems as gas sensing material in a chemical gas sensor to detect COCl,
gas at room temperature. According to equation (3.15), we can improve the recovery time either
by increasing the temperature, the attempt frequency, or both if the adsorption energy is kept
constant. Recently, Li et al. also validated that ultraviolet (UV) radiation assists quick recovery
time of the gas sensor[62]. Therefore, to examine the effect that UV radiation and increased
temperature had on the recovery time of the B2 and C2 configurations. We have calculated the
recovery time value at different temperatures under visible and UV light exposures for these
configurations. The reported value in Table 3.6 suggests that the recovery time for the B2 and
C2 configurations reduces from 3.661x10'7 sec to 5.876x10° sec and from 2.495x10* sec to
6.593x1071? sec, respectively, as the temperature increases from 300K to 1000K under UV
radiation. This happened because both high temperatures and UV radiation facilitate additional
high input energies required for the desorption of the COCIl; gas from the surface of Cu-doped
hBN and Cu-hBN. These findings suggest that annealing at high temperatures under UV
radiation effectively improves the recovery time of the Cu-doped hBN and Cu-hBN systems.
Hence, the recovery time analysis validates that Cu-doped hBN and Cu-hBN systems can be

used as a sensing material at elevated temperatures to detect COCl2 gas.

4. Conclusion

In the present work, we have systematically investigated the adsorption behavior of COCI2 gas
onto the pristine hBN and Cu-decorated hBN using first principle calculations. The adsorption
of COCI; onto pristine hBN was a physisorption due to their small adsorption energy. The
physisorption of COCIl: onto pristine hBN resulted in poor sensitivity and recovery time.
Therefore, the Cu atom was adsorbed onto hBN and substitutional doped into hBN at N and B
vacancy. The formation and binding energy suggest that the Cu atom doped at B vacancy is
the most stable configuration. On the other side, the Cu atom adsorbed at the N site was the
most stable configuration. Further, the adsorption energy upon COCI2 adsorption onto Cu-
doped hBN and Cu-hBN was found to be high, indicating that the adsorption process was a
chemisorption and there exists strong chemical interaction between the COCl» and Cu-doped
hBN and Cu-hBN. The RDG analysis revealed that there exists a weak vdW interaction
between the COCIl and pristine hBN. In contrast, for the B2 and C2 adsorption configurations,
it was the electrostatic interaction that caused the COCL to orient with the O atom facing
toward the Cu atom. This resulted in the strong electron transfer from the Cu atom to the COCla,

as verified by the Hirshfeld and charge density difference methods. As a consequence, there
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was a shift in the impurity state towards the conduction band and a reduction in the band gap
upon COCIl, adsorption, indicating an enhancement in the sensitivity of the B2 and C2
adsorption configurations. The corresponding PDOS plot revealed that strong hybridization
exists between the 3d-Cu atom and the 2p-O atom, accounting for the strong interaction
between the gas and the adsorbate. Furthermore, the calculated recovery time for the B2 and
C2 adsorption configurations at 300K was found to be too high. Therefore, annealing at high
temperatures under UV exposure improves the recovery time of the B2 and C2 adsorption
configurations. Hence, the improved recovery time, better sensitivity, adsorption energy, and
enhanced electrical conductivity upon COCI adsorption validate that Cu-doped hBN and Cu-

hBN are promising sensing materials at elevated temperatures for sensing COCl,.
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Chapter 4

@ Adsorption of Cyanogen Chloride Gas onto the Pristine and

Copper-Decorated hBN Monolayer: A Comparative DFT Study

Cyanogen Chloride Pesticides Dyes Pharmaceuticals

CNCI = i
= & C,’_C=%N ‘% %
S ~— A
~ 2.

Toxic Gas

Need for Detection

; CNCL
* DETECTED!

Cu Adsorbed hBN
Sensing Material

The adsorption of toxic gas such as Cyanogen Chloride (CNCI) onto the pristine
and Cu-decorated hexagonal boron nitride (hBN) was investigated using Density
Functional Theory (DFT). The adsorption of CNCI gas molecules onto pristine
hBN was a physisorption, resulting in a poor recovery time. However, Cu
decoration onto hBN modifies the electronic properties of hBN. Further CNCI
adsorption onto Cu-hBN resulted in three structures abbreviated as B1, B2, and
B3. The calculated adsorption energies suggest that the adsorption of CNCI gas
onto Cu-hBN was physisorption with enhanced adsorption energy, and B3 was
the most stable configuration. Further, various parameters such as DOS, charge
density differences, and ELF were calculated for the most stable adsorption
configuration. The DOS result revealed that CNCIl adsorption enhances the
conductivity by reducing the band gap. It was due to the charge transfer from
CNCI gas to the Cu-hBN, verified from the charge density difference. The
reduction in the band gap resulted in a 31.54% variation in the work function,

indicating highly sensitive behaviour of the Cu-hBN system. Additionally, RDG
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analysis suggests that the non-covalent interaction between CNCI and Cu-hBN
was responsible for the physisorption. Finally, the recovery time for CNCI
adsorbed onto Cu-hBN was found to be 1.596x107sec, 2.525x107sec, and
2.098x108sec at 300K, 400K, and 500K, respectively. Hence, based on our DFT
results, the Cu-hBN system can be used as a practical sensor to detect CNCI gas

at 300K.

4.1 Introduction

CNCI[ 1], being a colourless gas, volatilizes into a toxic gas upon exposure to air,
and is primarily used in the rubber, plastic, fumigants, and pesticides industries.
Acute exposure to CNCI gas causes sleepiness, sore throat, cough, dizziness, and
nausea[2]. In contrast, prolonged exposure causes respiratory failure, metabolic
obstruction, and irreversible damage to the red blood cells and central nervous
system[3]. Therefore, looking at the detrimental effects CNCI gas has on human
health, there is a need to monitor, capture, and remove toxic gas for a safer and
cleaner environment. In this regard, gas sensors that exhibit high selectivity,
sensitivity, stability, and rapid recovery time in harsh environments are required.
Two-dimensional (2D) materials such as graphene[4], black phosphorene[5],
germanene[6], silicene, Aluminium nitride (AIN)[7], Indium nitride (InN)[8], and
transitional metal dichalcogenides (TMDs)[9, 10] have been extensively explored
as sensing materials due to their high surface-to-volume ratio, tunable optical and
electronic properties, and structural diversities. However, due to certain
limitations like the absence of a dangling group, zero band gap in graphene[11],
and low carrier mobility in TMDs, hinder the practical application of these
materials as a sensing material in gas sensors. Moreover, poor selectivity and
sensitivity at elevated temperatures are also considered as bottleneck problems
for these 2D materials[12]. Therefore, there is an inevitable need to explore
alternative 2D materials capable of exhibiting high sensitivity, selectivity, fast

recovery time, stability, and reliable operation at high temperatures[13, 14]. In
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this regard, hBN, widely known as ‘white graphene,’ can be considered a suitable
sensing material in harsh environments due to its unique properties, like high
thermal conductivity and better structural stability at high temperatures.
However, there have been numerous reports regarding the utilization of hBN as
a sensor[15-17]. In contrast it was also concluded from the literature that pristine
hBN-based gas sensors exhibit instantaneous recovery time, slower response, and

poor selectivity[18]. This can be attributed to the weak adsorption ability of hBN

due to its inherent chemical inertness. Therefore, to overcome the issue of weak
adsorption ability and poor sensing performance of hBN, researchers have
adopted the method of surface activation method by doping[19, 20] and substrate
engineering[21, 22]. It has been well proven that metal atom decoration onto hBN
enhance the adsorption ability and sensing performance of hBN[23]. Recently,
Kalwar et al. studied the adsorption of harmful toxic gases such as CO2, CO, H,S,
HF, and NO onto a Ti-doped hBN monolayer. Their study revealed that CO,, CO,
H,S, HF, and NO got adsorbed onto Ti-doped hBN with adsorption energies -
1.32eV, -1.66eV, -1.20eV, -0.81eV and -1.82¢eV respectively. Additionally, Ti
decoration onto hBN resulted transitions from semiconductor to narrow band
semiconductor and metal upon CO,, H,S, NO, and CO, HF adsorption,
respectively. The reported variation in the electronic properties and adsorption
energy upon Ti decoration onto hBN lead to high sensitivity and better recovery
time than pristine hBN. In another study Khan et al. reported that the adsorption
of CO, COS, CH;N;, and CF,0O onto Fe-decorated hBN was chemisorption,
whereas the adsorption of CO, and CH4O onto Fe-decorated hBN was
physisorption [24]. There exist various reports regarding the adsorption
of CNCI gas onto metal-doped graphene quantum dots[25], Al and Ga-doped BN
nanotubes[26], and phosphorene nanosheets[27]. However, there have been no
reports regarding adsorption of CNCI gas onto Cu-decorated hBN monolayer has

served as a motivation for this work. Therefore, in this work, we have investigated
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the adsorption of CNCI gas onto Cu-decorated hBN monolayer using DFT.
Adsorption energy and adsorption distances were calculated in order to determine
the strength of interaction during the adsorption of CNCI gas onto hBN and Cu-
decorated hBN system. Moreover, to analyze the effect Cu decoration on hBN
and CNCI gas adsorption had on the electronic properties, DOS and PDOS were
calculated, respectively. Charge transfer during the interaction was analyzed
quantitatively and qualitatively using charge density difference and Hirshfield
calculation. RDG and ELF calculations were also performed to determine the
existence of any non-covalent interaction and distribution of electron density
around the interacting atoms. Finally, the sensitivity and recovery time of the Cu-
decorated hBN and pristine hBN upon CNCI adsorption were evaluated utilizing
the work function and adsorption energy, respectively. The outcome of the DFT
study provides a deep insight into the adsorption mechanism and sensing
performance of hBN and Cu-decorated hBN towards CNCI gas detection, which
would be helpful for the experimentalist to design Cu-decorated hBN-based gas

SENSOrs.

= @& 4.2 Results and Discussions

4.2.1 Adsorption of CNCI gas onto pristine hBN
Table 4.1 Calculated adsorption energies, heights and bond lengths for three different
optimized adsorption configurations

systems Adsorption C-N bond C-Cl bond Adsorption
heights () length (A) length (A) Energy (eV)
B1 3.881 1.166 1.623 -0.204
B2 2.960 1.167 1.672 -0.126
B3 1.859 1.172 1.650 -0.411

To analyze the interaction of CNCI gas with the hBN monolayer, we have
considered the B site (on top of the B atom) and the N site (on top of the N atom)
as the adsorption sites. This is because the gas molecules can easily interact with
the electron-deficient (B site) or electron-rich (N site) sites. For the adsorption
study, we have considered different orientations of CNCI gas at N and B sites as

the input geometries for optimization. Upon optimization, we obtained four
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different optimized structures abbreviated as Al, A2, A3, and A4. As shown in
Figure 4.1, the resulting optimized structures revealed that the C-Cl and C-N bond
lengths underwent no significant variation upon adsorption. This indicates weak
interaction between the CNCI gas and the hBN layer. In A1 and A2 geometries,
the CNCI gas molecule got adsorbed at a distance of 3.739 A and 3.490 Aina.

direction perpendicular and parallel to the z-axis with the C and N atoms
orientating towards the B sites, as shown in Figure 4.1(a) and 4.1(b), respectively.
In A3 and A4 geometries, the CNCI gas molecule got adsorbed at a distance of
3.475 A and 3.530 A in a direction perpendicular to the z-axis with the Cl and N
atoms orienting towards the N sites, as shown in Figure 4.1(c) and 4.1(d),
respectively. Further adsorption energies (E,4;) for the optimized structures were
calculated using equation (4.1) where Ensn-cnet, Ersn, and Ecnci represent the total
energies of the CNCI gas adsorbed onto hBN complexes, pristine hBN, and

isolated CNCI gas molecule, respectively.

Eass = E hpn— enel — (EnenTEcncr) 4.1)

(130 From Table 4.1, the adsorption energies for the Al, A2, A3, and A4 geometries

were found to be -0.191eV, -0.141¢eV, -0.189¢V and -0.094¢eV respectively. The
negative value reported in Table 4.1 indicates that the adsorption process was
exothermic. Based on energy minimization we found Al to be the most stable
among the various optimized structures[28]. We have referred A1 configuration
as ‘CNCI-hBN’ for the rest of the study. The calculated adsorption energy
suggests that the adsorption of the CNCI gas molecule onto the hBN monolayer

was physisorption. Moreover, the reported adsorption distance in Table 4.1 was
larger than the sum of the atomic radii of B, N, C, and Cl atoms, confirming a
weak interaction between the CNCI gas molecule and the hBN layer. Hence, from
the perspective of the adsorption study, we found that pristine hBN exhibits weak
adsorption of CNCI gas molecules.
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" o..:._o.

Figure 4.1: Side view of the different optimized structures (a) Al, (b) A2, (¢)
A3, and (d) A4, respectively. The pink, blue, black, and green atoms
correspond to B, N, C, and Cl atoms

4.2.2 Analysis of the recovery time for the CNCI gas adsorbed onto hBN
monolayer
To analyze the gas sensing performance of the CNCI-hBN, we have calculated

recovery time (), defined as the time required by the gas molecule to desorb

entirely from the surface of the sensing material using equation (4.2).

Ebp

r = vle s 4.2)

Where T is the testing temperature measured in Kelvin (K), Kg is the Boltzmann
constant whose value is 8.62 x10 eV/K. Ey, is the potential barrier for desorption
of gas molecules, which can be substituted with E.4s because adsorption and
desorption are reverse processes to each other, and v represents the attempt
frequency, which is 102 Hz [29] for the visible radiation. According to equation
(4.2), the recovery time for the CNCI-hBN system was found to be 2.225x107s
under visible light exposure at 300K, which is too small to produce any variation
in the electronic property of the hBN. Hence, based on the recovery time analysis,
we found that the hBN sheet cannot be utilized as a gas sensor to detect CNCI gas

at room temperature.

136

Z'l-.l turnitiﬁ Page 149 of 291 - Integrity Submission Submission ID  trn:0id:::27535:154154341



z'l_.l turnitin  Page 150 of 291 - Integrity Submission Submission ID trn:0id:::27535:154154341
Adsorption mechanism of Cyanogen Chloride

4.2.3 Adsorption of Cu atom onto hBN monolay
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Figure 4.2 (a)Optimized structure, (b) DOS, and (¢) PDOS of the Cu-hBN, respectively

In the previous section, we observed that pristine hBN exhibits poor gas
adsorption ability and sensing performance towards CNCl gas. The decoration of
Transition metal (TM) atoms onto 2D material enhances the gas adsorption
capability of the 2D material. Therefore, we decorated the Cu atom on the hBN
layer by placing the Cu atom above the N site. Among the various TM metal
atoms, we have selected the Cu atom because it is inexpensive, abundant in
nature, and does not get poisoned by the analyte[30]. Based on previous
theoretical studies, we have selected the N site as the most preferential adsorption
site for the Cu atom[31, 32]. Upon optimization, the resulting optimized structure
as shown in Figure 4.2(a) is abbreviated as Cu-hBN. The optimized structure
revealed that the B-N bond length increased from 1.450A to 1.468A, and the
CNCl gas got adsorbed at a distance of 2.207A with adsorption energy -0.33eV.
The observed increment in the B-N length indicates that the B-N ring undergoes
expansion to incorporate the Cu atom. Further, cohesive energy (E..n/atom) was
calculated using equation (4.3) to determine the thermodynamic stability of the

Cu-hBN system.

E —cu—(x*Ep+y* EN+E
E, = ChBN=Cu ( nB y* EN+Ecu) (4.3)
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where Engn—_cu> Eg, En, Ecu X, ¥, and n represent the total energies of the Cu-
hBN system, isolated B, N, and Cu atoms, the number of B, N, and total atoms
within the unit cell, respectively. According to equation (4.3), the E.,; /atom for
the Cu-hBN system was found to be -1.40eV/atom. The negative value of the £,
/atom indicates that the structure remained thermodynamically stable, which is
consistent with the other theoretical calculations[33-35].Additionally, we have
performed DOS calculations to investigate the electronic properties of the Cu-
hBN system. From Figure 4.2 (b), we observed that the impurity state within the
energy range -3 to -2eV reduces the band gap from 4.45eV to 2.152eV upon Cu
decoration. It was confirmed from the PDOS study that the impurity state is a
result of the hybridization between the 4s-Cu and 2p-N orbitals, as shown in
Figure 4.2(c). The observed reduction in the band gap indicates an enhancement
in the electrical conductivity of the hBN layer. This might occur due to the charge
transfer from the Cu atom to the hBN layer. Hence, the observed structural and
electronic properties suggest that Cu atom decoration onto hBN modifies the
structural and electronic properties of the hBN layer.

4.2.4 Adsorption of CNCIl gas onto the Cu-decorated hBN monolayer

Table 4.2 Calculated adsorption energies, heights and bond lengths for three different
optimized adsorption configurations

systems Adsorption C-N bond C-Cl bond length Adsorption
heights (A) length (A) A) Energy (eV)
B1 3.881 1.166 1.623 -0.204
B2 2.960 1.167 1.672 -0.126
B3 1.859 1.172 1.650 -0.411

To analyze the interaction of the CNCI gas with the Cu-hBN system, we have
considered different orientations of the CNCI gas at the dopant site as the input
geometry for optimization. The dopant site is selected as the adsorption site
because the CNCI gas molecule can readily be adsorbed at the dopant site. After
optimization, we got three optimized structures abbreviated as B1, B2, and B3,
respectively as shown in Figure4.3. The optimized structure shown in Figure

4.3(a),
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(

b)1.167A 'g 1.672A
re T

Figure 4.3: Side view of the different optimized structures (a) B1, (b) B2, and
(c) B3, respectively. The orange colour corresponds to the Cu atom.

Fig.4.3(b) and Fig.4.3(c) suggests that the C-Cl bond lengths are arel.166A,
1.167A, and 1.172 A for the B1, B2, and B3 configurations. In contrast, the C-N
bond lengths are 1.623A, 1.672A, and 1.650A for the B1, B2, and B3
configurations. We found on the comparison that the C-Cl and C-N bond lengths
of CNCI gas upon adsorption vary from those of the isolated CNCI molecule in
all the optimized structures. The observed variation in the bond length was due
to the catalytic effect of the Cu atom. Further, adsorption energies were calculated
using equation (4.4) and reported in Table 4.2 to determine the interaction

strength between the CNCI gas and Cu-decorated hBN monolayer.

Eads = E hpN-cu- cnal — (EneNn-cutEcenc) (4.4)

Where Ecners Enpn—cu- cnct and Epgy—cy represents the total energies of the
isolated CNCI gas molecule, Cu-decorated hBN with and without CNCI gas
molecule, respectively Table 4.2 shows that the adsorption energies for the B1,
B2, and B3 structures were found to be -0.204eV, -0.126eV, and -0.411¢eV,
respectively. The negative value of the adsorption energies suggested that the
adsorption process was exothermic. We found that the B3 structure was the most

stable among the various optimized structures because of its lowest adsorption
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energy. For the rest of the study, we have referred to B3 as “CNCI-Cu-hBN”. The
reported adsorption energy in Table 4.2 suggests that the adsorption process was
physisorption. Moreover, the reported adsorption energy in Table 4.2 was more
enhanced than the adsorption energy in Table 4.2 on comparison. This indicates
that the Cu-hBN system has better adsorption affinity than the pristine hBN for
CNCI gas. Hence, the adsorption study suggests that the decoration of the Cu
atom onto hBN is an effective way to enhance the gas adsorption ability of the

hBN sheet towards CNCI gas

4.2.5 Electronic properties analysis of the Cu-decorated hBN
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Figure 4.4: (a) DOS and (b) PDOS plots for the CNCI-hBN system. (¢) DOS
and (d) PDOS plot for the CNCI-Cu-hBN system, respectively.

To analyse the effect of CNCI gas had on the electronic properties of hBN and
Cu-hBN systems, we have performed DOS and PDOS calculations for CNCI-
hBN and CNCI-Cu-hBN systems, we have performed DOS and PDOS
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calculations for CNCI-hBN and CNCI-Cu-hBN systems. The DOS results shown
in Figure 4.4(a) revealed that CNCI gas introduces an impurity state in the energy
range -1 to 0 eV, thereby reducing the band gap from 4.45 eV to 3.81 eV in the
case of the CNCI-hBN system. In the case of the CNCI-Cu-hBN system, CNCI
gas introduces a new impurity state at -1 1eV adjacent to the impurity state created
upon Cu decoration at -2 2eV, as shown in Figure 4.4(c). The new impurity state
facilitates easy charge transfer from the Cu atom to the CNCI gas during the
interaction, reducing the band gap from 2.152eV to 0.44eV. Further, the PDOS
plot in Figure 4.4(b) indicates hybridization between the 3p-N and 2p-C atomic
orbitals of hBN and CNCI gas responsible for creating an impurity state in the
energy range -1to0eV. From Figure:4.4(d), we found that hybridization between
the 3p-N and 4s-Cu atomic orbitals of CNCI and Cu-hBN was responsible for the
observed impurity state in the energy range -2to-1eV. On comparison, we found
that CNCI produces significant variation in the band gap of Cu-hBN, thereby
enhancing the conductivity of the Cu-hBN system. This might be due to the
significant charge transfer during the interaction. Hence, based on the observed
variation in the electronic properties of CNCI-hBN and CNCI-Cu-hBN systems,
we found that the Cu-hBN system can be used as an electronic sensor.

4..2.6 Non-Covalent Interaction

To determine the existence of non-covalent interaction between the CNCI gas
molecules and the adsorbent, we have performed the reduced density gradient
(RDG) analysis proposed by Johnson and co-workers. The results obtained from
the RDG analysis were visualized using the RDG scatter plot and RDG
isosurfaces, as shown in Figure 4.5. The RDG scatter plot represents the
relationship between the RDG function(s(r)) and sign(A2) p(r), where A,
represents the second eigenvalues of the Hessian matrix interaction and s(r)

defines a relation between the electron (p(r)) and its gradient (Vp(r)) as follows:

. 1 |Vp| 4
s(0) 2(3n2) /3 [pP(M)]%/3 (43)
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The function sign(\,) p(r) is of great significance as it provides information about
the nature of the interaction. If sign(A,) p(r)<0, sign(i;) p(r)=0, and sign(A,)
p(r)>0, it indicates strong attractive hydrogen bonding, weak van der
Waals(vdW) interaction, and strong repulsive steric effects. In Figure 4.5(a), the
RDG scatter plot illustrates a sharp decline in the RDG function value around
sign(A2) p(r)=0 for the CNCI-hBN system. Further, the corresponding RDG
isosurface plot in Figure 4.5(b) illustrates green patches between the CNCI gas
and hBN layer, indicating vdW interaction between the CNCIl gas and hBN
monolayer. These findings confirmed that the adsorption of CNCI gas onto hBN
was physisorption. The RDG scatter plot in Figure 4.5(¢c) illustrated a fluctuation
in the RDG value around sign(A;) p(r)>0 upon adsorption of Cu atom whereas
the corresponding RDG isosurface plot as shown in Figure 4.5(d) illustrated blue
patches between the Cu atom and hBN layer indicating that strong electrostatic
interaction exists between the adsorbed Cu atom and hBN monolayer. Further the
RDG scatter plot in Fig.4.5(e) illustrated a fluctuation in the RDG value around
sign(Az) p(r)>0 and sign(A,) p(r)=0 upon CNCI adsorption onto Cu-hBN systems.
From Figure 4.5(f), the corresponding RDG isosurface plot illustrated blue
patches between the CNCI gas and hBN layer and green patches between the Cu
atom and hBN layer. The observed blue patches indicate that the interaction of
CNCI gas with the Cu atom is purely electrostatic which is responsible for the
observed enhancement in the adsorption energy. These findings suggest that Cu-
hBN binds CNCI more effectively than pristine hBN. This proved that Cu-hBN
system has better adsorption affinity for CNCI gas than pristine hBN. Hence,
based on our RDG analysis, we found that non-covalent interaction exists, which
strongly influences the adsorption of CNCI gas and sensitivity of the hBN and
Cu-hBN systems.

142

Z"—.I turnltln Page 155 of 291 - Integrity Submission Submission ID  trn:oid:::27535:154154341



z"j ‘turnitin Page 156 of 291 - Integrity Submission

Submission ID  trn:oid:::27535:154154341

Adsorption mechanism of Cyanogen Chloride

0.020
0.095
0.010
0.005
0.000
0.005
-0010
~-0.015
-0.020
-0.025
-0.030

-0.05

004

~0.035

.oz
0.02

g

0

0
ooz
0.03
004
00s

SgNIAgho fau)

(b)

0.020
0015
0010
0.005
0.000
-0.005
-0.010
~0.015
0020
0025
0,090

-0.05

-00&

-0.035%

-0.03
0.02

s 8 &
© © ©

0.02
0.03
004
005

3'0""-3\4‘ {au)

20

0.020

18
16
14
1.2

08
0.6
04
02
00

0015
0.010
0.006
0.000
-0.008
=0.010
-0.015
~0.020
-0.025
-0.030

-005

-0.04

~0.035

s 8 35
o © o

-003
-002
002
003
0.04
005

sonidglp (o)

A0 gl e decease o 20 siguid )rincresse o> ()

A, <0

A =0

-

/ 8 J -
Y Y ¥
Strong aftracthon Van der Waals Strong repulsion
H-bond. halogen-bond mhernchion Stenc sflect n reg
and cae

Figure 4.5: RDG scatter plot for the (a) CNCI-hBN, (c)Cu-hBN, and (e)
CNCI-Cu-hBN systems. Isosurface plot for the (b) CNCI-hBN, (d)Cu-hBN,
and (f) CNCI-Cu-hBN systems, respectively.
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4.2.6 Charge Density Difference analysis

Figure 4.6: Charge Density difference plot (a) Top view for CNCI-hBN, (b)
Top view for Cu-hBN, and (c) Side view for CNCI-hBN, (d) Side view for
CNCI1-Cu-hBN systems, respectively.

To investigate the charge transfer during the interaction of CNCI gas with the
sensing material, we have utilized charge density difference and Hirshfield
methods to visualize the charge transfer. From Hirshfield charge analysis, we
found that 0.067¢ was transferred between CNCIl and hBN, whereas 0.142¢ was
transferred between CNCI and Cu-hBN. It was on comparison of the reported
charge transfer in Table 4.3 we found that significant charge transfer took place
in the case of CNCI-Cu-hBN. This was verified from the charge density
difference diagram shown in Figure 4.6. From Figure 4.6(a) and 4.6(c), we
observed a small region of charge loss and gain around the N and C atoms of the
CNCl gas molecule, identified by the cyan and yellow colours, respectively. This
indicates weak charge transfer from hBN to CNCI. Furthermore, Figure 4.6(b)
and 4.6(d) illustrate significant charge loss and gain regions around the Cu and N
atoms. This indicates that a significant charge was transferred from the Cu atom
to the CNCI gas. The observed charge transfer can be attributed to the difference
in the electronegativity between the Cu and N atoms. Being highly
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electronegative, the N atom withdraws electrons from the highly electropositive
Cu atom during the interaction. Hence our charge density difference results

agreed with the Hirshfield charge analysis.

Table 4.3 Calculated charge transfer for CNCl -hBN, CNCI-Cu-hBN adsorption

configurations.
Configuration CNCI-hBN CNCI-Cu-hBN
Charge transfer 0.067¢ 0.142¢

4.2.7Electron Localization Function analysis

Figure 4.7: ELF plot for (a) CNCI-hBN, (b) Cu-hBN, and (¢) CNCI-Cu-hBN
systems, respectively
We have performed ELF calculations to analyze the distribution of electrons

around the interacting atom during the adsorption of CNCI onto sensing material.
The ELF plot shown in Figure 4.7(a) illustrates high electron density around N
and Cl atoms, indicating the highly reactive sites of CNCI gas identified by red.
Moreover, a large region of low electron density exists in the interacting region
identified by the blue colour. This indicates a weak interaction between CNCI gas
and the hBN layer. However, upon Cu decoration, we found a large red colour
region around the N atom compared to the Cu atom, as shown in Figure 4.7(b).
This happens due to the electron transfer from the Cu atom to the nearby N atom,
making the Cu atom electropositive and the N atom electron-rich. Further upon
CNCI adsorption, we observe a large red-coloured region around the CNCI gas
compared to the Cu atom, as shown in Figure 4.7(c). This indicates that electrons
were transferred from the Cu atom to the CNCI gas, confirming the interaction of
CNCl gas with the Cu atom is purely electrostatic. These findings were consistent

with our RDG result that a strong, attractive interaction exists between the CNCI
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gas and Cu-hBN layer upon CNCI adsorption. Hence, our ELF results were in
agreement with the RDG analysis.

4.2.8 Sensitivity analysis

Table 4.4 Calculated electrical conductivity for CNCI-hBN and CNCI-Cu-
hBN at different temperatures

Configuration ¢ Q! m!) at| oe(@Q'm?) at | o(Q'mT) at
T=300K T=400K T=500K

CNCI-hBN 1.017x1032 1.012x 10> 6.373x1072°

CNCI-Cu-hBN 2.019x10* 1.694x1073 6.069x1073

The sensitivity of the semiconducting material is judged mainly by its electrical
conductivity, which undergoes a variation with the adsorption of the gas
molecule. Therefore, we utilized equation (4.7) to calculate the electrical

conductivity of the CNCI-hBN and CNCI-Cu-hBN systems.

(8

c=Ae 2KsT (4.7)

where o is electrical conductivity, 4 is a constant, T is the temperature in K, E,
is the band gap in eV, and K3 is the Boltzmann constant in eV/K. The calculated
data in Table 4.4 indicates that the electrical conductivity of the CNCI-hBN and
CNCI-Cu-hBN systems increases with temperature and upon CNCI adsorption.
The observed increase in the electrical conductivity with temperature indicates
the semiconductor behaviour of the CNCI-hBN and CNCI-Cu-hBN systems. On
comparison, we found that the CNCI-Cu-hBN system exhibits better electrical
conductivity than the CNCI-hBN system. This can be attributed to the large
reduction in the band gap upon gas adsorption. The DOS calculation verified that
the CNCI1 adsorption reduces the band gap by 14.38% and 79.58% in the case of
CNCI-hBN and CNCI-Cu-hBN systems. Significant variation in the band gap of
the CNCI-Cu-hBN system leads to efficient charge transfer between the
interacting species, leading to measurable changes in the electrical signal. This
indicates that the CNCI-Cu-hBN system exhibits sensor properties and can be

used as an electronic sensor. Hence, all these findings suggest that Cu decoration

onto hBN improves the sensitivity of the hBN layer toward CNCI gas.
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4.2.9 Work function analysis
The sensitivity of the sensing material in a work function-based gas sensor is

generally determined by the work function(¢). Since any variation in the work
function (A¢) causes changes in the emitted electron current densities, this can
be inferred from equation (4.8), which shows the exponential dependence of

emitted electron current densities on ¢.

e
j=AT<e ¥s (4.8)
where j is the emitted electron current density (A/m?), A is a Richardson constant
(A/m? K2,  is the work function of the material in eV, T is the temperature in K,
and K3 is the Boltzmann constant in eV/K respectively. Therefore, we have

analyzed qualitatively the variation in the

work function (A¢) of hBN and Cu-hBN systems upon CNCI adsorption. For this

purpose, the work function for these systems was calculated using equation (4.9).
(I):Einf — EF (49),

Einr and Er represent the electrostatic potential at infinity and the Fermi level
energy. The electrostatic potential at infinity is assumed to be zero. In contrast,
variation in the value of A was calculated by subtracting the work function of
the sensing material without gas molecules from that of the sensing material with
gas molecules. The computed value of ¢ for the pristine hBN with and without
gas molecules was found to be 2.44 eV and 2.12 eV, respectively. In contrast, for

the Cu-hBN system, the value of ¢ with and without gas molecules was found to

be 1.154 eV and 0.790 eV, respectively. Further, on comparison, we found a
large negative variation in the work function of the Cu-decorated hBN sheet. The
large negative variation can be attributed to the significant charge transfer
between the CNCI and Cu-hBN, validated by our charge density difference

calculations. Hence, from the perspective of work function analysis again, we
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found that the Cu-hBN system exhibits better sensitivity towards CNCI gas than
the pristine hBN.

4.2.10 Recovery time analysis
Table 4.5 Calculated recovery time at different temperatures for CNCI-Cu-

hBN
Visible light exposure Ultraviolet exposure
Temperature Recovery time Temperature Recovery time
300 K 1.596x1073 sec 300K 1.596x10® sec
400K 2.525x107 sec 400K 2.525x1071° sec
500K 2.098x1078 sec 500K 2.098x10! sec

Recovery time is considered a key indicator in evaluating the reusability of a gas
sensor. Therefore, we have calculated the recovery time for the CNCI-Cu-hBN
system to investigate its practical utility as a gas sensor. The calculated recovery
time for the CNCI-Cu-hBN system at 300K under visible light was found to be
1.596 x 10 sec, which is better than the reported recovery time for the CNCI-
hBN system. This was due to the better adsorption affinity of the Cu-hBN system
for CNCI gas. According to equation (4.2), increasing the temperature, attempt
frequency, or both can reduce recovery time if adsorption energy is kept constant.
Recently, Li et al. reported that ultraviolet (UV) radiation assists quick recovery
time of the gas sensor[36]. Therefore, to analyze the effect that annealing and
exposure to UV radiation had on the recovery time of the CNCI-Cu-hBN system.
We have calculated and reported the recovery time in Table 4.5 at 400K and 500K
under visible and UV light exposure. The reported data in Table 4.5 indicate that
the recovery time reduces from 1.596 x 107 sec to 2.525 x 10 sec and 2.098 x
10! sec upon annealing and exposure to UV light at 400K and 500 K,
respectively. Hence, the reported data suggest that annealing above 500K under
UV radiation makes the recovery time too short to reuse as a gas sensor to detect

CNCl gas.
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4.3 CONCLUSION

In this study, we have systematically investigated the sensing performance of
hBN and Cu-hBN systems towards CNCI gas using DFT. From the adsorption
study, the adsorption of CNCI gas onto hBN was found to be physisorption,
involving a weak vanderwaal interaction between them. However, upon Cu
adsorption, the adatom creates new electronic states within the band gap region

due to the strong hybridization between the 4s-Cu and 2p-N atomic orbitals,
verified from the DOS and PDOS calculations. This facilitates the easy charge transfer from
the adsorbed Cu atom to the nearby N atom. As a consequence, the Cu atom enhances the
nucleophilic nature by becoming a highly electropositive atom, whereas the surrounding N
atoms become an electron-rich species verified from the ELF calculation. This makes the Cu-
decorated hBN surface highly reactive towards the adsorption of the gas molecule containing
electrophilic species. Further, upon CNCI adsorption, as the CNCI gas approaches the adsorbed
Cu atom, the adatom tries to orient the CNCI in such a way that the nucleophilic part of the
CNCI gas faces toward the Cu atom to maximize the electrostatic interaction and charge
transfer between. This causes an increase in the adsorption energy, thereby validating that Cu-
decorated hBN binds CNCIl gas more effectively than hBN due to the involvement of
electrostatic interactions. Finally, the recovery time analysis revealed that the Cu-hBN system
exhibits a better recovery time than pristine hBN, which can be further improved by annealing
under UV radiation. Hence, based on our DFT results, we conclude that the Cu-hBN system

can be used as a gas sensor to detect CNCl gas.
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Chapter 5
A deep insight into the adsorption mechanism of
lithium-ion battery thermal runaway gases onto Cu-

decorated hBN for gas sensing applications using
DFT
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Lithium-ion batteries, due to their environmental friendliness and high energy capacity, are
extensively used in the field of transportation and energy storage. However, the problem of
thermal runaway in lithium-ion batteries has become a serious threat to humans. Therefore,
looking at these issues, we have investigated the adsorption mechanism of thermal runaway
gases (C2Has, CO, CO2, Hz, and CH4) onto pristine hBN and Cu-doped hBN using the Density
Functional Theory (DFT). The adsorption of C2Hs, CO, CO2, Hz, and CH4 gas molecules onto
pristine hBN was physisorption, resulting in poor recovery time, charge transfer, selectivity
and sensitivity. However, substitutional doping of the Cu atom at the B vacancy causes thermal
runaway gases to be adsorbed chemically. DOS calculation showed that the adsorption of
CyHs, CO, CO», H,, and CH4 gas molecules reduces the band gap of the Cu doped hBN,
indicating chemoresistive behaviour of Cu-doped hBN. Further, various other calculations,
such as charge density differences, showed that CoHs, CHs4, CO, CO; and H> gas act as electron
donors and Cu-doped hBN as electron acceptors, whereas RDG calculation confirmed that
weak vdW and strong attractive type of non-covalent interaction exist in the case of pristine

hBN and Cu-doped hBN, respectively. Finally, our DFT results confirmed that Cu-doped hBN

154

Z'l-.l turnitinﬁ Page 167 of 291 - Integrity Submission Submission ID  trn:0id:::27535:154154341



Z'l_.l turnitin Page 168 of 291 - Integrity Submission Submission ID _ trn:oid::27535:154154341
A deep insight into the adsorption

exhibits enhanced sensitivity and recovery time towards thermal runaway gases, thereby
making Cu-doped hBN a potential candidate to be utilized as a sensing material in gas sensors
to detect thermal runaway gases

5.1 Introduction

Fossil fuels have been the primary source of energy in industrialisation, transportation, and
domestic heating.[1-3] Due to globalisation, there has been a rapid increase in the consumption
of fossil fuels, causing depletion of natural resources, a rise in environmental pollution, and
global warming, which has become the most important issues human race is facing today.[4-
6] Therefore, there is an inevitable need to develop clean and sustainable green energy, which
is challenging without the help of energy storage technologies.[7] In response to these
challenges, researchers are actively working towards the development of electrochemical
energy storage systems. Among the various electrochemical energy storage systems such as
lead-acid[8],lithium[9, 10],sodium-ion[11], and nickel-cadmium[12] batteries. It is the lithium-
ion batteries that have attracted significant attention due to their high energy density, long
cycling time, and lack of memory effects.[13, 14] As a consequence, they are finding their
utility as an energy storage system in Electric vehicles (EVs),[15, 16] portable electronics,[17,
18] aerospace,[19] power grids, and other fields. However, due to electrical,[20] thermal and
mechanical abuse,[21-23] lithium-ion batteries undergo thermal runaway conditions
generating heat that doesn’t get dissipated from the battery, thereby causing a rapid increase in
the pressure and temperature, which accelerates the reaction rate, ruptures the cells, and
releases highly flammable gases like C2Hs, CO2, CO, CH4 and H». The continuous production
of these flammable gases causes lithium-ion batteries to explode, leading to major accidents.
According to a report, a total of 357 incidents related to thermal runaway of lithium-ion
batteries were reported from 2006 to 2022, and in the year 2020, over 100 cases of self-burning
of electric vehicles were reported.[24] Since the thermal runaway condition in lithium-ion
batteries is unavoidable. Therefore, there is a necessary and urgent need to monitor the thermal
runaway gases in order to ensure the safety of the environment and human civilization.
Currently, there exist various gas detection techniques such as gas chromatography, gas
chromatography-mass spectrometer, but these kinds of detection techniques are expensive,
time-consuming, and require a skilled operator for their operation[25] whereas techniques like
infrared thermography and acoustic are also expensive, difficult to port in devices due to their

large volume.[26] In reply to these issues, gas sensors can be considered as an optimal detection
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technique because of their low cost, ease of operation and simple preparation methods.[27] For
this purpose, researchers are extensively exploring various layered structures such as graphene,
Transition Metal Dichalcogenides (TMDs),[28, 29] blue phosphorene,[30, 31] Transition metal
chalcogenides (TMCs)[32, 33], Gallium nitride (GaN)[34, 35], Aluminium nitride (AIN),[36,
37],MXene[38] and metal oxides [39, 40] due to their high surface-to-volume ratio, tunable
band gap, good compatibility with modern electronics.[41] Despite such unique properties,
these materials in their pristine form are practically immature to meet the current requirement
as a sensing materials. In order, to overcome these issues, researchers have adopted various
methods such as surface functionalization through Transition metal (TM) doping[42-44],
substrate engineering[45, 46], and defect engineering[47]. Previous studies have proved that
doping TM atoms into 2D materials significantly improves the gas sensing characteristics. For
example, Yu et al.[48] investigated the adsorption of CNCI, HCN, and NH3 on metal-doped
diamine. He observed that the introduction of the metal atom improves the adsorption capacity
and sensitivity of the diamine. Mohammadi et al.[49] reported that the adsorption of H2S, Cl,
NH3, and COCl: gas onto B12CsNs was physisorption, whereas Li-decorated B12CsNg exhibits
excellent sensitivity towards Clo and COCl> gas molecules. Hussain et al.[50] studied the
adsorption of COClz onto Cu-decorated B12N12 nanocage. His finding indicates that Cu atom
decoration onto B12Ni2 nanocage enhances the adsorption strength, stability, and chemical
reactivity of B12Ni2, and Cu-decorated B12N12 nanocage can be used as an efficient gas sensor
for the detection of COCl, gas molecules. Xiao et al.[51] prepared Pt-BiVO4 nanosheets via a
two-phase method. He observed that the Pt-BiVO4-based gas sensor exhibits high sensitivity,
excellent stability, and a low detection limit towards acetone compared to BiVO4.Beheshtian
et al.[52] emphasised that doping of Sc atom into boron nitride nanotubes (BNNTs) enhances
the adsorption capability and electrical conductivity of BNNT upon COCI adsorption, thereby
making Sc-doped BNNT a potential candidate to be utilised as an electronic sensor to detect
COCl, gas molecules. There exists a plethora of literature reporting the utilisation of 2D
materials as a sensing material to detect thermal runaway gases. Wu et al.[53] investigated the
adsorption and gas sensing properties of Cu, and Pd, (n=1-3) clusters modified MoSe; for
lithium-ion battery thermal runaway gases. Their results revealed that Cu,-MoSez and Pdn-
MoSe> have potential applications as a sensing material towards thermal runaway gases. Li et
al.[54] also investigated the adsorption and gas sensing properties of Cu-embedded HfS, (Cu-
HfS») and Cu-decorated HfS, (Cu@HTS;) using DFT. Their studies revealed that Cu@HfS»
has a strong adsorption capability towards CO, CoHs, and Hz, whereas Cu-HfS; has a strong

156

Z'l—.l turnitinﬁ Page 169 of 291 - Integrity Submission Submission ID  trn:oid:::27535:154154341



Z'l_.l turnitin Page 170 of 291 - Integrity Submission Submission ID _ trn:oid::27535:154154341
A deep insight into the adsorption

adsorption capability towards CH4 and COas. In another study, Xue et al.[55] studied the gas
sensing properties of precious metal (Ag and Au) modified Janus MoSeTe for lithium-ion
thermal runaway gases. His findings revealed that the introduction of Ag and Au significantly
improved the adsorption capacity and charge transfer of Ag-MoTeSe; towards

CHas. Recently, Qin et al.[56] investigated the adsorption capabilities of Pd4/hBN, Rhs/hBN,
and Rus/hBN structures towards thermal runaway gases like CHs, CO», CO, and H> using
DFT.Their DFT results revealed that metal modification significantly enhances the adsorption
capability of hBN towards all these gases. Hou et al. developed a Ce-doped MoS»-based gas
sensor with high humidity resistance for detecting H», which is generated during thermal
runaway of lithium-ion batteries.[57] It exhibited excellent H» selectivity in the presence of
CO, C3HeO, CHg4, and C2HeO, maintaining its stability under high humidity conditions ranging
from 30% to 85%, demonstrating a fast response to H», making it ideal for monitoring H» levels
during thermal runaway conditions. Chem et al. analysed the sensing characteristics of Ag-
CdS, Pd-CdS, and Pt-CdS towards H> and CO».[58] They found that Pd-CdS and Pt-CdS
showed potential for room temperature H>S sensing, while the CdS monolayer displays the
potential for H, and CO; cleaning. The sensitivity of Pt-CdS and Pd-CdS towards H> at 300K
is 78.61% and 98.17%, while their sensitivity towards CO2z is 99.99%. Similarly, Zhou et al.
studied the physicochemical properties of Rh-doped PdS; and Rh-PdS; and their sensing
performance towards the thermal runaway gases in lithium-ion batteries.[59] He found that the
adsorption of CO and C2H4 onto Rh-doped PdS: and Rh-PdS; was chemisorption, whereas the
adsorption of Hz, CO2, and CH4 was physisorption. Further work function analysis suggested
that both systems can be utilized as work function-based gas sensors with comparable
performance. Yang et al. investigated the sensing performance of the BCs-based gas sensors
for organic and inorganic gases using DFT.[60] Their DFT results indicated that the BCs is
very sensitive to the adsorption of CO, NH, NO, NO2, C;H,, C2H4, and HCHO, thereby
validating that the BCs monolayer can be used as a sensing material in gas sensors. Li et al.
investigated the gas sensing capabilities of TM (Fe, Co, Pd) doped MoTeSe monolayer in
detecting thermal runaway gases of lithium-ion batteries.[61] He reported that adding TM atom
as a dopant enhances the electrical conductivity and adsorption capacity of MoTeSe, thereby
confirming that the Pd-MoTeSe monolayer has the best sensing performance, followed by Co-
MoTeSe and Fe-MoTeSe monolayers. However, it is to the best of the author's knowledge that
there have been no previous reports regarding the study of the adsorption behaviour of the

thermal runaway gases of lithium-ion batteries onto the Cu-doped hBN. This lack of prior
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research findings motivated us to investigate the adsorption behaviour of the thermal runaway
gases of lithium-ion batteries onto the pristine hBN and Cu-doped hBN. Therefore, in this
study, we have used DFT as a tool to calculate the adsorption energy and distances of the
thermal runaway gases onto the pristine hBN and Cu-doped hBN. In addition to analysing

the effect of adsorption of thermal runaway gases on the electrical conductivity of the pristine
hBN and Cu-doped hBN, we have calculated DOS and PDOS for these systems, respectively.
For the quantitative analysis of the charge transfer during the interaction of thermal runaway
gases with all these systems, we have calculated the charge density difference. Further, RDG
analysis was performed to examine the existence of any type of non-covalent interaction
between the adsorbate and adsorbent. Finally, the recovery time sensitivity and selectivity were
also calculated to examine the performance of the Cu-doped hBN upon the adsorption of

thermal runaway gases.
5.2 Results and Discussions

5.2.1 Adsorption of thermal runaway gases onto pristine hBN

To study the adsorption of CoH4, CHs, CO, CO, and H> gas molecules onto pristine hBN, we
have considered B sites (on top of the B atom) and N sites (on top of the N atom) as the active
sites for the adsorption of these gases molecules due to their electron defecient and electron
rich behaviour which is also suggested by our ELF calculation. Therefore, we have considered
different orientations of the thermal runaway gases at the B and N sites as the initial structure
for optimization. It was upon geometry optimization we obtained sixteen different absorption
configurations, abbreviated as Al, A2, A3, A4, B1, B2, C1, C2, C3, C4, D1, D2, D3, and El,
E2, E3 as shown in Figure 5.1(a)-5.1(p) respectively. For the Al, B1, Dland E1 adsoprtion
configurations, we observed that the C;H4, CH4, CO; and H> gas molecules oriented themselves
in a direction parallel to the Z axis at a distance of 4.285A, 4.036A, 3.330A and 3.00A from
the B sites as shown in Figure5.1(a), 5.1(e), 5.1(k) and 5.1(n) respectively whereas for the A2
and D2 adsorption configurations we observed that the CoHs and CO; gas molecules got
oriented themselves in a direction perependicular to the Z axis at a distance of 4.055A and
3.871A, from the B sites as shown in Figure 5.1(b) and 5.1(1) respectively. In case of A3, B2
and E2 adsorption configurations, we observed that the C2Hs4, CH4 and H> gas molecules got
oriented in a direction parallel to the Z axis at a distance of 4.275A, 3.616A and 2.998A from
the N sites as shown in Figure 5.1(c), 5.1(f) and 5.1(o) respectively. Similarly, in the case of
C1, C2, and C3, C4 adsorption configurations, the CO gas molecules got adsorbed at a distance
of 3.375A,3.534A and 3.480A, 3.656A from the N sites in a direction parallel to the Z axis as

158

Z'l—.l turnltln Page 171 of 291 - Integrity Submission Submission ID  trn:oid:::27535:154154341



Z'l_.l turnitin Page 172 of 201 - Integrity Submission Submission ID _ trn:oid::27535:154154341
A deep insight into the adsorption

shown in Figure 5.1(g), 5.1(h) and 5.1(1), 5.1(j) respectively. We also observed that in the case
of A4, D3 and E3 adsorption configurations, C2H4, CO> and H»> gas molecules got adsorbed at
a distance of 4.249A, 3.600A and 3.328A from the N sites in a direction perpendicular to the
Z axis as shown in Figure 5.1(d), 5.1(m) and 5.1(p), respectively.The reported B-N, C-H, C-C,
C-0, and H-H bond lengths in Table 5.1 didn’t vary too much from those of the bond lengths
in the case of pristine hBN and isolated C2Hs, CHs, CO, CO, and H> gas molecules. These
findings suggest that there exists weak interaction between thermal runaway gases and pristine
hBN. Further to verify the above findings, we have calculated adsorption energy (Eags) for all
these adsorption configurations using equation (5.1) in order to determine the most stable
adsorption configurations and the strength of the interaction between the gas molecule and

hBN.

Eads= Ea/gas — EA — Egas (5.1
Where Ea/gs, Ea, and Egas represent the total energy of the gas adsorbed onto the sensing
material, energy of the pristine sensing material, and energy of the isolated gas molecules,
respectively. The calculated adsorption energies for the A1, A2, A3, A4, B1, B2, C1, C2, C3,
C4, D1, D2, D3 and El, E2, E3 adsorption configurations were found to be -0.140eV, -
0.191eV, -0.140eV, -0.184¢V, -0.108eV, -0.134¢eV, -0.085¢V, -0.089¢V, -0.077¢V, -0.077¢V,
-0.323eV, -0.357eV, -0.383eV and -0.054eV, -0.053eV and -0.049¢V respectively. The above
calculated too low value confirmed that the adsorption of thermal runaway gases onto pristine
hBN was physisorption, and a weak interaction exists between C2Ha4, CHs, CO, CO>, and H»
gases and hBN. It was based on the minimization of the adsorption energies, we found that A2,
B2, C2, D3, and E2 were the most stable adsorption configurations among the different
optimized C;Ha, CHs, CO, CO2, and H> gas adsorbed onto hBN configurations. For the rest
of the study, we have considered A2, B2, C3, D2, and E2 as the final adsorption configurations
and referred to them as CoH4-hBN, CH4-hBN, CO-hBN, CO-hBN, and H>-hBN, respectively.
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Table 5.1 The adsorption energy (Eads), adsorption distances (Dads), B-N and C-H bond
lengths upon the adsorption of C:H4, CH4, CO, CO2, and Hz gas molecules adsorbed onto

pristine hBN

System | Eaas(eV) | Daas(A) B-NA) | C- C=C(A) | H-H(A) | C-O(A)
H(A)

Al -0.140 4.285 1.450 | 1.09 1.331 - -

A2 -0.191 4.055-4.265 | 1.450 | 1.09 1.331 - -

A3 -0.140 4.275 1.450 | 1.09 1.331 - -

A4 -0.184 4.249-4.455 | 1.450 | 1.09 1.331 - -

Bl -0.108 4.036 1.450 | 1.09 - - -

B2 -0.134 3.616 1.450 | 1.09 - - -

C1 -0.085 3.375 1.450 | - - - 1.143

C2 -0.089 3.534 1.450 | - - - 1.143

C3 -0.077 3.480 1.450 | - - - 1.143

C4 -0.077 3.656 1.450 | - - - 1.143

D1 -0.323 3.330 1.450 | - - - 1.170-1.177

D2 -0.357 3.871 1.449 | - - - 1.176-1.177

D3 -0.383 3.600 1.452 | - - - 1.176-1.177

El -0.054 3.000 1.450 | - - 0.752 -

E2 -0.053 2.998 1.451 | - - 0.753 -

E3 -0.049 3.328-3.491 | 1.450 | - - 0.752 -

@ 1000 13314

Al
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FigureS.1 Optimized different adsorption configurations of (a)-(d) C2Hs, (e)-(f) CH4, (g)-
(j) CO, (k)-(m) CO2, and (n)-(p) H2 gas molecules onto the pristine hBN, respectively.

5.2.2 Adsorption of thermal runaway gases onto Cu-doped hBN

To investigate the adsorption of C2Hs, CO, CO2, CHy4, and H> gas molecules onto Cu-doped
hBN, we have considered the dopant sites as the most preferential adsorption sites because of
the protrusion incoming gas molecules are more likely to interact with the dopant atom than
atoms at the B and N sites. Therefore, we have considered different orientations of the thermal
runaway gases at the dopant sites as the initial structure for optimization. It was upon
optimization that we obtained two different optimized adsorption configurations each in the
case of CoHa, Hz, CO, CO» gas molecule adsorbed onto Cu-doped hBN,.abbreviated as F1, F2,
F3, F4, F5, F6, F7, F8 and one different optimized adsorption configurations in case of CH4
adsorbed onto Cu-doped hBN abbreviated as F9 as shown in Figure 5.2(a)-5.2(1) respectively.
For the F1, F5, F7 and F9 adsoprtion configurations, we observed that the CoHa, CO2, H> and
CH4 gas molecules oriented themselves in a direction parallel to the Z axis at a distance of
2.948A, 2.590A, 2.141A and 2.865A from the dopant sites as shown in Figure5.2(a), 5.2(e),
5.2(g) and 5.2(i) respectively whereas for the F2, F6 and F8 adsorption configurations we
observed that the CoH4, CO2 and H» gas molecules got oriented themselves in a direction
perependicular to the Z  axis at a distance of 2.260A, 4.092A and 2.214A from the dopant
sites as shown in Figure 5.2(b), 5.2(f) and 5.2(h) respectively. On the other side, in the case of
F3 and F4 adsorption configurations, we observed that the CO gas molecules got adsorbed at
a distance of 2.841A and 1.964A from the dopant sites in a direction parallel to the Z axis with
C and O atoms facing towards the Cu atom, as shown in Figure5.2(c) and 5.2(d),
respectively.Furthermore, the repoorted C-H and C-C bond lengths in Table 5.2 in case of F1
and F2 adsorption configurations increases from 1.06A to 1.09A and from 1.20A to 1.331A

and
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Furthermore, the reported C-H and C-C bond lengths in Table 5.2 in cases of F1 and F2
adsorption configurations increases from 1.06A to 1.09A and from 1.20A to 1.331A and
1.360A respectively whereas for the F7, F8 and F9 the H-H and C-H bond lengths increases
from 0.751A to 0.760A, 0.767A and from 1.09A to 1.10A respectively. For F3 and F4
adsorption configurations, we observed that the length of the triple-bonded C-O increases from
1.128 A to 1.145 A and 1.149 A, respectively. On the other side, the length of the two double-
bonded C-O increases from 1.160A to 1.173A and 1.179A in the case of F5, whereas for the
F6 systems, the C-O increases from 1.160A to 1.177A. The observed variation in the bond
length upon the adsorption of the thermal runaway gases indicates weakening of the bond,
resulting in activation of gas molecules towards bond formation with the doped Cu atom. These
finding indicates the catalytic behaviour of the Cu atom.The calculated adsorption energies for
the optimized F1, F2, F3, F4, F5, F6, F7, F8 and F9 adsorption configurations were found to
be -1.429¢V , -2.028eV, -1.341eV, -1.986¢eV, -1.625¢V, -1.528eV, -1.386¢V, -1.330eV, and -
1.440eV, respectively. The above calculated high value of the adsorption energies suggested
that the adsorption of CoH4, CHs, CO, CO», and H> gas molecules onto Cu-doped hBN was
chemisorption, verifying that a strong interaction exists between the adsorbed thermal runaway
gases and Cu-doped hBN. It was based on the minimization of the adsorption energies; we
found that F2, F4, F5, F7, and F9 were the most stable adsorption configurations. For the rest
of the study, we have considered F2, F4, F5, F7, and F9 as the final adsorption configurations
and referred to them as C,Hs-Cu-doped hBN, CO-Cu-doped hBN, CO,-Cu-doped hBN, H»-
Cu-doped hBN, and CH4-Cu-doped hBN, respectively.

=~
m Loy -
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Figure 5.2: Optimized different (a)-(b) C:2Ha4, (¢)-(d) CO, (e)-(f) CO2 (g)-(h) Hz and (i) CH4
adsorption configurations onto the Cu-doped hBN respectively.

Table 5.2: The adsorption energy (Eads), adsorption distances (Dads), C-C, C-O, C-H, and
H-H bond lengths upon the adsorption of C:H4, CH4, CO, CO2, and H2 gas molecules
adsorbed onto Cu-doped hBN.

System | Eaas(eV) | Daas(R) C-HA) [ C-CA) [ C-0(A) H-H (A)
F1 -1.429 2.948 1.09 1.331 - -

F2 -2.028 2.260 1.09 1.360 - -

F3 -1.341 2.841 ; ; 1.145 -

F4 -1.986 1.964 - - 1.149 ;

F5 -1.625 2.590 ; ; 1.173-1.179 | -

F6 -1.528 4.092 - - 1.177 -

F7 -1.386 2.141 ; - - 0.760
F$ -1.330 2.214 - - - 0.767
F9 -1.440 2.865 1.10 - - -

5.2.3 Electronic properties analysis upon adsorption of thermal runaway
gases onto pristine hBN and Cu-doped hBN

To analyze the electronic properties of the hBN and Cu-doped hBN system upon the adsorption

of thermal runaway gases, we have calculated and plotted the DOS for C2Hs-hBN, CH4-hBN,
CO2-hBN, CO-hBN, H>-hBN, C,;Hs-Cu-doped-hBN, CHy4-Cu-doped-hBN, CO,-Cu-doped-
hBN, CO-Cu-doped-hBN and H>-Cu-doped-hBN adsorption configurations as shown in
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Figure5. It was from Figure5.3(a), Figure5.3(c), Figure5.3(g) and Figure5.3(i), we observed
that CoHs, CH4, CO», and H» gas molecules upon adsorption onto hBN do not introduces any
impurity states within the band gap region as a consequence the band gap of the pristine hBN
remained unchanged. These findings confirmed the existence of weak interaction between the
CoHy, CHa4, CO», H2 gases and hBN, which might be due to weak charge transfer between them.
In contrast, the adsorption of CO gas onto hBN introduces a new impurity state at -1eV, causing
the band gap to reduce from 4.29¢V to 3.01eV as shown in Figure5.3(e). However the
adsorption of C2H4 and CO gas molecules onto Cu-doped-hBN creates impurity states at -1
eV and within the energy range from -2 to -1eV causing the Fermi level to shift towards the
CB thereby reducing the band gap from 3.10eV to 2.17eV and 1.69¢V as shown in Figure5.3(k)
and Figure5.3(o) respectively whereas the adsorption of CHs, CO> and H» gas molecule onto
Cu-doped hBN creates impurity states within the energy range from -1 to 0 eV also causes the
Fermi level to shift towards the CB thereby reducing the band gap from 3.10eV to 2.63eV,
2.26eV and 3.05eV as shown in Figure5.3(m), Figure5.3(q), and Figure5.3(s) respectively. It
was based on the comparison we found that Cu-doped hBN exhibits better variation in the
electronic properties than pristine hBN upon the adsorption of thermal runaway gases. This
might be due to the strong charge transfer between the thermal runaway gases and Cu-doped
hBN. To further analyse the contribution from the atomic orbitals of the thermal runaway
gases, pristine hBN and Cu-doped hBN, we have calculated the PDOS for the above-mentioned
adsorption configurations. From Figure 5.3 (b) and Figure 5.3 (d), we observed that in case of
C2Hs-hBN and CH4-hBN systems, 2s, 2p atomic orbitals of and 1s atomic orbitals of H atoms
contribute weakly to the DOS within the energy range from 1 to 5eV. Similarly, in the case of
CO2-hBN and H>-hBN systems, we observed that the 2s, 2p atomic orbitals of C, O and 1s
atomic orbitals of H atoms also contributed weakly within the energy range from 1 to 5eV, as
shown in Figure 5.3 (g) and Figure 5.3 (i), respectively. On the other side, for the CO-hBN
systems, we observed from Figure 5.3 (f) that the impurity state at -1eV existed due to the weak

hybridization between the 2s,2p, and 2p atomic orbitals of C and B atoms. The existence of
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weak hybridization between the atomic orbitals confirmed weak bond formation between the
thermal runaway gases and hBN. However, for the CoHs-Cu-doped-hBN systems, we observed
from Figure5.3(1) that the impurity state at -1eV was due to the significant contribution from
the 2p and 3d atomic orbitals of C and Cu atoms indicating sharing of electrons between these
atomic orbitals to form covalent bonding between the CoHs gas and Cu-doped hBN. For the
CH34-Cu-doped-hBN systems we observed from Figure5.3(n) that impurity state within the
range was due to the contribution from the 4s and 2s atomic orbitals of Cu and C atoms
indicating that electrons are shared between these atomic orbitals to form covalent bond
between CHs gas and Cu-doped hBN whereas for the CO,-Cu-doped-hBN system we observed
from Figure5.3(r) that the 3p,4s and 2s atomic orbitals of Cu and O atoms are involved in the
sharing of the electrons and contribute towards the creation of impurity states within the energy
range from -1 to 0 eV. For the CO-Cu-doped-hBN system, we observed from Figure 5.3(p)
that the 2s,2p and 3d atomic orbitals of C and Cu atoms contribute towards the creation of
impurity states within the energy range from -2 to-1eV. It was on comparison we found that
the Cu-doped hBN system exhibits better variation in the electronic properties compared to
pristine hBN upon the adsorption of thermal runaway gases, clearly indicating that Cu-doped
hBN can be utilized as a chemoresistive gas sensor.CoH4-hBN and CH4-hBN systems, 2s, 2p
atomic orbitals of C and 1s atomic orbitals of H atoms contribute weakly to the DOS within
the energy range from 1 to 5eV. Similarly, in the case of CO2-hBN and H>-hBN systems, we
observed that the 2s, 2p atomic orbitals of C, O and 1s atomic orbitals of H atoms also
contributed weakly within the energy range from 1 to 5eV, as shown in Figure5.3(g) and

Figure5.3(i), respectively
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FigureS.3 DOS and PDOS for the (a)-(b) C2H4-hBN, (¢)-(d) CH4-hBN, (e)-(f) CO-hBN,
(g)-(h) CO2-hBN, (i)-(j) H2-hBN, (k)-(I) C:Hs4-Cu-doped hBN, (m)-(n) CH4-Cu-doped
hBN, (0)-(p) CO-Cu-doped hBN, (q)-(r) CO2-Cu-doped hBN, (s)-(t) H2-Cu-doped hBN
systems respectively.

5.2.4. Charge density difference analysis

To understand the charge transfer mechanism between the thermal runaway gas and the sensing
materials, we have calculated the charge density difference using equation (5.2) and plotted it

in Figure (5.4).
AP=paB-pPa- PB (5.2)

where pas, pa, and ps represent the charge densities onto the sensing material upon gas
adsorption, charge densities onto the sensing material without gas molecules, and the charge
densities of the isolated gas molecules, respectively. The yellow and cyan coloured regions in
the charge density difference diagrams represent the electron accumulation and electron
depletion regions, respectively. From Figure 5.4(a) and 5.4(b), we observed that the electron
density around the C and H atoms increases and decreases upon the adsorption of C2H4 and
CHs4 gases onto hBN, identified by the yellow and cyan coloured regions around the C and H
atoms of the CoHs and CH4 gas molecules whereas upon the adsorption of CO2 onto hBN, the
C atom loses electrons to the nearby highly electronegative O atom, identified by the yellow
and cyan coloured regions around the O and C atoms of the CO» gas as shown in Figure5.4(c).
We also observed that in case of C2Hs-hBN, CH4-hBN and CO2-hBN systems electron gets
uniformly accumulated and depleted within the layer. All these findings indicates that the
atoms of the layer and gas molecule are primarily involved in the charge transfer among

themselves. On the other side upon H; adsorption, we observed that the H atom loses electron
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to the N atom the H atom, whereas upon CO adsorption, the C atoms gained electrons from
the B atoms, identified by the yellow-coloured region, identified by the cyan colour around H
atom whereas upon CO adsorption, the C atoms gained electrons from the B atoms identified
by the yellow-coloured region as shown in Figure 5.4(c) and Figure 5.4(e) respectively.
However, upon substitutional doping of the Cu atom, we found that the Cu atom loses electrons
to the nearby electronegative N atom identified by the cyan and yellow coloured region around
the Cu and N atoms as shown in Figure 5.4(f). These findings confirmed the nature of the Cu
atom and hBN as electrons donor and acceptor respectively. Further upon the adsorption of
CoH4 and CH4 gas molecule onto Cu-doped hBN, we observed that the electron rich C atom
loses electron to the electron deficient Cu atom identified by large cyan coloured region
between them as shown in Figure 5.4(g) and Figure 5.4(h) respectively thereby confirming the
nature of the Cu-doped hBN and C;H4, CH4 as electron acceptor and donor. For the CO-Cu-
doped hBN systems, we observed from Figure5.4(i) that high electron density exists around
the O atoms identified by the yellow colour around it, but the lone pair on the C atom readily
available for covalent bonding with the Cu atom makes the C site partially electron rich and
highly reactive toward the electron-deficient Cu atom. As a consequence, the C atom loses
electrons to the Cu atom, identified by the yellow-coloured region in the interacting region
between Cu and COz gas. For the COz-Cu-doped hBN system, we observed from Figure5.4(j)
that upon CO; adsorption, that electrostatic interaction causes the electron rich O atom loses
electron to the electron deficient Cu atom. For the H>-Cu-doped hBN systems, we found that
the Cu atom being more electronegative than H atom withdraws electrons from it, identified
by the large yellow colour between the Cu and H atoms, as shown in Figure5.4(k). It was based
on the comparison of the charge accumulation/depletion area in the interaction regime we
found that large electron accumulation/depletion area exists in the interacting region for the
Cu-doped hBN than pristine hBN upon the adsorption of thermal runaway gases. These
findings indicates that significant charge transfer takes place between the doped Cu atom and
thermal runaway gases which is the reason behind larger variation in the band gap of Cu-doped
hBN than pristine hBN upon the adsorption of thermal runaway gases. Hence, our charge
density difference analysis confirmed that substitutional doping of Cu atom is an cost-effective

method to improves the charge transfer between the thermal runaway gases and the hBN layer.
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Figure 5.4 Charge density difference of (a) C2:Hs-hBN, (b) CH4-hBN, (¢) CO-hBN, (d)
CO2-hBN, (e) H2-hBN, (f) Cu-doped hBN, (g) C2Hs-Cu-doped hBN, (h) CH4-Cu-doped
hBN, (i) CO-Cu-doped hBN, (j) CO2-Cu-doped hBN, (k) H2-Cu-doped hBN respectively.
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5.2.5 Non-covalent interaction analysis

Noncovalent interactions (NCIs) such as hydrogen bonding, van der Waals(vdW), and steric
effects played a significant role in the adsorption of the gas molecule onto the sensing materials,
thereby influencing the adsorption capabilities and recovery time of the sensing materials.
Therefore, to understand the nature of the non-covalent interaction between the pristine hBN,
Cu-doped hBN, and gas molecule, we have calculated the reduced density gradient (RDG)

function using equation (5.3) and plotted it against sign(A2) p(r) as shown in Figure 5.5.

1 |Vp|
s(r)= 5.3
(r) 2372) /3 P15 (5-3)

Here p(r), Vp(r), and 4> represent the electron density, gradient electron density, and second
eigenvalues of the Hessian matrix, respectively. The quantity sign(i:) p(r) is of great
importance as it describes the fluctuation in the electron density near the critical points, which
can be used to determine the nature of the non-covalent interactions. If sign(12) p(r)<0, sign(A2)
p(r)=0, and sign(A2) p(r)>0, it indicates strong attractive, weak, and strong repulsive
interactions. The RDG scatter plots showed a sharp decline in the RDG value around sign(i>)
p(r)=0, for the C;Hs4-hBN, CHs4-hBN, CO-hBN, CO>-hBN, and H;-hBN adsorption
configurations as shown in Figure5.5(a)-5.5(e), respectively. These results indicate that weak
vdW interaction exists upon the adsorption of thermal runaway gases onto pristine hBN, which
can be verified from the corresponding RDG isosurface plot displaying green patches between
the adsorbed gas molecules and pristine hBN as shown in Figure5.6(a)-5.6(e). However, upon
substitutional doping of the Cu atom, we observed that there is a decline in the RDG value
around sign(A2) p(r)<0, as shown in Figure5.5(f). The corresponding RDG isosurface plot in
Figure8(f) displays a strong attractive electrostatic interaction between the doped Cu atom and
the nearby neighbouring N atom, identified by blue patches between them. Further, upon C2H4
adsorption onto Cu-doped hBN, we observed that the RDG value in the RDG scatter plot
undergoes variation around sign(A2) p(r)<0 as shown in Figure5.5(g). The corresponding RDG
isosurface plot revealed strong attractive electrostatics with steric effects between the Cu-
CoHy, identified by a blue-red patch between them as shown in Figure5.6(g). The observed
steric effect arose due to the repulsion between the nearby C-C atoms of the CoH4 gas molecule.
For the CO-Cu-doped-hBN and H>-Cu-doped-hBN systems, we observed that the RDG value
undergoes deviation around sign(A2) p(r)<0, as shown in Figure5.5(i) and Figure5.5(k),

whereas the corresponding RDG isosurface plot revealed that CO and H» gas interact
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electrostatically with the Cu atom. On the other side, in the case of CH4 and CO> adsorption
onto Cu-doped hBN, we found from the RDG scatter plot that there was a relatively large
deviation in the RDG value around sign(12) p(r)<O compared to sign(A2) p(r)=0, as shown in
Fig.5.5(h) and Fig.5.5(j), respectively. These results indicate that electrostatic interaction
dominates vdW interaction, which can be verified from the corresponding RDG isosurface plot
as shown in Fig.5.6(h) and Fig.5.6(j) respectively. In addition, we observed that within the
hexagonal ring, there exists a repulsive steric effect between the nearby B-B or N-N atoms
identified by the red patches. Hence, based on our RDG analysis, we found that the electrostatic
interaction contributes to the adsorption energy in the case of Cu-doped hBN, whereas the vdW
interaction contributes to the adsorption energy in the case of hBN upon the adsorption of

thermal runaway gases.
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Figure5.5: Reduced density gradient plot for (a) C2Hs-hBN, (b) CH4-hBN, (c) CO-hBN,
(d) CO2-hBN, (e) H2-hBN, (f) Cu-doped hBN, (g) C2Hs-Cu-doped hBN, (h) CH4-Cu-doped
hBN, (i) CO-Cu-doped hBN, (j) CO2-Cu-doped hBN, (k) H2-Cu-doped hBN, respectively

5.2.6 Global reactivity descriptors

To analyze the effect of the adsorption of thermal runaway gases onto the stability and
chemical reactivity of the pristine hBN and Cu-doped hBN, we have calculated various type
of global reactivity descriptors such as Ionization potential (IP), HOMO-LUMO gaps
(Eg),electron affinity (EA), electrophilicity (w), chemical softness(S), and hardness()) reported
in Table 5.3. Here, the ionizations potential and electron affinity represent the electron donating
and accepting capability of the sensing material process, which is just the negative value of the

HOMO and LUMO energies. The reported value in Table 5.3 suggested that hBN is a
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chemically inert in nature due to its highest ionization potential (4.52 eV) and lowest electron
affinity (0.22 eV), whereas the ionization potential and electron affinity of the pristine hBN
remained unaltered upon the adsorption of CoH4, CH4, CO», and H» gas molecules whereas the
adsorption of CO gas molecules onto pristine hBN, causes the ionization potential and electron
affinity to decreases and increase from 4.51 eV to 4.40 eV, and from 0.22 eV to 1.40 eV. These
findings indicate that the CoHs-hBN, CH4-hBN, CO»-hBN, and H>-hBN systems exhibit poor
electron-donating and accepting capacity compared to CO-hBN, which is the reason behind the
observed poor charge transfer between the C2Ha, CHa, CO, H2 and hBN during the adsorption
process. However, upon substitutional doping of Cu atoms, the ionization potential decreases
from 4.51 eV to 3.60 eV, and the electron affinity increases from 0.22 eV to 0.50 eV. Further,
upon the adsorption of CoH4, CH4, CO, and CO> gases onto Cu-doped hBN the ionization
potential decreases from 3.60 eV to 3.28eV, 3.29¢V, 3.56¢eV, 3.21eV and the electron affinity
increases from 0.50eV to 1.11eV, 0.66eV, 1.87¢V, 0.95¢V whereas upon the adsorption of H»
onto Cu-doped hBN the ionization potential and electron affinity both decreases from 3.60eV
and 0.50 eV to 3.36eV and 0.31eV respectively. It is based on the variation in the ionization
potential and electron affinity we found that the band gap of the hBN underwent 0% and
30.06% variation upon the adsorption of C2H4, CHs, CO», H2 and CO gases. On the other side,
the band gap of the Cu-doped-hBN underwent 30%, 15.16%, 45.48%, 27.09%, and 1.61%
variation upon the adsorption of CoHs, CH4, CO, CO, and H» gas. Since the variation in the
band gap is directly related to the increment in the conductivity of the sensing materials. It was
based on the comparison we found that Cu-doped hBN systems underwent large variation in
the band gap upon the adsorption of thermal runaway gases, thereby validating that the Cu-
doped hBN exhibits better variation in the conductivity than hBN making it a potential
candidate to be utilized as chemoresistive sensors. The electrophilicity index is calculated to
examine the chemical reactivity of the sensing surface. From Table 5.3, we found that there
is no change in the electrophilicity index of pristine hBN upon the adsorption of CoHa4, CHa,
CO», and H, except upon the adsorption of CO the electrophilicity index of increases from
1.31eV to 2.80eV whereas, the electrophilicity index of pristine hBN increases from 1.31 eV
to 1.36 eV upon substitutional doping of the Cu atom. However, upon the adsorption of CoHa,
CHs4, CO, and COa, the electrophilicity index of Cu-doped hBN increases by 63.23%, 8.82%,
220.58%, and 40.44%, respectively, except for H>-Cu-doped hBN, the electrophilicity factor
decreases by 19.11%. These findings suggested that Cu-doped hBN would exhibit better
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sensitivity and adsorption capability towards CoHs4, CHs4, CO, and CO> due to its better
chemical reactivity than pristine hBN. In addition, to determine the chemical stability of the
sensing material, we have calculated the chemical hardness and softness factor because it
describes the resistance and willingness of the material to undergo any change in its electronic
properties. We found from the reported data in Table 5.3 that the chemical hardness factor for
the CoHs-Cu-doped hBN, CH4-Cu-doped hBN, CO-Cu-doped hBN, CO»-Cu-doped hBN and
H>-Cu-doped hBN systems were found to be 49.53%, 38.83%, 43.66%, 47.44% and 29.06%,
relatively lower compared to the CoH4-hBN, CH4-hBN, CO-hBN, CO>-hBN, and H>-hBN
systems. On the other side, the chemical softness factor for the CoHs-Cu-doped hBN, CH4-Cu-
doped hBN, CO-Cu-doped hBN, CO;-Cu-doped hBN, and H>-Cu-doped hBN systems was
found to be 50%, 39.47%, 47.27%, 44.06%, and 3.03% relatively higher than the chemical
softness factor for CoHs-hBN, CH4-hBN, CO-hBN, CO>-hBN, and H>-hBN systems. The
above calculated variation in the chemical hardness and softness factor validates that Cu-doped
hBN are more likely to show significant variation in the electronic properties than pristine hBN
which is consistent with our band gap calculation. Hence, the above-discussed global indices
of reactivity descriptors suggested that Cu-doped hBN can be utilized as an efficient gas sensor

to detect thermal runaway gases.
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Figure 5.6: Reduced density gradient isosurface plot corresponding to (a) C2Hs-hBN, (b)
CH4-hBN, (c¢) CO-hBN, (d) CO2-hBN, (e) H2-hBN, (f) Cu-doped hBN, (g) C2:H4-Cu-doped
hBN, (h) CHs4-Cu-doped hBN, (i) CO-Cu-doped hBN, (j) CO2-Cu-doped hBN, (k) H2-Cu-
doped hBN, respectively. The blue, red, and green colour schemes shown in the RDG
isosurface correspond to attractive strong hydrogen bonding, repulsive steric effect, and
weak vdW interaction.

Table 5.3 Calculated HUMO-LUMO energies, HOMO-LUMO gaps (Eg), lonization
potential (IP), electron affinity (EA), electrophilicity (w), chemical softness(S), and
chemical hardness(n), respectively, for the pristine hBN, C2Hs-hBN, CHs-hBN, CO-hBN,
CO2-hBN, and H2-hBN, Cu-doped hBN, C2H4-Cu-doped hBN, CH4-Cu-doped hBN, CO-
Cu-doped hBN, CO2-Cu-doped hBN, and H2-Cu-doped hBN systems. All the reported
values are in eV.

Adsorption HOMO | LUMO | Eg IP EA S n ()
Configurations

Pristine hBN -4.51 -0.22 | 429 | 4.51 0.22 0.23 215 | 1.31
C2H4-hBN -4.51 -0.22 | 429 | 4.51 0.22 0.23 215 | 1.31
CH4+-hBN -4.51 -0.22 | 429 | 4.51 0.22 0.23 215 | 1.31
COz2-hBN -4.51 -0.22 | 429 | 4.51 0.22 0.23 215 | 1.31
CO-hBN -4.40 -1.40 | 3.00 | 4.40 1.40 | 0.33 1.50 | 2.80
H2-hBN -4.51 -0.22 | 429 | 4.51 0.22 0.23 215 | 1.31

Cu-doped hBN -3.60 -0.50 |3.10| 3.60 0.50 0.32 1.55 | 1.36
C2H4-Cu-doped -3.28 -1.11 | 2.17 | 3.28 1.11 0.46 | 1.085 | 2.22
hBN
CH4-Cu-doped -3.29 -0.66 |2.63 | 3.29 0.66 0.38 | 1.315 | 1.48
hBN
CO-Cu-doped -3.56 -1.87 | 1.69 | 3.56 1.87 0.59 | 0.845 | 4.36
hBN
CO2-Cu-doped -3.21 -0.95 |[2.26 | 3.21 0.95 0.44 1.13 1.91
hBN
H2-Cu-doped -3.36 -0.31 | 3.05| 3.36 0.31 0.33 | 1.525 | 1.10
hBN
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5.2.7 Sensitivity and Selectivity Analysis of hBN and Cu-doped hBN

Table 5.4: Variation in the sensitivity of the C2H4-Cu-doped hBN, CH4-Cu-doped hBN,
CO-Cu-doped hBN, CO2-Cu-doped hBN, and H2-Cu-doped hBN at 300K, 500K, 700K,
and 900K temperatures, respectively.

Temperature | C2H4-Cu- CH4-Cu- CO-Cu- CO2-Cu- H2-Cu-doped
doped hBN | doped hBN | doped hBN | doped hBN | hBN

300K 99.99% 99.98% 100% 99.99% 61.96%

500K 99.99% 99.57% 99.99% 99.99% 44.01%

700K 99.95% 97.96% 99.99% 99.90% 33.92%

900K 99.75% 95.16% 99.98% 99.55% 27.54%

Sensitivity is considered a crucial parameter in evaluating the gas sensing performance of
semiconducting materials, as it describes how rapidly the sensing materials respond to changes
in the concentration of gas molecules. For the semiconducting materials, sensitivity was
determined by the electrical conductivity (o), which undergoes variation upon gas adsorption.
According to equation (5.4), the electrical conductivity of the semiconducting materials was
found to be exponentially dependent on the band gap.

o=ATV e 7 (5.4)

where o is electrical conductivity, 4 is a constant, T is the temperature in K, Eg is the band gap
in eV, and Kz is the Boltzmann constant in eV/K. This indicates that large variations in the
band gap led to an enhancement in the electrical conductivity, thereby affecting the sensitivity
of the sensing materials. Therefore, we have performed DOS calculations to analyze the
variation in the band gap upon adsorption of thermal runaway gases onto pristine hBN and Cu-
doped hBN. From our DOS calculation, we found that the adsorption of C,H4, CH4, H», and
CO» gas molecules onto pristine hBN produces 0% variations in the band gap, whereas the
adsorption of the CO gas molecule onto pristine hBN produces only 30.06% variations in the
band gap with respect to pristine hBN. On the other side, Cu-doped hBN underwent 30%,
15.16%, 27.09%, 44.19%, and 1.61% variation in the band gap upon C>H4, CHs, CO», CO, and
H> adsorption, respectively. It was based on the comparison of the variation in the band gap;
we found that Cu-doped hBN exhibits better sensitivity than pristine hBN upon the adsorption
of these thermal runaway gases. Further, to determine the capability of the sensing material to
distinguish between the specified target gas from other gases in the environment. We have
calculated the sensing response(S) at 300K, 500K, 700K, and 900K using equation (5.5) and
reported it in Table 5.4 for the Cu-doped hBN upon adsorption of thermal runaway gases.
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Y -0k
Ogas fpure X100=e(ZKBT)-1 (5.5)

S=

Opure
where ag"als and UI;}re represents the electrical conductivity of the Cu-doped hBN with and

without gas molecules, respectively. The reported sensing response at 300K for the C2Hs-Cu-
doped hBN, CH4-Cu-doped hBN, CO-Cu-doped hBN, CO»-Cu-doped hBN, and H>-Cu-doped
hBN configurations was found to be 99.99%, 99.98%, 100%, 99.99% and 61.96% respectively.
Moreover, as the temperature increases from 300K to 900K, the sensing response of the CoHy-
Cu-doped hBN, CH4-Cu-doped hBN, CO-Cu-doped hBN, CO;-Cu-doped hBN, and H»-Cu-
doped hBN configurations decreases by 0.25%, 4.82%, 2%, 0.44% and 55.55% respectively.
It was on comparison that we found that CO-Cu-doped hBN systems exhibit the highest sensing
response, and H>-Cu-hBN systems exhibit the lowest sensing response. The high and low
sensing response of Cu-doped hBN towards CO and H> gas molecules can be attributed to the
44.19% and 1.61% variation in the band gap, as suggested by our DOS calculation. Since there
exists a significant difference in the sensing response of Cu-doped hBN upon the adsorption of
H: gas. These findings indicate that Cu-doped hBN-based gas sensors can easily differentiate
CoHy, CH4, CO, and CO> from H», whereas it is difficult for the Cu-doped hBN to differentiate
between C2Hs, CHas, CO, and CO». Hence, the sensitivity and selectivity analysis suggests that

the Cu-doped hBN holds the potential to be used as a gas sensor in thermal runaway conditions.

5.2.8 Recovery time analysis of Cu-doped hBN

Recovery time is considered a crucial parameter for a gas sensor, as it indicates the sensor's
ability to return to its original resistance state after the desorption of gas molecules from the
sensing surface. Through a literature survey, we found that thermal runaway condition arises
above 300°C=573K in lithium-ion batteries.[24, 62] Therefore, we have calculated the
recovery time () for the Cu-doped hBN system upon the adsorption of thermal runaway gases
at temperatures above 500K using transition state theory and the van't Hoff-Arrhenius equation

as mentioned in equation (5.6) below:

“Ebp
r=v-1le®sT (5.6)
where T is the testing temperature measured in Kelvin (K), v is the attempted frequency factor,
and Kg is the Boltzmann constant, whose values are 10'? Hz for the visible radiation and 8.62
x 107 eV/K respectively. Epp is the potential barrier for the desorption of gas molecules, which
is equivalent to adsorption energy (Eass) because adsorption and desorption are reverse

processes to each other. The recovery time for the C;H4-Cu-doped hBN, CO-Cu-doped hBN,
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CO»-Cu-doped hBN, H>-Cu-doped hBN, and CH4-Cu-doped hBN configurations at 500K
under visible light was found to be 2.722x10%, 1.027x108, 2.367x10%, 3.807x10%* and 3.236

x10%sec, respectively. The above-reported recovery time suggested that the desorption time at

500K for C;H4-Cu-doped hBN, CO-Cu-doped hBN, and CO>-Cu-doped hBN is too long,
making the desorption of the thermal runaway gases difficult, indicating poor reusability or
potential use of Cu-doped hBN as a gas adsorbent. According to equation (5.6), the recovery
time was found to be exponentially dependent on adsorption energy and temperature, meaning
that if adsorption energy is kept constant, then by increasing the temperature or the attempt
frequency, we can improve the recovery time of Cu-doped hBN. Further, we have calculated
the recovery time under UV radiation at elevated temperature for the CoH4-Cu-doped hBN,
CO-Cu-doped hBN, CO>-Cu-doped hBN, H>-Cu-doped hBN, and CHs-Cu-doped hBN
configurations. The reported data in Table 5.6 suggested that the recovery time for the CoHy-
Cu-doped hBN, CO-Cu-doped hBN, CO;-Cu-doped hBN, H>-Cu-doped hBN, and CHs-Cu-
doped hBN configurations reduces from 2.722x10°% to 2.253x10™sec, 1.027x10° to 1.311x10"!
sec, 2.367x10" t03.202x10° sec, 3.807x107! to 5.739x10¥sec, and 3.236x10"' sec to 1.151x10°
7 sec, respectively, as the temperature increases from 500K to 900K under UV radiation. The
observed reduction in the recovery time can be attributed to the fact that both high temperatures
and UV radiation provide additional input energies required for the desorption of the thermal
runaway gas from the surface of Cu-doped hBN. All these findings indicate that annealing at
high temperature under UV radiation effectively improved the recovery time of the Cu-doped
hBN systems. Hence, our recovery time analysis confirmed that above 500K Cu-doped hBN
systems can be used as a sensing material at elevated temperatures to detect thermal runaway

gases.
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Table 5.5: Calculated the recovery time for the adsorption of C2:H4-Cu-doped hBN, CH4-
Cu-doped hBN, CO-Cu-doped hBN, CO2-Cu-doped hBN, and H2-Cu-doped hBN systems
at different temperatures under visible ligh radiation.

Adsorption r under | r under visible | r under visible light | r under
Systems visible light | light at 700K at 800K visible light
at S00K at 900K

C:H4-Cu-doped 2.722 x10%s | 3.948x10% s 5914 s 2.253x107" s
hBN

CO-Cu-doped 1.027 x10% s | 1.968x10?% s 3.216s 1.311x10"' s
hBN

CO2-Cu-doped 2.367x10%*s | 4.964x10! s 1.713x102 s 3.202x103 s
hBN

H>-Cu-doped hBN | 3.807 x10%*s | 2.598 x10 s 5.354x104s 5.739x105s
CHs-Cu-doped 3.236x10%s | 2.313x102s 1.171x103 s 1.151x10%s
hBN

Table 5.6: Calculated the recovery time for the adsorption of C2:H4-Cu-doped hBN, CH4-
Cu-doped hBN, CO-Cu-doped hBN, CO2-Cu-doped hBN, and H2-Cu-doped hBN systems

at different temperatures under visible light and UV radiation.

Adsorption r under UV at | r under UV at | r under UV at | r under UV
Systems 500K 700K 800K at 900K
C:Hs-Cu-doped 2.722 x105 s 3.948x10!' s 5.914x103 s 2.253x10% s
hBN

CO-Cu-doped hBN | 1.027 x10° s 1.968x10! s 3.216x1073 s 1.311x10!' s
CO2-Cu-doped 2.367x10!' s 4.964x10 s 1.713x10° s 3.202x10°¢ s
hBN

Hz-Cu-doped hBN | 3.807 x10! s 2.598 x10% s 5.354x107s 5.739x103s
CH4-Cu-doped 3.236x10's 2.313x10°s 1.171x10¢ s 1.151x107 s
hBN

5.2.9 Comparison of the adsoprtion energies, band gap, and sensitivity

In this section, we have compared the adsorption energies, change in the band gap, and
sensitivity at 300K for the C,Hs4-Cu-doped hBN, CH4-Cu-doped hBN, CO-Cu-doped hBN,
CO2-Cu-doped hBN, and H>-Cu-doped hBN systems with respect to various previously
reported theoretical work. From the reported adsorption energy in Table 5.7, we found that Cu-
than Pt-SnSe, Cu@HIfS,, Cu-
HfS;,Rh@PdS2, and Rh-PdS; systems towards thermal runaway gases. In addition, we also

doped hBN exhibits better adsorption capabilities

observed that Cu-doped hBN exhibited better variation in the band gap than Pt-SnSe,
Cu@HT1S,, Cu-HfS,, Rh@PdS,, and Rh-PdS; upon the adsorption of CO, CO, gas molecules,
whereas Rh@PdS: exhibited the highest variation in the band gap upon the adsorption of C2Ha4
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and CHs. On the other side, C;H4/Rh@PdS,, CoH4/Rh-PdS,, and Ho/Rh@PdS,, H»/Rh-PdS,,
exhibited 100% variation in the band gap because upon the adsorption of C2Hs4 and H> gas
molecules, Rh@PdS; and Rh-PdS; undergo a transition from semiconductor to metal. Further,
Rh@PdS; exhibited the highest sensitivity towards the adsorption of H> gas molecules. In
contrast, the sensitivity of the Cu-doped hBN was found to be better than Cu@HTS,, Cu@HT1S,,
Rh@PdS., and Rh-PdS; upon the adsorption of CH4, CO, and CO gas molecules. Hence, the
comparison analysis suggested that Cu-doped hBN served as a more efficient sensing material
than Pt-SnSe, Cu@H{fS, Cu-HfS,, Rh@PdS,, and Rh-PdS; towards the detection of CO and
CO» gas molecules.

Table 5.7: Comparison of the adsorption energies, change in the band gap, and sensitivity
at 300K for the C:H4-Cu-doped hBN, CH4-Cu-doped hBN, CO-Cu-doped hBN, CO2-Cu-

doped hBN, and H:-Cu-doped hBN systems with respect to various previously reported
theoretical work.

Systems Adsorption AEg(eV) Sensitivity Reference
Energy(eV)
Pt-SnSe/C2H4 -0.920 16.3% 97.10% [64]
Pt-SnSe/CO -1.170 24.7% 99.50%
Pt-SnSe/CO2 -0.130 0.4% 10%
C2H4/Cu@HTfS:2 -0.947 6.36% - [54]
CH4/Cu@HTfS2 -0.234 1.10% -
CO/Cu@HfS: -0.984 9.66% -
CO2/Cu@HTfS: -0.250 1.44% -
H2/Cu@H{1S:2 -0.229 4.49% -
C2H4/Cu-HfS2 -0.858 22.88% 99.70%
CH4/Cu-HfS2 -0.304 5.49% -
CO/Cu-HfS: -0.750 22.06% 99.60%
CO2/Cu-HfS2 -0.311 19.65% 99.20%
H2/Cu-HfS: -0.159 6.04% -
C:H4/Rh@PdS: -1.340 100% -99.99% [59]
CH4/Rh@PdS: -0.160 18.95% 81.58%
CO/Rh@PdS: -1.510 29.19% 92.61%
CO2/Rh@PdS: -0.150 24.18% 88.45%
H2/Rh@PdS: -0.450 100% -99.99%
C2H4/Rh-PdS: -0.610 100% -1
CH4/Rh-PdS: -0.300 4.05% 50.34%
CO/Rh-PdS: -1.940 26.35% 97.26%
CO2/Rh-PdS: -0.230 4.62% 54.94%
182
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H2/Rh-PdS; -0.610 100% 1
C:H4-Cu-doped hBN -2.173 30% 99.99% Present
CO-Cu-doped hBN -2.097 44.19% 100% Work
CO:-Cu-doped hBN -1.594 27.09% 99.99%,

H:-Cu-doped hBN -1.447 1.61% 61.96%

CHs-Cu-doped hBN -1.545 15.16% 99.98%

5.3 Conclusions

In this work, we have systematically investigated the adsorption mechanisms of thermal
runaway gases onto the pristine hBN and Cu-doped hBN using ab initio calculations. From our
adsorption energy calculations, we found that the adsorption of CoH4, CH4, CO, CO2 and H»
gas molecules onto pristine hBN was physisorption due to poor charge transfer and low
adsorption energy. This leads to poor variation in the electrical conductivity, sensitivity,
selectivity and very low recovery time, confirming that pristine hBN cannot be used as a gas
sensor to detect thermal runaway gases. Therefore, to enhance the gas sensing performance of
hBN, we have substituted the Cu atom at N and B vacancies. It was based on the formation and
binding energy; Cu atom doped at B vacancy was found to be the most stable configuration.
After doping Cu atom, the adsorption energy for the C2Hs-Cu-doped hBN, CH4-Cu-doped
hBN, CO-Cu-doped hBN, CO.Cu-doped hBN and H>-Cu-doped hBN systems was found to
be high, resulting in chemisorption. DOS plots confirmed that the band gap reduces to 2.17eV,
2.63eV, 1.69¢V, 2.26eV and 3.05¢eV respectively upon the adsorption of C2Ha, CH4, CO, CO>
and H» gas molecules onto Cu-doped hBN whereas the PDOS plots confirmed that the
hybridization of the 3d atomic orbitals of Cu atom with the atomic orbitals of CoH4 and CO
gas molecules is responsible for the stronger interaction in case of C;H4 and CO gas molecules
with Cu-doped hBN. The RDG results revealed that weak vdW-type non-covalent interaction
exists between the thermal runaway gases and pristine hBN, whereas electrostatic interaction
exists due to the charge transfer between the CoHs, CO, CO,, H; gas, and Cu-doped hBN,
verified from the charge density difference calculations. Such a large variation in the band gap
indicates that Cu-doped hBN is highly sensitive towards the adsorption of all these gases.
However, the sensing response for the CoHs-Cu-doped hBN, CH4-Cu-doped hBN, CO-Cu-
doped hBN, CO2-Cu-doped hBN, and H>-Cu-doped hBN systems indicates that Cu-doped hBN
is unable to differentiate between CoHs, CH4, CO, and CO; but able to differentiate H, from
the rest of the gas. Furthermore, the recovery time calculated for the CoH4-Cu-doped hBN,
CH4-Cu-doped hBN, CO-Cu-doped hBN, CO;-Cu-doped hBN, and H>-Cu-doped hBN systems

at 300K was found to be too high. But we also found that annealing within the temperature
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range from 500 K to 900 K under UV exposure improves the recovery time of all the system
configurations. Hence, we conclude from our DFT results that substitutional doping of the Cu
atom is a cost-effective method to improve the recovery time, sensitivity, selectivity, and
adsorption capability of hBN upon the adsorption of thermal runaway gases, making it a
promising sensing material at elevated temperatures towards the early detection of thermal

runaway gases.
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Chapter 6

=@  Effect of Substitutional Doping and Cu Adsorption on
MoS; Nanowire: A Comparative DFT Study

Bader Charge Work Function

Conductivity

"y 4 High Conductivity

Field Emission
& Nanoelectronics

AAAL

="
Cu-Doped MoS; NW

Enhanced Charge Transfer & Superior Electrical Conductivity’

In this study, we investigated the effect of substitutional doping (Cu-doped MoS;NW) and
surface-adsorbed Cu atoms (Cu-MoS:NW) on the electronic properties of MoS: nanowires
(NWs) using Density Functional Theory (DFT). Our adsorption study revealed that the
adsorption of the Cu atom was a chemisorption. Electron Localization Function (ELF) analysis
indicates that the Cu atom formed a covalent and ionic bond with MoS;NW upon adsorption
and substitutional doping, respectively. These findings suggest that a charge transfer occurred
between the Cu atom and MoS:NW during the interaction, confirmed by the Bader charge
method. Further, the work function calculation indicates that Cu-doped MoS;NW exhibits a
large negative variation in the work function, indicating enhanced electron emission capability
of the Cu-doped MoSoNW systems. All of our systems are thermodynamically stable, as
determined by our cohesive energy calculations. Overall, the DFT results suggest that Cu-doped
MoS:NW systems exhibit superior electrical conductivity, enhanced charge transfer, and larger
variation in the work function compared to pristine MoS:NW and Cu-MoS;NW. These findings
confirm that substitutional doping is an effective way to modify the electronic properties of
MoS2 nanowires (NWs). Therefore, Cu-doped MoS;NW systems hold promise for applications

in field-emission and nanoelectronics devices.
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6.1 Introduction

Two-dimensional (2D) materials such as graphene[1], hexagonal boron nitride(hBN)[2, 3],
Transition metal dichalcogenides (TMDs)[4], and black phosphorene[5] have attracted
considerable attention for both the theoretician and experimentalists due to their wide range of
application in the various nanoelectronics and optoelectronics devices. Therefore, among the
various 2D materials, MoS; which is a layered transition metal dichalcogenide formed by the
vertical stacking of weakly coupled S-Mo-S layers has attracted considerable interest of the
researchers due to their unique physical, catalytic, optical, and electronic properties they are
finding their applications in the field of hydrogen evolution reaction (HER)[6], storage[7], gas
sensors[8], catalysis, energy conversion[9], photodetectors[10], photocatalysis,
photoelectrochemical and stretchable electronics. Contrary to graphene zero band gap
limitations, MoSy, in its bulk form, is an indirect band semiconductor with a band gap value of
1.2eV, whereas an atomically thin layer of MoS; is a direct band semiconductor with a band
gap value of 1.8eV[11]. As a consequence, MoS; exhibits basic properties like gate control,
wide band gap, high current capability, and good electrical transport. All these findings suggest
that MoS; can serve as an alternative to graphene for the application of nanoelectronics and
optoelectronics. Currently, the trend in the research is primarily focused on utilizing 2D
materials to their maximum potential in various applications. However despite such advances
MoS; also exhibit low electron mobility compared to graphene[12] which hinder their practical
implementation in various nanoelectronics devices like transparent electrode etc. Therefore,
there is a need to modulate the intrinsic properties of MoS: to make them fit for practical use.
In this regard, researchers have adopted various effective methods to modulate the intrinsic
properties of materials, such as defect engineering[13], substitutional doping[14], adatom
adsorption[15], and substrate engineering[16]. Among the various methods, it has been well
proven that the adsorption of transition metal (TM) atoms onto 2D material effectively
modulates the intrinsic properties of 2D materials. For example- Xu et al. studied the adsorption
of various alkali metals (L1, Na), alkaline earth metals (Be, Mg), 3d TM atoms (Ti, V, Cr, Mn,
Fe, Co), and precious metals (Ag, Au, Pt) onto dumbbell C4N[17]. Their study revealed that
the adsorption of the above-mentioned metals opens the zero-band gap of dumbbell C4N,
making it a promising candidate for electronic devices. Similarly, Zhang et al. studied the
structural, electronic, magnetic, and optical properties of 4d TM atoms adsorbed onto blue
phosphorene[18]. Their study revealed that adsorbing 4dTM onto blue phosphorene effectively

modifies blue phosphorene's structural, electronic, magnetic, and optical properties. On the
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other side, there have been various reports regarding the adsorption of various TM atoms onto
the MoS» monolayer for various applications. Kadioglu et al. investigated the adsorption of Au,
Cu, and AuxCuy nanoclusters on MoS> monolayer for sensing CO and H>O.[19] Their results
revealed that the adsorption of Au, Cu, and AuxCuy nanoclusters onto the MoS, monolayer
enhanced the chemical activity and sensitivity towards CO and H>O molecules. Sharma et al.
investigated the catalytic activity of Cu-embedded MoS, monolayer for CO[20]. They found
that the basal plane of the MoS; sheet gets activated upon substitutional doping of the Cu atom
at S vacancy, which catalyzes the oxidation of CO effectively without poisoning. Rawal et al.
studied the effects of defect on the catalytic activity of the 29 adatoms of Cu, Ag, and Au
nanoparticles (NP) onto MoS> monolayer towards CO[21]. Wang et al. investigated the
structural, electronic, and magnetic properties of adsorbed transition metal from Sc to Zn onto
MoS; monolayer using DFT. They conclude that all the TM atoms got adsorbed chemically
except Zn, whereas the electronic and magnetic properties of the MoS> monolayer can be
effectively modified by adsorbing different TM atoms. Thus, TM adsorbed MoS: monolayer
can be utilized for spintronics[22]. In another study, Li et al. emphasized that the adsorption of
alkali metal, alkaline earth metals, 3d TM, noble metal, and non-metal atoms induce magnetic
moments and transforms the band gap from semiconductor to metallic, semi-metallic, making
them promising candidates for spintronics and electronic devices[23]. Moreover, Joseph et al.
synthesized Cu-doped MoS, hydrothermally to analyze the effect of Cu doping on the
thermoelectric properties of MoS;[24]. Recently, Zhou et al.[25]reported a method for
selectively exposing and activating the inert basal planes of 2H-MoS: for CO; hydrogenation
to methanol, achieved through the physically constrained sulfidation of ultrafine MoO>
nanocores into hollow, few-layer MoS spheres within a mesoporous silica framework. The
spherical curvature of MoS» induces strain and sulfur vacancies (Sy) on the typically inactive
basal planes. This increases the exposure of in-plane sulfur vacancies while minimizing the
exposure of edge vacancies, significantly enhancing its catalytic performance in synthesizing
CH3O0H from the hydrogenation of COs». In contrast, the adsorption of the Cu atom onto MoS>
facilitated the activation of H», delivering a remarkable CH3OH production rate of 6.11
mol-molMo'-h™" and a high CH30H selectivity of 72.5% under reaction conditions of 260°C,
5 MPa, and 24,000 mL-gcat '-h™'. They conclude that the Cu/MoS2/SiO; catalyst demonstrates
excellent stability, maintaining its silica-encapsulated hollow core-shell structure throughout
the reaction process. Wang et al. studied the electrocatalytic activity of the Cu-decorated MoS»
monolayer paving the way for application in electronics and energy storage[26]. The above

literature survey suggests that there exists a plethora of literature regarding the Cu decoration
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onto various MoS, nanostructures. However, to the best of the author's knowledge, there have
been no reports regarding the effect of substitutional doping (Cu-doped MoS>NW) and surface-
adsorbed Cu atom (Cu-MoS>2NW) on the electronic properties of MoS> NW. This reported gap
in the research motivated us to investigate the electronic properties of MoS> NW upon
substitutional doping and surface-adsorption of Cu atom. Therefore, in this work, we have
extensivelyinvestigated the effect of substitutional doping and surface-adsorption of Cu atoms
onto electronic properties of MoS2 NW using DFT. We have selected the Cu atom as a dopant
for this study because it has been well proved experimentally that it has good chemistry with
MoS,.The adsorption of the Cu atom was analyzed by calculating the adsorption energy and
distances. In addition, the electronic properties and conductivity of the Cu-decorated MoS; NW
were calculated through DOS, PDOS, and work function. Further, the structure stability of the
optimized Cu-decorated MoS> NW structures nature of the bond formation, and the charge
transfer mechanism during the Cu interaction with MoS2 NW were analyzed utilizing cohesive
energy, ELF, and the Bader charge method. Finally, we have compared our calculated DFT

results for both the systems

6.2 Computational Details
We have used the Linear Combination of Atomic Orbital (LCAO) calculator in the Quantum

ATK]27] package to ensure accuracy while calculating the electronic properties of the various
optimized structures. To approximate the nucleus and valence electrons interaction, the Fritz-
Haber-Institute (FHI)[28] pseudopotential was implemented. For transition metals (TM) atoms
such as Cu and Mo, the Double Zeta Polarized (DZP)[29] basis set was considered to ensure
accuracy during the calculation. To consider the electron-electron interaction effectively, we
have considered Generalized Gradient approximation (GGA)[30] with the predefined function
Perdew Burke Ernzheof (PBE)[31] as an exchange-correlation function (XC). Further, we have
selected 200 Ha (400 eV) and 10 eV as the cutoff energy and energy convergence criteria for
the ground state energy calculation. According to the Monhorst-Pack grid scheme, we have
implemented 1 x 1 x 51 K points for calculating the density of states (DOS). For the adsorption
study, MoS> NW was grown along the Z axis by continuously repeating the 1x1 unit cell of
MoS: monolayer four times along the X and Y directions, resulting in 4 x 4 supercells. The
4x4 supercells contain 16 Mo and 32 S atoms with a vacuum layer of 10 A was applied along
the X and Y directions to prevent interactions between the adjacent periodic replicas. Egs. 6.1
and Eqgs. 6.2 were used to determine the strength of the interaction during the adsorption of the
Cu atom onto the surface of MoS, NW and the thermodynamic stability of the various

adsorption configurations, respectively.
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Eads = ETotal'E(MOSZ)' E(Cu) (6'1)

E(Mos,)" [M(Mo)EMo)+ n(s)E(s)]

E =
coh N

(6.2)

where Eqq,) represents the total energy of the Cu adsorbed MoS> NW, E o5, yrepresents the
energy of the MoS, NW, E ¢, represents the energy of the isolated copper atom,E s)represents
the energy of the isolated sulfur atom, Eyq) represent the energy of the isolated Mo atom,
N(Mo)s N(s)s represents the number of Mo and S atoms, and N represents the total atoms within

the system, respectively.

6.3Results and Discussion

6.3.1 Structure and Electronic Properties Analysis of MoS: monolayer and
MoS: N

To investigate the differences in the geometrical and electronic properties of the MoS,
monolayer and MoS2 NW. For this purpose, initially, we optimized the geometry. After
optimization, the resulting optimized lattice parameters for the optimized MoS, monolayer
were a = 3.244A and ¢ =12.880A with a c/a ratio of 3.97, consistent with the previous
theoretical calculation.[32] Further, the band structure was plotted for the optimized MoS,
monolayer. The resulting band structure in Figure 6.2(a) illustrates that the MoS2 monolayer
exhibits a direct band gap of about 1.56eV, verified from the DOS plot in Figure 6.2(b) and
agreed with the previously reported theoretical studies[33]. In the optimized MoS> NW shown
in Figure 6.1(b), each S atom is coordinated with multiple Mo atoms, resulting in a distorted
octahedral arrangement of atoms within the layer, confirming the existence of the 1T phase in
MoS> NW. This type of structural arrangement of atoms within the layer facilitates high tensile
strength and significant overlapping between the d orbitals of Mo atoms, facilitating a pathway
for efficient electron movement, which is advantageous for the application of a field effect
transistor[34], energy storage[34], and as a catalyst in electrochemical reactions[35]. The
diameter, height, and Mo-S bond length for the optimised MoS> NW were 7.44 A, 20 A, and
2.35 A, respectively. Moreover, the resulting DOS plot in Figure 6.3 illustrates the existence
of continuous impurity states near the Fermi level (Er), reducing the band gap from 1.56eV to
zero, confirming the metallic behaviour of the 1T phase of MoS> NW, consistent with the study
performed by Seivane et al[36]. The observed transition from the semiconductor to a metal was
due to the quantum confinement effect. Hence, the complete agreement of the calculated band

gap value proved the validity and reliability of our computational procedure.
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Figure 6.1. Optimized (a) MoS; monolayer and (b) MoS; NW structure. The atoms in yellow and
cyan colours represent the S and Mo atoms, respectively.

6 3 ——
\_‘ (b) f—up spin
3 _/ (a) \/\/ \ 3 ‘.._ PR ‘p‘n
4 4
34 3
~21 24
- o~
=1- Z 1
& * %
T ) e T /S Y S o
= y J E
14 & -1
-2 \ 2
-3+ -3
4- 4
54 54
S — -6 Y Y T T T T T
T M| K T 6 4 2 0 2 4 6

DOS

Figure 6.2. Plotted (a) Band structure and (b) DOS for the MoS; monolayer, respectively.
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Figure 6.3. DOS plot for the MoS: NW. The black dotted line represents the fermi level set to zero
for reference.
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6.3.2 Adsorption of Cu atom onto MoS: NW
Table 6.1. The calculated adsorption energies and heights for the Cu atom adsorbed onto

MoS2 NW at Mo and S sites

Adsorption height | Adsorption Adsorption Adsorption energy(eV)
(A) energy(eV) height (A)

1.80 -0.03805 2.0 0.04943
1.85 -0.40184 2.25 -1.49111
2.0 -0.96301 2.50 -1.70622
2.05 -1.02261 2.55 -1.67339
2.10 -1.04492 2.60 -1.62624
2.20 -0.99535 2.65 -1.56628
2.25 -0.9423 2.70 -1.4974
2.28 -0.89945 2.75 -1.42075
2.50 -0.51971 3.0 -0.97992
2.75 -0.06315

3.0 0.31902

To analyze the interaction of the Cu atom with MoS,; NW, we have considered the S site (on
top of the S atom) and the Mo site (on top of the Mo atom) as the preferential adsorption sites
for the Cu atom. This is because both Mo and S atoms contain vacant d and p orbitals that can
readily accept electrons from the Cu atom through charge transfer during the interaction.
Therefore, we have considered different orientations of the Cu atom at the Mo and S sites, as
shown in Figure. 6.4(a) to 6.4(s) as the input geometries for the adsorption study. Further,
adsorption energies were calculated using Eqgs.6.1 and reported in Table 6.1 for all these
different adsorption configurations. From the reported values in Table 6.1, we found that the
adsorption energies gradually decrease, reach minima, and then increase with increasing
adsorption heights. On plotting the adsorption energy as a function of adsorption height , the

resulting curve was found to be a U-shaped curve as shown in figure 6.5. The minima of the
adsorption energy curve correspond the minimum adsorption energies and optimized
adsorption height. From Figure 6.5, we found that the Cu atom preferred to be adsorbed at a
height of 2.10A and 2.50 A with the adsorption energies -1.04eV and -1.70 eV at the S and Mo
sites, respectively. It was based on energy minimization; we found that the Cu atom preferred
to be adsorbed at the Mo site. Therefore, the Cu atom adsorbed at the Mo site was referred to
as “Cu-MoS:NW” and selected for the rest of the calculation. The reported negative value of
the adsorption energies in Table 6.1 indicates that the adsorption process was exothermic,
spontaneous, and energetically favourable. Additionally, the calculated sum of the
corresponding atomic radii for the Cu-Mo atoms (2.73A) was larger than the reported
adsorption height (2.50A) on the comparison. This indicates that covalent interaction exists

between the Cu atom and MoS; NW during the adsorption. Hence, the calculated high
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adsorption energy and the existence of covalent interaction between the Cu atom and MoS;NW

suggest that the adsorption of the Cu atom onto MoS> NW was a chemisorption.
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Figure 6.4. The plotted red and blue curves represent the variation of the adsorption
energy with adsorption heights for Cu adsorbed onto MoS2 NW at S and Mo sites,
respectively.
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Figure 6.5. Top view of the different optimized adsorption configurations (a)-(k) at the S
site and (I)- (s) at the Mo site, respectively

6.3.3 Comparison of the calculated adsorption energies for the Cu-MoS: NW

In this section, we have compared our calculated adsorption energy for the Cu-MoS;NW with

the previously reported adsorption energies for TM adsorbed onto various 2D materials by

different authors. From the reported adsorption energies in Table 2, we found that the Cu atom

got adsorbed onto the SnO monolayer, GaN monolayer, MoS> monolayer, and graphene

monolayer, with adsorption energies 1.342eV, 1.07eV, 0.407¢V, 1.307¢V, and 1.13eV

respectively. The comparison showed that the adsorption energy for the Cu-MoS:NW

was higher than the Cu atom adsorbed onto the SnO monolayer, GaN monolayer, MoS>

monolayer, and graphene monolayer. This indicates that MoS;NW has a better adsorption

affinity for Cu atoms than SnO monolayer, GaN monolayer, MoS> monolayer, and graphene

monolayer.

Table 6.2. Comparison of the calculated adsorption energies for the Cu-MoS:NW with
reviously reported adsorption energies for TM adsorbed onto various 2D materials.

Systems Adsorption energy (eV) Reference
Cu-SnO monolayer 1.342¢V 1371

Cu-GaN monolayer 1.07eV [38]

Cu-hBN monolayer 0.407eV 1391

Cu-MoS: monolayer 1.307eV [21]
Cu-graphene monolayer 0.228eV [40]

Cu-MoS: NW 1.70eV Present work

6.3.4 Structure analysis of the Cu-doped MoS: NW
In this section, we have analyzed the structural properties of the substitutional doped structure.

For this purpose, we replaced one of the atoms of MoS> NW from the lattice with the Cu atom

and optimized the doped structure. After optimization, we found that the doped Cu atom was

displaced and the doped Cu atom was displaced and occupied the interstitial sites where it
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bonded with the neighbouring three S atoms, as shown in Figure 6.6. From Figure 6.6(b), we
found that the three Cu-S bond lengths in the optimized structure were found to be 2.30A,
2.26A and 2.28A which is shorter than the Mo-S (2.35A) bond length of the pristine MoS;
NW. This indicates that the dopant atom causes the overall structure to be somewhat corrugated
due to the protrusion of the Cu atom away from the surface of MoS> NW. Moreover, the Mo-
S bond lengths in the resulting optimized structure no longer remained a fixed value and
underwent variations from 2.36A-2.63A. On comparison, we found that the variations in the
Mo-S bond lengths upon substitutional doping were more significant than the Mo-S (2.35A)
bond length of the pristine MoS, NW. This indicates that the surface of the MoS> NW
undergoes expansion to accumulate the large atomic radius Cu atom (1.28A) within the lattice.
These findings suggest that substitutional doping of the Cu atom causes structural distortion
within the lattice. For the rest of the study, we have abbreviated the optimized substitutional
doped structure as “Cu-doped MoS> NW”. To determine the bonding strength of the Cu atom
with the MoS> NW and the stability of the Cu-doped MoS2 NW structures, we have calculated
the binding energy (E») and formation energy (Er) using Egs. (6.3) and Eqgs. (6.4) respectively.
Ep=Ecu-Mosz+gas~ (EvtEcy) (6.3)
E¢ = Ecu+Mos2 - EMos2-Hcut Hx (6.4)
where E cymos2 » Ev » EcusMcu @and px Represents the total energies of the substitutional
doped Cu atom into MoS2 NW, total energies of the defected MoS2 NW, total energies of the
isolated Cu atom, and chemical potentials of the isolated Cu and ejected atoms from the MoS;
NW, respectively. According to equations (6.3) and (6.4), the binding and formation energies
for the Cu-doped MoS2 NW were -11.326eV and -5.662¢V, respectively. The calculated high
formation and binding energy suggests that the Cu atom binds strongly with the MoS2> NW,
and the Cu-doped MoS> NW structures are stable.
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Figure 6.6. (a)Side view and (b) Top view of the optimized Cu-doped MoS: NW
structures.

6.3.5 Thermodynamic stability of the Cu-MoS:NW and Cu-doped MoS:NW

systems
To analyze the thermodynamic stability of the substitutionally doped and Cu-adsorbed

optimized structures, we have calculated the cohesive energy/atom (Econ/atom) using Egs.
2[55] And reported in Table 6.4. According to Egs. 6.2, we found that the cohesive energy for
the MoS:NW, Cu-MoS;NW, and Cu-doped MoS:NW systems was found to be -5.22eV/atom,
-5.15eV/atom, and -eV/atom respectively. The calculated negative value of the cohesive energy
suggests that all our systems are thermodynamically stable. On comparison, we found that the
increasing order of thermodynamic stability is Cu-doped MoS2NW> Cu-MoSaNW>MoSoNW.
The observed low cohesive energy of Cu-doped MoS:NW and Cu-MoS;NW systems with
respect to MoS2 NW can be attributed to the strong interaction of the Cu atom with the surface
atoms, thereby reducing the interaction of the surface atoms with the bulk atom. As a
consequence, it reduces the overall cohesive energy of the systems. From Table 6.3 and Table
6.4, we found that various computational studies suggest that generally, on doping the cohesive
energy decreases as observed in the different 2D and 1D nanostructures like Aluminene
(Planar), Aluminene(P6mmm), Aluminene (4-layers slab, 8-Pmmn), Aluminene (Triangular,
Pmmn), Indiene, Cu-graphene, SnGe, SnSi, Stanene, MosSes NW, MosS2Ses NW, MoeSal»
NW, MoeS2Ses NW, MosS2Ses NW Moi12Sis NW and Moi12SeisNW respectively. A similar
trend was observed for the MoS;NW, Cu-MoS;NW, and Cu-doped MoS, NW systems. Also,
the calculated high cohesive energy suggests that MoS:NW, Cu-doped MoSoNW, and Cu-
MoS> NW systems can be synthesized experimentally via high-energy methods such as
Chemical Vapour Deposition (CVD) and molecular beam epitaxy (MBE). This finding was
consistent with the Ding et al. results that SiX and XSi3 (where X =B, C, N, Al, and P atoms)
could be synthesized via CVD and MBE methods based on cohesive energy calculations[56].

Table 6.3. Reported cohesive energies for the various 2D materials and 1D materials along
with MoS:NW, Cu-doped MoS:NW, and Cu-MoS:NW

System Cohesive energy (eV) Reference
Aluminene(Planar) -1.96eV/atom [41]
Aluminene(P6mmm) -2.32¢V/atom

Aluminene(Buckled) -3.47eV/atom

Aluminene(P3m1) -3.27eV/atom
Aluminene(Triangular,Pmm | -2.76eV/atom

n)
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Aluminene(Triangular,Pmm

n)

-3.27eV/atom

Aluminene(4-layerslab, 8-
Pmmn)

-3.16eV/atom

Gallenene (Puckered) -2.32eV/atom

Indiene (Planar) -1.81eV/atom

Indiene (Buckled) -1.83eV/atom

Indiene (Pucker,sw) -1.88eV/atom

Silicene (Buckled) -4.57 eV/atom [41]
Silicene (P3m1) -3.91 eV/atom [42]
Germanene (Buckled) -3.24 eV/atom [42]
Germanene (P3m1) -2.93 eV/atom [43]
Stanene (Buckled) -3.31 eV/atom [44]
Stanene (P3m1) -2.73 eV/atom [42]
Plumbene (Buckled) -2.28 eV/atom [45]
SiGe (Buckled) -4.81 eV/atom [46]
SiGe (P3m1) -2.56 eV/atom [47]
SnSi (Buckled) -3.61 eV/atom [48]
SnSi (P3m1) -.2.28 eV/atom [49]
SnGe (Buckled) -3.79 eV/atom [48]
SnGe(P3m1) -2.25 eV/atom [49]
Cu-graphene 2.490eV [50]
a-CuC 4.99¢V

p-CuC 4.97eV [51]
a-LiC 4.66eV

B-LiC 4.66eV

CuzSis 3.45eV

Bulk MoS: 4.95eV/atom [52]
MoS:2 monolayer 4.96eV/atom

Table 4. Reported cohesive energies for the various 1D materials along with MoS2NW,

Cu-doped MoS:NW, and Cu-MoS:NW

System Cohesive energy (eV) Reference
MosSes NW -4.97eV/atom [53]
Mo6S3Se3s NW -5.15eV/atom

Mo6S4l2 NW -4.93eV/atom

MosSesl2 NW -4.69e¢V/atom

Mo6S2Sexl: NW -4.81eV/atom

Mo12S1s NW -4.88eV/atom

Mo12Seis NW -4.57eV/atom

Mo12S6l12 NW -3.86eV/atom

Mo12Secl12 NW -3.73eV/atom

Mo12Seolo NW -3.67eV/atom

MoS: NW -5.22eV/atm Present work
Cu-doped MoS: NW -3.20eV/atom Present work
Cu-MoS: NW -5.15eV/atom Present work

6.3.6 Electron Localization Function Analysis
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Figure 6.7 ELF plot for (a) Cu-MoS; NW system and (b) Cu-doped MoS; NW system,
respectively. The ELF magnitude is given in a color scheme in which red, blue, and green
correspond to high electron density, low electron density, and free electrons, respectively.

We have utilized ELF as an effective tool to visualize electron density distribution, lone pairs,

and bonding pairs of electrons around the interacting atom. Therefore, we have performed an
ELF calculation for the Cu-MoS; NW and Cu-doped MoS> NW systems. The ELF plot shown
in Figure 6.7 illustrates that the ELF value varies between 0 and 1, with red, blue, and green
colours corresponding to the ELF value 1, 0, and 0.5, respectively. The ELF value close to 1
corresponds to a region where electrons are fully localized or have a high electron density. In
contrast, the ELF values close to 0 and 0.5 correspond to areas with low electron density and
partially delocalized electrons. From Figure 6.7(a), we found a large region of high electron
density around the S atoms identified by sizeable red color spherically symmetric rings with a
small area of partially delocalized electrons between the Mo-S atoms identified by green
spherically unsymmetrical rings. These findings suggest that covalent interaction with a
partially ionic nature exists between the Mo and S atoms in the case of the Cu-MoSoNW
system. Additionally, a region of partially delocalized electrons exists between the Cu and Mo
atoms, indicating that the Cu and Mo atoms mutually share transferred electrons during the
interaction. This confirms that strong covalent bonding exists between the Cu and Mo atoms
during the Cu adsorption, which is consistent with our adsorption study. Similarly, for the Cu-
doped MoS, NW, we found a large spherically red color region around the S atoms rather than
Cu atoms, as shown in Figure 6.7(b). These findings suggest that electronsare strongly
localized around the S atom compared to the Cu atom, indicating that the Cu atom loses
electrons to the nearby S atom, thereby increasing the electron density around the S atom. All
these findings confirmed that the interaction of the Cu atom with the nearby S atoms is purely

electrostatic. Moreover, a green-colored region exists between the Mo-S atoms, indicating that
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electrons are mutually shared between the Mo-S atoms, again confirming that covalent bonding
exists between Mo-S atoms. Hence, our ELF result suggests that covalent and electrostatic
interaction exists between the Cu atom and MoS> NW in the case of Cu-MoS2 NW and Cu-
doped MoS> NW systems.

6.3.7 Effect of Cu adsorption on the electronic properties of MoS; NW
To analyze the effect of introducing the Cu atom as a foreign atom onto MoS, NW, we have

calculated DOS and PDOS for the Cu- MoS; NW and Cu-doped MoSoNW systems. From
Figures 8(a) and 9(a), we found that continuous impurity states exist around the Fermi level
(Er) for both systems. This indicates that the metallic nature of the MoS> NW remained
preserved even upon substitutional doping and Cu adsorption onto MoS>; NW. We also found
an increase in the peak intensity for both systems. This indicates that charge transfer occurs
during the interaction of the Cu atom with the MoS2 NW. On comparison, we found that the
peak intensity of Cu-doped MoS> NW was higher than that of Cu-MoS> NW, indicating that
significant charge transfer occurs in the case of Cu-doped MoS> NW. Significant charge
transfer indicates better electrical conductivity of the Cu-doped MoS2 NW than Cu-MoS; NW
and pristine MoS> NW, making the Cu-doped MoS; NW a promising candidate for
nanoelectronics. We also observed a shift in the Fermi level towards the conduction band,
indicating that the Cu atom has an n-type doping effect. Further, PDOS was calculated to
determine the contribution of the atomic orbital to the DOS. The PDOS plot in Figures 6.8(c)
and 6.8(d) illustrates there exists multiple overlapping between the 4d(dxy) and 3p(p,)-S atomic
orbitals in the energy range from -1eV to 2eV leading to the strong hybridization between the
atomic orbitals to form molecular orbitals responsible for the formation of a covalent bond.
Similarly, from Figures 6.8(b) and 6.8(c), we found that the 4s-Cu and 4d(dxy)-Mo atomic
orbitals overlap in the energy range OeV to leV, indicating strong hybridization and charge
was transferred from the 4s orbital of Cu atom to 4d(dxy) orbital of Mo atom during the
interaction. In contrast, for the Cu-doped MoS; systems, the PDOS plot in Figures 6.9(c) and
6.9(d) illustrated that multiple overlapping exists between the 5s-Mo and 3p(p.)-S atomic
orbitals in the energy range from OeV to 1eV, indicating strong hybridization between the
atomic orbitals to form molecular orbitals involved in the formation of the strong covalent bond
between them. From Figures 6.9(b) and 6.9(c), we found that electron transferred from the 4s-
Cu atomic orbital to the 3p(p,)-S atomic orbitals was responsible for the formation of the ionic
bond between the Cu and nearby S atoms during the interaction. This type of hybridization

indicates that the electronic states are not isolated but are aligned with the existing electronic
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states of MoS, NW. Consequently, these electronic states act as effective charge carriers,

facilitating easy charge transfer from the Cu atom to the MoS, NW. These findings indicate

that the Cu atom-induced electronic states are less likely to trap charge carriers for long periods,

reducing the probability of acting as recombination centers. Moreover, we also noted that the

contribution from the Cu atom to the DOS was considerably more significant in the Cu-doped

MoS> NW compared to the Cu-MoS> NW system. This is consistent with our observation that

a substantial charge was transferred from the Cu atom to MoS> NW in the case of Cu-doped

MoS> NW, which is consistent with our DOS calculation. Hence, our DOS and PDOS results

were in good agreement with each other.
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Figure 6.8 Calculated (a) DOS for the Cu adsorbed MoS2 NW. PDOS for (b) Cu, (¢) Mo,
and (d) S atoms, respectively. The black dotted line represents the Fermi level.
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Figure 6.9 Calculated (a) DOS for the Cu-doped-MoS: NW. PDOS for (b) Cu, (¢) S, and
(d) Mo atoms, respectively

6.3.8 Bader Charge and Electron Density Difference Analysis

Figure 6.10. Electron density difference diagram for (a) Cu-MoS: NW and (b) Cu-doped
MoS:2 NW systems. The red and blue regions indicate charge gain and charge loss regions,
respectively.

We have performed the Bader charge method and Electron density difference for the Cu-MoS»

NW and Cu-doped MoS2 NW systems to analyze the charge transfer mechanism during the
interaction. The positive and negative values of the Bader charge indicate charge loss and gain
during the interaction According to the Bader charge method, we found that the Cu atom loses

0.047¢ to the MoS>2NW in the case of Cu-MoS>;NW, whereas the surface Mo atoms lose
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0.692¢,1.344¢,1.414¢, and 1.880e to the adjacent S atoms, as shown in Figure 6.11(a). In
contrast, for the Cu-doped MoS> NW system, we found that the Cu atom loses 0.371e, whereas
the nearby neighbouring S atoms gain -0.586e, -0.848e, and -0.745e, as shown in Figure
6.11(b). In comparison, we found that significant charge transfer was observed from the Cu
atom in the case of Cu-doped MoS;NW. These findings validate that the Cu-doped MoS:NW
system exhibits better electrical conductivity than the Cu-MoS, NW system. Further, to
validate our findings, we have described the charge transfer qualitatively using the electron
density difference diagram for the Cu-doped MoS>:NW and Cu-MoS;NW. The red and blue
regions indicate the charge gained and loss region in Figure 6.10. The electron density
difference diagram in Figure 6.10(a) illustrates the blue-coloured region around the Cu and Mo
atoms, whereas the red-coloured region around the S atom. The red and blue region indicates
that the S atom gains electrons, whereas the Mo and Cu atoms lose electrons in the case of Cu-
MoS:NW. In contrast to the Cu-doped MoSaNW, Figure 6.10(b) illustrates a large red region
around the S atom and a large blue region around the Mo and Cu atoms. Large blue and red
areas indicate that a substantial charge was gained by the S atom and lost by the Mo and Cu
atoms during the interaction. This again suggests that substantial charge transfer occurs from
the doped Cu atom to the MoS> NW during the interaction. The observed charge lost and gained
can be attributed to the difference in the electronegativity between the interacting atoms.
According to the Pauling scale, the electronegativity of Mo(mo), S(xs), and Cu(ycu) differ by
13.68% and 35.78% with respect to ycu. Slight differences in the electronegativity make Cu
and Mo atoms partially positive and negative. This creates a local weak electric field between
the Cu and surface atoms, resulting in a weak charge transfer from the Cu atom to the MoS:NW
in the case of Cu-MoS;NW. Consequently, valence electrons are mutually shared, confirming
that the Cu atom interacts with MoS> NW via covalent interaction, which agrees with our ELF
study. Conversely, considerable differences in the electronegativity between the S-Cu atoms
make Cu and nearby S atoms electrons deficient and electrons-rich species. This creates a
strong electric field between the interacting S-Cu atoms, causing substantial charge transfer
from the Cu atom to the nearby S atom. This is why, upon geometry optimization, the Cu atom
got occupied at the interstitial sites where the Cu atom got bonded with the three S atoms to
maximize the electrostatic interaction. Hence, our Bader charge analysis agrees with electron

density difference results.
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Figure 6.11: Calculated Bader charge distribution for the surface atoms of (a) Cu-MoS:
NW and (b) Cu-doped MoS2 NW, respectively. The red arrows represent the directions
of electron transfer from the Cu atom to the MoS2 NW.

6.3.9 Effect of Cu adsorption on the work function of MoS; NW

The work function is considered an essential parameter for nanoelectronic devices because any
variation in the work function influences the charge injection capability of the material, thereby
significantly impacting the performance of nanoelectronic devices. It is observed that the
adsorption of transition metal atoms strongly influences the work function. For example- Chi
et al. studied the variation in the work function of GaN NW and GaN monolayer upon the alkali
metal adsorption using the first principle calculation. They reported that the work function of
the GaN monolayer changes from 4.21eV to 2.47¢V, 1.88eV, 1.49¢V,1.29¢V, and 0.84eV upon
the adsorption of Li, Na, K, Rb, and Cs metal atoms onto GaN monolayer[57. In contrast, they
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also observed that the work of the pristine GaN NW changes from 4.11eV to 2.45¢V, 2.32¢V,
2.06eV, 1.81eV, and 2.38¢V upon the adsorption of Li, Na, K, Rb, and Cs metal atoms onto
GaN . In another study, Sahin et al.[54] reported that the work function of the silicene changes
from 4.77eV to 4.39¢eV, 4.25eV, 4.09¢V, 4.68¢V, 4.81eV, 4.47¢eV, 4.77eV, 4.84eV, 4.65¢V,
4.73eV, 4.81eV, 5.0eV,4.97eV and 4.90eV upon the adsorption of Li, Na, K, Be, Mg, Ca, Ti,
V, Cr, Mn,Fe, Co, Mo and W onto silicene. Therefore, based on the above findings, we have
also evaluated the variation in the work function of the MoS2> NW upon substitutional doping
and adsorption of the Cu atom. For this purpose, the work function of the pristine MoSoNW
and Cu-doped MoS> NW and Cu-MoS; NWwas calculated using Egs (6.5).

¢=Einr—Er (6.5)

Where Einr and Er represent the electrostatic potential at infinity and Fermi level energy, the
electrostatic potential at infinity is assumed to be zero in the present work. Further, the variation
in the work function (A¢) for the Cu-doped MoS> NW and Cu-MoS; NW was calculated by
subtracting the work function of the Cu-doped MoS; NW and Cu-MoS; NW from that of the
pristine MoS; NW. The computed work function values for the pristine MoS> NW, Cu-doped
MoS:; NW, and Cu-MoS> NW were found to be 4.99 eV, 3.792 eV, and 3.845 eV, respectively.
These findings indicate that the value of the work function decreases and undergoes negative
variation to 24% and 22.9% upon substitutional doping and adsorption of Cu atom onto
MoS;NW. A similar trend in the work function was observed by Ouma et al.[55] While
studying the effect of substitutional doped and adatoms 3d TM onto the TcS> monolayer. The
observed variation in the work function of Cu-doped MoS> NW and Cu-MoS> NW was due to
the existence of a strong electric field between the substitutional doped Cu atom and MoS:NW
that facilitates redistribution of electron density around the dopant site and substantial charge
transfer from the Cu atom to MoS2NW. According to Egs. 6.6, an exponential relationship

exists between the emitted electron current densities and variation in the work function.

: )

Jj=AT?e KsT (6.6)

Where j is the emitted electron current densities (A/m?), A is a Richard constant (A/m? K?), ¢
is the work function of the material in eV, T is the temperature in K, and K3 is the Boltzmann
constant in eV/K respectively. Therefore, a significant variation in the work function of Cu-
doped MoS:NW than Cu-MoSoNW  indicates better electron emission capability of Cu-doped
MoS;NW. Hence, the work function analysis suggests that the Cu-doped MoS;NW system can

be utilized in field emission devices.
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4.0 Conclusion
In this study, we have systematically investigated the structural and electronic properties of

substitutional doping and adsorption of Cu atom onto MoS> NW using first-principles
calculation. According to the adsorption study, the Cu atom prefers to be adsorbed at the Mo
site with an adsorption energy of about -1.70eV. This results in the chemical bond formation
between the Cu atom and MoS>NW during the interaction. In contrast, substitutional doping of
the Cu atom distorts the structure to accommodate the Cu atom and exhibits strong covalent
bonding with the Cu atom. According to the Bader charge method, the Cu atom loses 0.047¢
and 0.371e to the MoS2 NW in the case of Cu-MoS>NW and Cu-doped MoS:NW, respectively.
Significant charge transfer leads to enhancement in the conductivity and variationin the work
function. The DOS results suggest that the Cu atom induces an electronic state near the Fermi
level, facilitating easy charge transfer from the Cu atom to MoS2NW. There was also a shift in
the fermi level towards CB, indicating that the Cu atom has an n-type effect on substitutional
doping and adsorption. From the work function calculation, we found that the work function
of the Cu-doped MoS> NW and Cu-MoS:NW systems undergo 24% and 22.9% with respect
to that of pristine MoSaNW. Further from the PDOS study, we found that in case of Cu-
MoS;NW strong hybridization exists between the 4d(dxy)-Mo and 3p(p.)-S atomic orbitals
responsible for the formation of covalent bond whereas for the Cu- doped-MoS; systems,
hybridization between the 4s-Cu atomic orbital to the 3p(p.)-S atomic orbitals was responsible
for the formation of the ionic bond between the Cu and nearby S atoms during the interaction.
Moreover, our calculated cohesive energy suggests that the pristine MoSoNW, Cu-MoS:NW,
and Cu-doped MoS;NW systems are thermodynamically stable. Finally, our DFT result
suggests that substitutional doping is an effective way to modulate the electronic properties of
MoS:NW as Cu-doped MoS> NW systems exhibit better electrical conductivity than pristine
MoS:NW and Cu-MoS:NW due to better charge transfer and variation in the work function.
Thus, the Cu-doped MoS;NW system is a promising candidate for nanoelectronics and field

emission device applications.
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The main goal of this chapter is to highlight the key findings, significant observations, results and

discussions arising from our current research work. In addition, this chapter presents the salient

outcomes of the thesis, along with how the limitations of our current research study have opened

pathways for future research. The potential directions include advancing computational methodologies,

developing effective strategies to enhance the selectivity and sensitivity of the proposed sensing

materials, and exploring various 2D materials for sensing applications to detect industrial toxic gases

such as COCl,, CNCI, as well as thermal runaway gases generated by lithium-ion batteries. Finally, the

chapter discusses how the present research work contributes towards the betterment of our society.
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7.1 SUMMARY OF RESEARCH WORK

Gas sensing is an interesting area of research due to its applications in industrial safety,
healthcare, and environmental monitoring. A proper understanding of the interaction between
the target gas and the sensing surface at the atomic level is essential for fabricating high-
performance sensors. Therefore, the current thesis presents a detailed theoretical investigation
of the adsorption of industrial toxic gases, such as COCl, and CNCI, and thermal runaway
gases generated from lithium-ion batteries onto Cu-decorated hBN nanosheets using DFT. The
current DFT study involves the structural optimisation of various adsorption configurations
and the analysis of the electronic and sensing properties of Cu-decorated hBN to evaluate its
practical implementation as a sensing material for the detection of toxic industrial gases, such
as COClz, CNCI, and thermal runaway gases. The key contributions discussed in the various

chapters of the present thesis are summarised as follows:

CHAPTER 1- Air pollution due to the release of hazardous toxic gases such as C2Ha, CHa,
COg, CO, H> during the thermal runaway condition in Li-ion batteries, COCl; and CNCI from
the industrial activities has posed a serious threat to human health and the environment.
Effective mitigation of this problem requires the development of highly sensitive, selective,
and reliable gas-sensing technologies capable of real-time monitoring. This chapter provides a
comprehensive overview of chemoresistive gas sensors, emphasising their working principles
based on gas adsorption, charge transfer, and conductivity modulation in n-type and p-type
semiconductors. Special attention is given to two-dimensional (2D) materials, due to their large
surface-to-volume ratio, tunable electronic properties, and abundant active sites, which make
them promising candidates for next-generation gas sensors. The sensing mechanisms,
advantages, and limitations of various 2D materials—including graphene, reduced graphene
oxide, transition metal dichalcogenides, black phosphorene, g-CsN4, MXene, metal-organic
frameworks, and hexagonal boron nitride—are systematically discussed. Strategies such as
elemental doping, surface functionalization, and substrate engineering are highlighted as
effective routes to enhance sensor sensitivity, selectivity, and response dynamics. Finally, the
chapter outlines research objectives that integrate with DFT calculations to elucidate gas
adsorption mechanisms, optimize sensing performance, and guide the design of high-

performance, stable, and practical gas sensors for the detection of toxic gases. .

CHAPTER 2-In this chapter, the theoretical foundations and practical realisation of Density

Functional Theory (DFT) are taught as a powerful framework for studying many-electron
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systems. It explains how the Hohenberg—Kohn theorems establish the electron density as the
central quantity that uniquely determines the ground-state wave function, the total energy, the
external potential, and all observables, thereby reducing the complexity of the many-body
Schrodinger equation. The chapter shows how the variational principle leads to an energy
functional whose minimum corresponds to the actual ground state, while also highlighting why
early approaches like the Thomas—Fermi model are inadequate due to their neglect of exchange
and correlation effects and their inability to describe molecular stability. A key learning
outcome is the introduction of exchange—correlation energy, which accounts for both Pauli
exclusion (exchange) and electron—electron interactions (correlation), and the recognition that
its exact form is unknown and must be approximated. The Kohn—Sham formulation is
considered the most practical implementation of DFT, replacing the interacting many-body
problem with an auxiliary non-interacting system that reproduces the correct electron density
through a self-consistent cycle, which forms the basis of modern first-principles calculations.
The chapter also clarifies the interpretation and limitations of Kohn—Sham eigenvalues, the
origin of the band-gap problem due to derivative discontinuities in the exchange—correlation
functional, and why local and semi-local approximations such as LDA and GGA often
underestimate band gaps. Finally, by comparing the Kohn—Sham, Hartree, Hartree—Fock, and
Dyson equations, the chapter provides insight into how DFT connects to many-body theory,
emphasising both its computational efficiency and the ongoing need for improved functionals

to describe strongly correlated systems accurately.

CHAPTER 3- The adsorption behaviour of a pristine hBN monolayer and Cu-decorated hBN
monolayer for the detection of toxic gases, such as COClz, was investigated using first-
principles calculations based on DFT. The results indicated that the interaction between COCl:
and pristine hBN was weak, as evidenced by low adsorption energies across various
configurations, leading to a poor recovery time. To improve the adsorption affinity of hBN, we
introduced copper (Cu) atoms through substitutional doping (Cu-doped hBN) and surface
adsorption (Cu-hBN). The adsorption study revealed strong chemical interactions, with COCl»
adsorption onto Cu-hBN and Cu-doped hBN. Further analyses, including Density of States
(DOS), Hirshfeld atomic charges, charge density differences, ELF, and Reduced Density
Gradient (RDG) calculations, were performed for the Cu-doped hBN and Cu-hBN
configurations. The resulting DOS plots demonstrated that COCl, adsorption enhanced
electrical conductivity by 72.25% and 54.13%, respectively, due to a reduction in the band gap.
Hirshfeld and ELF analyses indicated significant charge transfer in the COCl,-Cu-doped hBN
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and COCL-Cu-hBN systems compared to the COCI>-hBN configuration. ELF analysis further
showed that the Cu atoms transferred electrons to COCly, confirming that the adsorbates acted
as electron donors and that COCI: served as an electron acceptor. Additionally, RDG analysis
revealed that van der Waals interactions predominated in the COCL-hBN system, while strong,
attractive interactions were observed in the COCl-Cu-doped-hBN and COCI>-Cu-hBN
systems. Finally, the recovery time for both the COCl>-Cu-doped-hBN and COCIl>-Cu-hBN

systems was measured at elevated temperatures under visible light.

CHAPTER 4- In this chapter, we have investigated the adsorption of toxic gas such as
Cyanogen Chloride (CNCI) onto the pristine and Cu-decorated hexagonal boron nitride (hBN)
using DFT. The adsorption of CNCI gas molecules onto pristine hBN was a physisorption,
resulting in a poor recovery time. However, Cu decoration on hBN enhanced the adsorption
energy and modified its electronic properties. The calculated adsorption energies suggest that
CNCI adsorption onto Cu-hBN is physisorption, with an enhanced adsorption energy.
Furthermore, various parameters, including DOS, charge density differences, and ELF, were
calculated for the most stable adsorption configuration. The DOS result revealed that CNCI
adsorption enhances the conductivity by reducing the band gap. It was due to charge transfer
from CNCI gas to Cu-hBN, as verified by the charge density difference. The reduction in the
band gap resulted in a 31.54% variation in the work function, indicating highly sensitive
behaviour of the Cu-hBN system. Additionally, RDG analysis suggests that the non-covalent
interaction between CNCIl and Cu-hBN was responsible for the physisorption. Finally, the
recovery time for CNCI adsorbed onto Cu-hBN was found to be 1.596x107°, 2.525x10 sec,
and 2.098x1078sec at 300K, 400K, and 500K, respectively.

CHAPTER 5- In this chapter, Lithium-ion batteries, due to their environmental friendliness
and high energy capacity, are extensively used in the field of transportation and energy storage.
However, thermal runaway in lithium-ion batteries poses a serious threat to human life.
Therefore, to address these issues, we have investigated the adsorption mechanisms of thermal
runaway gases (C2Ha4, CO, CO2, H2, and CH4) on pristine hBN and Cu-doped hBN using DFT.
The adsorption of C;H4, CO, CO2, H>, and CHs gas molecules onto pristine hBN was
physisorption, resulting in poor recovery time, charge transfer, selectivity and sensitivity.
However, substitutional doping of the Cu atom at the B vacancy leads to chemical adsorption
of thermal runaway gases. DOS calculations showed that the adsorption of C2Hs, CO, CO», Ho,
and CH4 gas molecules reduces the band gap of Cu-doped hBN, indicating chemoresistive

behaviour. Further, various other calculations, including charge density differences, showed
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that CoH4, CH4, CO, COs, and H» gas act as electron donors, and Cu-doped hBN as an electron
acceptor. In contrast, RDG calculation confirmed that weak vdW and strong attractive types of
non-covalent interaction exist in the case of pristine hBN and Cu-doped hBN, respectively.
Finally, our DFT results confirmed that Cu-doped hBN exhibits enhanced sensitivity and

recovery time to thermal runaway gases, making it a potential sensing material for gas sensors.

CHAPTER 6- In this study, we have investigated the effect of substitutional doped (Cu-doped
MoS>NW) and surface-adsorbed Cu atom (Cu-MoS>NW) on the electronic properties of MoS»
nanowire (NW) using DFT. Our adsorption study revealed that the adsorption of the Cu atom
was a chemisorption. ELF analysis indicates that the Cu atom forms covalent bonds with
MoS2NW upon adsorption and ionic bonds upon substitutional doping. These findings suggest
that a charge transfer occurred between the Cu atom and MoS;NW during the interaction,
confirmed by the Bader charge method. Further, the work function calculation indicates that
Cu-doped MoS:NW exhibits a significant negative variation in the work function, indicating
enhanced electron emission capability of the Cu-doped MoS2NW systems. All of our systems
are thermodynamically stable based on our cohesive energy calculations. Overall, the DFT
results suggest that Cu-doped MoS>;NW systems exhibit superior electrical conductivity,
enhanced charge transfer, and larger variation in the work function compared to pristine
MoS:NW and Cu-MoS;NW. These findings confirmed that substitutional doping is an
effective means of modifying the electronic properties of MoSoNW. Therefore, Cu-doped
MoS:NW systems hold potential for applications in field emission and nanoelectronics devices.

7.2 SAILENT FEATURES OF THE THESIS

The present thesis highlights the following salient features and key contributions: -

1. Adsorption behaviour and strong affinity of Cu-decorated hBN- The adsorption

energies calculated for COCI and thermal runaway gases like CoH4, CO, CO2, CH4 and H»
adsorbed onto Cu-decorated hBN were found to be relatively higher than in the case of
CNCI gas adsorbed onto Cu-decorated hBN. This is because elemental Cu doping of hBN
plays a pivotal role in enhancing its gas-sensing performance. The Cu dopant introduces
localized electronic states near the Fermi level. These Cu-induced active sites interact
strongly with oxygen-containing analytes through orbital hybridization between Cu (3d)
states and O (2p) states, accompanied by significant charge transfer. As a consequence, Cu
decoration substantially improves the sensitivity, selectivity, and overall sensing
performance of hBN, particularly toward oxygen-containing analytes such as COCl,, CO

and COs.
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2. Effect of Annealing under UV illumination on the recovery time- The calculated

recovery time at room temperature was found to be considerably high. This indicates that the
desorption kinetics of adsorbed gas molecules from the surface of the Cu-decorated hBN were
very slow, hindering the reusability and continuous operation of Cu-decorated hBN-based gas
sensors under ambient conditions. But annealing at elevated temperature in the presence of
ultraviolet radiation facilitates faster desorption of the adsorbed species. As a consequence, the
recovery time of the Cu-decorated hBN for all the gases improves significantly, thereby
validating that annealing under ultraviolet radiation is an effective strategy to enhance the

reusability of the Cu-decorated hBN-based gas sensor.

3. Enhanced selectivity of Cu-decorated hBN towards toxic gases and thermal runaway

gases — The Cu-decorated hBN-based gas sensor exhibits high selectivity between the toxic
industrial gases, such as CNCI, COCl; and thermal runaway gases. The observed variation in
selectivity arises from differences in charge transfer, leading to significant modulation of
electronic properties upon gas adsorption. However, the proposed Cu-decorated hBN-based
gas sensor also showed poor selectivity in distinguishing between C>Ha, CO, CO2, and CHa,
owing to their comparable molecular sizes, electronic configurations, and similar interactions
with the Cu active site. While this limits fine-level differentiation among these gases, the sensor
remains highly effective for broader classification between toxic gases and thermal runaway
indicators.

7.3 FUTURE PERSPECTIVE

The research presented in this thesis provides a detailed theoretical framework for the
application of 2D materials as sensing materials for the detection of toxic industrial gases such
as COCl; and CNCI, and of Thermal runaway gases such as CoH4, CO, CO2, H», and CH4
released from lithium-ion batteries, using DFT. It is through DFT that we have gained detailed
insights into the adsorption of these toxic gases, the charge-transfer process, the modulation of
electronic properties upon adsorption, and the role of non-covalent interactions in gas sensing.
Although the current DFT study provides valuable insight into gas-surface interactions for
researchers advancing gas sensors, several essential aspects remain open and require further

investigation.

1. Enhancement in the computational methodology beyond standard DFT for gas sensing

studies- In future, the DFT studies may involve the usage of hybrid exchange correlation
functions such as HSE06 to accurately predict the modulation in the band gap of 2D materials

upon the adsorption of gas. In addition, spin polarisation calculations can be performed to
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identify the whether the adsorption of the toxic gases such as COCl, and CNClI, and Thermal

runaway gases such as CoHs, CO, CO2, Hz, and CH4released from lithium-ion batteries induces
magnetic moment and the correlation between magnetism and sensing response, thereby
determining whether the proposed sensing material can be used as a spintronic sensor to detect
these toxic gases.

2. Exploration of various novel 2D materials as gas-sensing materials- Besides hBN, there

exist multiple families of two-dimensional materials such as 2D Transition metal
dichalcogenides (MoS2, WS2, MoSez, WSe2), MXene ( Ti3C2Tx, VoCTx, Nb2CTx, HHMnCo,
HfZ2VC,, CrTiCy), 2D layered Transition metal oxide semiconductors (TiO2, MnO, FeO,
SrTiO3, LaMnOs3, LaCoO3, CaMnOs3, V203, VO2), 2D layered halide perovskites (Caesium Tin
Chloride (Cs2SnClg), Caesium Tin Bromide (CsSnBrg), Caesium Tin Iodide (Cs2Snls), Butyl
Ammonium lead Bromide(BA2PbBr34)), 2D layered double hydroxide (Ni-Al-LDH, Co-Al-
LDH, Zn-Al-LDH, Mg-Al-LDH, Co-Fe-LDH), 2D layered metal oxides (ZnO, SnO3, In,03),
Graphene and their derivatives whose gas sensing properties towards these toxic and hazardous
gases can be explored using DFT.

3. Application as a VOC-based biosensor for early lung cancer detection-_The early

detection of volatile organic compounds such as ethane, n-pentane, aldehydes like hexanal,
nonanal, ketones like acetone, 2-butanone and certain aromatic hydrocarbons, including
Benzene and Toluene. In the future, the sensing properties of various 2D transition-metal
dichalcogenides will be studied. 2D layered Transition metal oxide semiconductors, 2D layered
halide perovskites, 2D layered double hydroxide, 2D layered metal oxides, Graphene and their
derivatives can be investigated using DFT towards the detection of these VOCs, which would
lead towards the development of highly sensitive and selective breath analysers, thereby
transforming lung cancer screening and monitoring.

4. Effective strategies for enhancing the gas-sensing performance of the hBN- In the

future, the gas-sensing performance of the hBN monolayer can be further explored and
enhanced using several effective strategies. These include surface functionalization, wherein
the surface properties of hBN can be tuned through substitutional doping with transition metals
atoms such as Fe, Co, Ni, Ag, Au, Pt, and Pd, as well as by coating the hBN surface with
conducting polymers including polyaniline (PANI), polythiophene (PTH), poly(3,4-
ethylenedioxythiophene) (PEDOT), Polypyrrole, and polyacetylene. Additionally, defect

engineering approaches can be employed by creating vacancies at the interstitial sites of the
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hBN monolayer. Furthermore, synergistic effects arising from heterostructure formation with
suitable materials, such as MoS., graphene, MXene, ZnO, SnO:, TiO2, and metal-organic

frameworks (MOFs), can be investigated to improve sensing performance in future.

7.4 SOCIETAL IMPACT AND CONCLUSIONS

The rapid expansion of industrialisation, urbanisation, and automobilization has increased air
pollution and airborne diseases, posing a serious threat to human health and environmental
safety. A gas sensor capable of exhibiting high sensitivity, selectivity, sensing response and
stability is of utmost importance in this situation. Therefore, when hBN is substitutionally
doped with a Cu atom and analysed using DFT, it has emerged as a cost-effective method to
improve the sensitivity and selectivity of the hBN-based gas sensor. Such advancements in
hBN-based gas sensors can enable early detection of hazardous gases in automobiles,
industries, and urban areas, thereby minimising health risks and both industrial and automotive
accidents. In the long term, the implementation of efficient, low-power, and cost-effective Cu-
decorated hBN-based gas sensors can support cleaner air, safer workplaces, and sustainable

technological development, contributing positively to societal well-being.
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ABSTRACT

The acsorption behavior of pristine hBEN monclayer and Cu decornted hBN monolayer towards the detection of toxic gas such as COCI; were explored using the first
principle caloubstions hasad on Dessity Functional Theory (DFT), The caloulsted low sctsarption enmergy for the A4 configurations indicates that the interaction of the
COCly grs with pristine hBN was weak, resulting In poor recovery tame, Therefoce, 10 enhance the adsorpiion affinity of hEN, the Qs aom wis adsarbed cano the
suzface of hBN (Cu-hBN) and substitutionally doped (Cudoped hBN). [t was based oa energy minimization, and B2 and C2 configurations were the most stable
canfigurations among the different adsorption configucrations. The adsorption study revealed that strang chemical intersction exists, and the adsorption of COCl; gas
octo O3-hBN and Cu-doped hBN was a chemisocpoion. Purther, various calcul, such as DOS, | Id atomse charge, charge dessity differences, ELF, and RDG
were caloulated for the most stable configuracions. The resulting DOS plot revealed that the COC); adsorption enhances the electrcal conductivicy due to the 72.2% %
and 54.13 % recduction in the bae! gap, Hirshifek! and FLF snalysis showed that substantal charge transfer ocours in the case of B2 and C2 compared 10 A4 con-
ELF Iysis r led that the Cu atom loses electrans 30 the COC),;, confirming the behavior of adsorbaces as electron domars and COCI, as electron
lmeptau. I'unbemmre RDG amalysis revenled wdW Interaction in the case of A4, whereas strong, attractive Interaction exists In the case of B2 and €2 adsorptica
3 Fimally, the caloulatod rocovery tione foe B2 and C2 adsarption configurations at clevased temperstures under visible light suggests that Cu-doped hBN

and Qu-hBN systems can be utllizad s a sensing material In gas sensors w detect 00CL; gas ac high temperatares.

1. Introduction

Toxlcmrhon)l P msuchn hosgene [1] (COCh), a colorless
gAs, are p y used in industri duce polymeric isocy

regard, robust gas sensocs capable of exhibiting better selectivity,
sensitivity, and fast recovery time in harsh enviroaments are required.
A wide range of research Is angoing In the search for optimal gas-

ials capable of detecting hazardous and toxic gas mole.

carbamates, pbummdcals and ptmctdes 1t has also been used as a
chemical warfare agent during Workd War [ [2] Exposure to its vapor
resulted in throst swelling, change in voice, pulmonary irvitation, or
pulmanary edema. [3.4]. Recently, accidental exposure to the COCl; gas
due to the derailment of a freight train carrying vinyl chloride resulted in
an eavironmental hazard near East Palestine, Ohlo, [5). Therefore,
considering the industrial utility and the adverse effects of COCL; gas on
the environment and human health, there s an inevitable need to detect
and manitor OOCH, gas under the permissible limit of 0.1 ppm in the air
for the safety of human civilization and & cleaner environment, In this

* Corresponcang suthor.
Bl adidresses: clir-paina@nielitgov

Htps/ Fdodarg/ 1010160 pes 2025.112716

in, nitnlmeperiEdoscin (NK Pur),

cules, m present researchers have extensively explored as a gas sensing
material diverse range of layered two dimensional materials (2D) such
as graphene (5], black phasph 71, (8], silicene [9),

ition metal chalcogenides (TMCs) [10], transition metal dichalco-
genides (TMDs) [11,12), Aluminium Nitride (AIN) [13], indium Nitride
(InN) [14] and MXene [15] due to their high surface area to volume
matio, a large number of active sites, tunable band gap, and optical
properties, good compatibility with the device Integration [16], Despite
such unique properties, Lhese malerials exhibil poor selectivity and
sensitivity &t high temperatures, which hinder the practical
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implementation of twese marerials a5 gas-sensing materials mw detect
toxic and hnzardous gas molecules in harsh enviranments [17). There.
fofe, semsing materials capable of exhibiting good sensitivity and
selpctivity in harsh environments are required. In this regard, atomdcally
1hir hexagooal Borom ritride (BN, known és “while graphens” can be
comsidered & promising sensing material in harsh environments doe to
its cxceptional propertics, such as wide band gnp, high thermal oon-
ductivity, betmer temperatuse stability, resistance o owidation, and
excedlent chemical meriness [15,19]. Howeser, numerous studies exdist
repaorting e usage of BN monclayer as a gas sensor and biosensor |20,
21). On the vther hand, thess stodies have also reponed the shiggish
respomse, poar selectivity, and inslantaneous recovery tme of the
hEN-hesed gas sercor due (o the weak Interaction between the gas and
hBM [22 24]. Therefore, 1o counter the probilem of weak gas adsormplion
capability of the sersing material, researchers have adoped the rech-
nigue af surface functiomalization through elemenal doping [25 27,
substrate engineering [28,29], and defeet ergineering [30-32]. In s
been well proven that doping Transition metal (TM) cabo 20 materials
significantly enbances the adsorption capability of 2D materals. For
example, Liv et al, investigated the gas sensing capahilicy of TM (Fe, 1d,
Co) doped MoTefe monolayer in detecting thermal nunaway gases of
lishium-lan hartesies, He concluded thar adding T™ dopants cnhanees
the conductivity and adsorption capability of the MoTeSe momalayer
1330 W Yuskel er al. examined the gas-sersing capability of both Praned
Pd-dopsd graphens sheets in detecting propylene axide (PO His fnd-
ings indicate that Pt and Pd-doped grapbene sheets can elfectively
adsorh PO, In anoiher siudy, Wang et al, discovenad that the adsorption
af four greemhouse gases such as CHy N0, OOy, and SFy, anlo pristine
GeSe monolayer was physisorption. However, after medifying i with &
Pd atom, he observed better adsorption affinity and sensitiviey in the
Po-Gose manalayer for NoO and SF gas molecudes [34]. Despite sweh
advancns, numerous kinds of literature exist repocting the utlmstion of
various morphologies of hBNY as a ges sensor to detect O0Cl: gas. For
example- Mohammadi ot al. reported that the adsorption of Heb, Clo,
MH;, snd COCl; gas onto BylsMe was physisomption. Howewver,
Li-decosated BigCeNg exhibins excellent sensitivity towards Oy and
COCl; gas medecules [35). Hussain et al, studied the adsarption of COClH
antn Cu-decoraied ByaMis namocage. Tis finding indicates that Cu alom
decommrion anto ByaMys nanocage enhances the adsorprion strengrh,
stability, and chemical reactivity of BNz ankl Cu-ecorated BN,
namncage can be ueed as An efficlent gas sensor for the detection of
COCl; as molecule [36]. Bel im e al. emphasieed Lhal Scdoped
Poron mitride nanorwbe {ENNT) can be willized as an electronic sensor
o detect COCH gas molerules. ‘This can be attribated 1o the significant
enilncement in the adsosprion strength and electrical conduetiviry of
SC-BMNT [7]. However, from the above Eterature survey, we found
that there have bsen oo repiorts regarfing the adsorption behaviar of
Cu-decoramd hBN wwards COCL, This lack of prior research led us o
investigate the adsorption bebavior of Cu-decoratexd KBS tovwarnds OOCEH
a5, For this purpase, we have decorated Cu atoms onto kBN via (8)
substitudional doping [5,5%] and (b} surface charge frnsfer doping
[40,41]. Therefore, in the pregent study, we hawve investigated the
adsorprion of GO0 onto suhstitationally doped Cu aoms and ad sorbed
Cu atoms using DFT. Here, the sdsorption enengy and distamsces were
caloulated to determine the interactian strength wpen GO adsorption
amiln (he hBM, substitmionally doped Cu stom, and surfacesadsorbed Cu
atom. Further, 1o analyee the effect of OOCy gas adsorption, we have
caboulated DOS and PDOS for vanous adsorption configurations,
mespectivedy, For the quantitarive and qualicative analysis of the charge
transfer during the interaction of OO with the adsorbenss, we caleu-
laed the charge density difference amd Hirshfeld atomic change.
Further, KW and ELF analyses were performed o examine any
mon-covalent interaction and electron density distribution amound the
ineracting atoms. Floally, tha sogovery tme and sensitivity were
caloulated fo examine the performance of the Codoped BN, Cu:hBEN,
and pristine hBM systems upon COCk adsorption.
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%, Compatational details

All the computational ealeulations wene carmied our within the
framework of DFT using the QUANTUM ESPRESSO software package.
[42]). To desiribe the correllalion belween he elacisomns, we have uied
teeneralized  Gradient  Approximaten  (GGA) (43 with  Perdew
Burke-Emumerhol (FBE) [+4]as an exchange-correlation {X0C) function. &
Flape wave basls within the fremework of the projectar augmented
weave [PAW} [45] was implemenited with ulimsofl pseudopotential o
represent the electron-ion interaction. For the proper coavergence af the
self-consistent Geld (SCF) caloulation, we have per i comvergence
test do delermine the optimized cul-ofl energy and K poines, The
corvergence best results shawn in Fig, 10a) anc (b (lustrate thal 55Ry
amd ¥ T o 1 are the oplimized cudff energy and K poinis To simulate,
the hBN monolayer 5X5 supercell was created by repeating the unit cell
% fimes along the X and ¥ awes. Further, a vacuum layer of 20 A was
applied aloeg the 2-axis 0 obstres the interaction between the perodic
replicas. We have implemented the “Grimme DFT-DL [440] meihod io
oomsider the week vanderwaal (wdW) interaction socurately in the
layered smucture, All the geometries were completely optimized undl
the energy, pressure, and Fumemmﬂgmm]usﬂ'un!l}"ﬂ.}-.lls
khar, and 107 Ry/Bohs, respectively, using the Baryden- Fleicher-
Galdiarb- Shanmo (BREGS) scheme. VESTA sofbware was viilized fo
caleulave the adsorption distance ard bomsd anghe and visualize the
charge density difference diagram for varous optimized adsorpeian
conligurations. [n sddition, Multiwin and VMD seftware wire also ali-
lized o visualize the RING scatler and RIG isosurface plols.

2. Result and discussions
A1, Hecrronic and srucirel properites anadysts of the pristine BEN

In the present scetlom, the elecrronic and structura) properties of the
pristine hBW were investigated to differentiate the electronic and
struciural properiies modification pristine hBN undergoes upan Cu
decoration and COCl; adsorption. Therefore, we have optimized the
geometry amd found that the resalting optimized structure exhibits an
alternnte periodic arrangement of N and B aroms bandnd oo noarhsy thees
B and M aloms, giving rise 1o sp] hybridieed honeyeomlxlike planar
stracture shaown In Fig, 206} Maorecver, the optimbeed B-N bond lergth,
the barad angle between B-N-BE, and the nearest disance betwesn the
B-B ar N-N atoms were found o be 1.45 .3.. 120", and 2,51 A respec-
tivedy. [417 44]. These findings were consistent with the experimeneal
resnlls reporled by various #uthors. Farlher, we have performed a TOS
caleulation to investigare the electromie properties of the epimized
stracture. The [0S plot shawn in Fig. 2000 revealed that the optimized
strieture behaved a5 an insulator with an energy hand gap of about
4.29cY, consistent with the band gap (4. 30eV) calculabed by Kim ot sl
[50], Therefose, the agreement of our calculated hard gap with the
previoushy theoretical resalt validates the reliahilicy of oar DFT caloa-
lantbon, Wie Iusve performeed PDOS caleulations wo susdy the contrilntion
from the individual atomic orbétals tothe TROS, The resuldng PROS plot
im [ig. 2e) revoaled that thie contributions ts the valeses baed (VI and
conduction band (CR) were primarily from the 2p arhitals of the N and &
itoms, respectively, We have wiilized the Eleciron Localization Function
(ELF} to wisusalize thee edboetron density around the atoms. The ELF plat in
Fog. 2(d] illustrated a region of high and low clectron deosigies anound
the W and B atoms identified by the red and blue-ooloned megions,
respeciively. The observed varlation in the electron densities can be
attribruted bo the difference in the electronegativity. Being highly elec-
trenegative, the N atam withdraws electrons from the B atem, making
the N and B sites electron.rich and ebesctron<deficient sites, respectively.
This comiirmed (he behavios of M and B atcms as an electron danor and
acoeptors, respectively, Hence, the strsctural and electronic properties
analysis suggest that tse resulting optimized srsctare behaved as an

it manalayer.
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Fig. 2. (a) Optimized af hBN with the red colored box represersing the vadt coll The asoms in bloe and pink carespond to the N and B atoms,

(b) DOS, (c) PROS, and (d) ELF plot. The red, blue, and green colored arcas correspond to high, low, and partially delocalized regions, respectively. (For inter-
prvtatian of the referenoes to color in this figuee legend, the teader is referred 1o the Web version of this article.)

3.2, Adsarption of COCY; gas onto the pristine hREN monolayer the COCl; gas adsarption oato the hBN. Therefore, we have idered
various possible orientations of the gas at the B and N sites s the inpur
geometries for optimization. Upon opti fon, we obtained four
different optimized structures abbreviated as Al, A2, A3, and A4, The

To explore the Interaction of the OOC); gas with the pristine hBN
layer, we bave idered the B site (top of the B atom) and N site

(1op of the N atom) as the most preferential adsorption sites because B
and N sites are electran-deficient and rich sites, suggested by our ELP
calculation in the previous section, Henoe, they served s active sites lor

resulting optimized structures shown in Fig 3 revealed thar the N-B,
(=0, and C-Cl bond lengths did not vary too much from that of the N-B
band length In pristine hBN and C=0, C-CI bond lengrhs In Isolated

226

7) turnitin

Page 239 of 291 - Integrity Submission

Submission ID  trn:oid:::27535:154154341



7 turnitin

Page 240 of 291 - Integrity Submission

A Bhenduri et al

Submission ID  trn:oid:::27535:154154341

Jowrnal of Pleysics and Chemistry of Sellds 204 (2025) 112716

(a)

(<)

N

(b)

Flg. 3. Top observation of the opimised scructures (a) Al, (b) A2, (c) A3, and (d) A4, respectively. The arrows In black represent the distance from the hBN surface
10 the OOCL; gas. The red, black, and green aloms represert the O, C, and Cl elements, (For inerpeelation of the references 1o calor m this figure legend, the reader is

referred 10 the Web version of this aniclke.)

COCY; molecules. This can be attributed to the weak interaction |
the COCl; and pristine hBN. From Fig. 3(a) and (d), we observed that in
the case of Al and A4 adsorption corfigurations, the OOCI; gas arients
itself parallel and perpendicular to the z-axis and got adsorbed at &
distance of 3.572 A and 3,527 A with the <1 and O atoms facing toward
the B site. In contrast, for the A2 and A3 adsorption configurations, we
observed that the COC,; gas orlents itself aloag the z-directian and got
adsorbed at a distance of 3.340 A and 3.320 A with the O atams facing
toward the B and N sites, as shown in Flg. 3(b) and (), respectively,
Prom Table 1, we found that the adsorption distances for all the opti-
mized structures lie within the range of 3.320 A-3.572 A, which is
greater than the sum of the atomic radius of O, C, CL, B, and N atoms,
indicating that the adsorption of COCI; gas onto hBN was physisarplion.
Further, to determine the interaction strength and most stable adsorp-
tion configuration among the different optimized stroctures, we bave
cakeulated the adsorption energles for all the optimized structures using
equation (1) (see Table 1),

Fose < Eas-gue — (Eran 1 Egat) m

where By 5 Ejgy and Eg,, repeesents the toeal eoergies of the
pristine hBN upon gas adsorption, pristine kBN, and isolaled COCH, gas
molecule, respectively, According to equation (1), the calculated

Table 1
Calcubsted B-N band Jengths in A, adscopeion di ad inAand eV
far the different aptissizsd structuces
Optined Adsorpti dscepcon Energy BN bood
stracreres dataace (A) (V) lenges (A)
Al 3572 0301 1451
AZ 13> 0419 1449
A3 3340 0435 1419
Ad 3527 ~0.533 1.450

dsorpti gies for the AL, A2, A3, and A4 adsorption configura
tlons were found to be ~0,501eV, —0,439%V, —0,435¢V, and -0.533eV,
respectively. The reported negative value of the adsorption energies in
Table 1 validates that the adsorption of COCl; ono pristine hBN was
physisorpeion, spontaneous, and exothermic, It was based on the com-
parison of the reported adsorption energies in Table 1, we found the A4
adsorption configuration to be the most stable adsorpelon configuration
among the different adsorption configurations due to s Jowest
adsorption energy, Therefore, we have considered A4 as the final
structure for the rest of the study. Hence, based on the results from the
adsorption study, we found that the pristine hBN exhibits weak

dsorption affinity ds the COCH, gas.

3.3, Smucnwal and electronic properties analysis of the Cu-doped RBN
monolayer

In the previous section, we observed that hBEN exhibits poor gas

plion affinity Is COCl; gas molecudes, It is well known that
doping 2D matenials with Transition metal (TM) atoms effectively en-
hances the gas adsorption ability of 2D materials [S1]. Among the
varlous Transition Metal (TM) atoms, we have selected the Cu atom as
the dopant because it is costeffective, readily available, surplus in na.
ture, and does not get poisaned by the analyte. Therefare, in this section,
we have investigated the effect of substitutional doping the Cu atom an
the structural and electronic properties of hBN. For this purpose, we
have created the B and N vacancies by ejecting a single B and N atom
from the hexagonal lattice. After creating the vacancy, the Cu atom
embedded at the B and N vacancies was allowed to relax. Upon relax-
ation, we obtained two doped structures abbreviated as ‘Cu-Vy-hBN'
(Cu-doped a1l B vacancy) and 'Cu-Va-hBN" (Cu-doped at N vacancy),
respectively. The resulting relaxed doped structure revealed that the
Ivexagonal B-N ring no longer remained intact and underwent distor-
tion. It was due to the large atomic radius of the Cu (1.28 A) atom
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peak intensity of the conduction band, indicating an increment in the

ring underwent an expansion to date the substi 1 doped
Cu atom within the hexagonal latrice. From Fig 4(s) and (b), we
observed that in the case of ‘Cu-Va-hBN' and Cu-Vy-hBN doped struc-
tures, Lhe Cu alom gol bonded with the adjscent three N and B atoms
respectively, The atomic distanoe between the Cu atom with the adja-
cent three N and B atoms were 1.739 A and 1.763 A, which is compa-
rable with the Cu-B (1.87 A) and Cu-N (2,10 A) bond lengths reported
by Balkani et al. in their studies [52]. The differences in the calculated
bond Jengths were due 1o the usage of different basis se1s in the SCF. We
found on the comp that the cakulated Cu-8 and Cu-N bond
lengths were Joager than the B-N bood bengths of the pristine hBN. This
indicates that the doped Cu atom skightly bulges outward from the
surface, making it 2 highly preferential adsorption site for the gas
molecule. Also, the averaged B-N bond lergths in the case of Cu-Vp-hBN
and CuVy hBN doped structures were 1.439 A and 1.445 A, smaller
than the B-N bond lengths of the pristine hBN. This indicates that the

ductivity of the hBN. In addition, the PDOS plot in Fig. 5(b) illus.
trated there exists multiple overlapping between the 3d-Cu and 2p-N
atomic orbitals within the energy range from -4eV to  10eV, Indi-
caling strang hybridizalion Delween the atomic orbilals to form mo-
lecular orbitals involved in the bond formation. These findings Indicates
that strong ch | (sonic/cavalent) i wn exists between the
substitutionally doped Cu atom and the nearby neighbouring N atom.
Hence, the structural and edectronic properties analysis suggests thal the
substitutional doped Cu atom induces distortion in the strocture and
muodifies the electronic properties of the hBN.

3.4, Adsorprion of COCI; gas onro the Cu-doped hEN monalayer

To analyze the Interaction of COCly gas with the Cu-doped hBN
systems, we have considered the dopant site as the mast preferential
i jon site | of the protrusion the COCl; gas can easily

doped Cu atom causes the overall structure (o be somewhat corrugated.
Further, to d the bonding strength of the Cu atom with the hBN
monolayer and the stability of the doped structures, we have calculated
the binding energy (Ey) and formation erergy (Eg) using equations (2)
and (3) for the Qu-Ve-hBN and Qu-Vy-hBN configurations respectively,

Ep = Ecu-tav-gw — (By + Ecy) (2)

By — Eca ran — Easn — Ho, = By (3

where E cqam  E v, By, oy, and yi  rep the total wies of the
substitutional doped Cu atom into hBN, total epergies of the defected
REN, 1o1al energies of the isolated Cu stom, and chemical potentials of
the isolated Cu and ¢jected atoms from the hexagoaal lattice, respoc-
tively. According to equations (2) arvd (2), the binding and formation
energies for the Cu-Vg-hBN were —5,048eV and 5379V, whereas for
the Cu Vi hBN were 1.31eV and 9.42¢V, respectively. The calculated
formation encrgy sugiests that the Cu atom can be doped easily at the B
vacancy compared to the N vacancy due to the low formation energy of
1he Cu-Vyi-hBN. This resull is conss with the th ical studies in
which it was proved that doping T™M metal atoms at B vacancy Is ener-
getically more favourable than N vacancy [53,54]. Further, Cu-Vy-hBN
has the lowest binding and & lon epergles compared to Cu-Vi-hBN,
These findings suggest that Cu-Vi-hBN was the most stable configura-
tion among the Cu-V-hBN and Cu-V-hBN doped structures, Therefore,
in the subsequent section, we have selected the Cu-Vy-hBN as the final
doped structure 1o study the inteeaction with the COCE; gas and referred
10 Cu-Vg-hBN as ‘Cu-doped hEN “for the rest of the study. [n addition, the
DOS plot in Fig. 5a) revealed that substitutional doping of the Cu alom
introduces a new Impurity state at -4eV, reducing the energy band gap
from 4.29¢V to 3.10eV. Consequently, there was an enhancement in the

interact with the Cu atom. Therefore, different orlentations of the COCl;
gas above the doped Cu atom were considersd the input geametries for
optimization. After eptimization, we abtained two adsarption configu-
rations abbreviated as B1 and B2. For the Bl and B2 adsorption con-
figurations, we observed that the COCI; gas otsents itself in a direction
perperdicular and parallel to the z-axis and got adsorbad at a distance of
2.236 A and 2,198 A with the O atom (scing towards the Cu atoen, as
shown in Fig. &(a) and (b), respectively. We also observed from Table 2
that upon COCI; adsorplion, the C=0 and C-Cl bond lengths become
longer than the C=0 {1.180 A) and C-C1 (1,720 A) bond lengths of the
isolated COCl; gas molecules. In addition, for the Bl adsorption
configuration, we observed that the three Cu-N bond lengrhs got elon-
gated from 1.730 A to 1.852 A, 1,856 A and 1.859 A upan COCI, gas
adsorplion, In conirast, for the B2 adsorption configuration, we
observed that the three Cu-N bond lengths got elongated from 1,730 A
to 1.856 A, 1.861 A, and 1.862 A upon COCl; gas adsorption. The
observed elongation in the C=0, C-Cl, and Cu-N band lengths might be
due lo the allractive electrostatic inleraction between the COCI; gas and
Cu-doped hBN, Further, 1o determine the sirength of the interaction
between the COCL, gas and Cudoped hBN, we have calculated the
adsorption energies [or the Bl and B2 adsorption confligurations using
equation (4),

Bt = Ecutiqut-1a¥oges — [Ecu-anpet-any  Egu) 4)

where B, doped-tak-pe » Eoui-tpa-ars A0d Eg,, repeesent the total
energy of the Cadoped hBN system upon COCl; adsorption, the total
energy of the Cu-doped hBN without COCly, and the total energy of the
isalated COCY; gas According to equation (4), the adsorpeion energics
for the Bl and B2 adsorption configurations were found o be —1.851eV
and

1.93%V, respectively. The reported high adsorption energy and

Fig. 4. Top observation of the optimized () Cu-Ve-hBN and (b) Cu-Vy-hBN doped systems. The stom in arange represents the Cu edement. (For interpretation of the
references to calor in this figure legend, the reader is referred 10 the Web version of this article.)
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Fig. 5. (a) DOS and (b) PDOS plot upon substitutional doping of the Cu ntom within the hBN.

Fig. 6. (2) Lateral observation and (b) Top obsezvation of the optimized 51 adsocptson canfiguration and (c) Lateral observation and (d) Top cbservation of the

optimized B2 adsoeption configuration, respectively,

Table 2
Calculated achsoeption distance, energy, €0, C-Cl, and C-C bond lengths of
the COCI; gas for the different optimized adsorption configurations.

Optinuzed Adsocpeion Adsorpeion Ce0snd  C-Cldond
ttracreres diszance (1) emergy (V) length (A)  lmageia (A)
"l 2236 A ~1.451eV 1203 4 17321704
] 2196 A -1.990V 1207 A 17271751 4

short adsocption distances in Table 2 for the Bl and B2 adsorption
configurations suggest that the adsorplion prooess was chemisorption,
This firding indicates that COCI; binds strangly with the Cu-doped hBN,
Based on the comparison of the adsorption energies, we found that the
B2 adsorption configuration was the most stable adsorpeion configura-
tion amoag the Bl and B2 adsorption configurations due to its Jowest
adsorption energy. Therefore, we have selected the B2 adsorption con-
figurations for the recovery time and sensitivity analysis in the subse-
quent section of the present study. Hence, our adsorption study validates
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that substitational doping of the Cu atom effectively enhances the
adsorption ability of hBN for COCI,.

3.5, Structure and efectronic properties analysts of the Cu-hBN

To analyze the effect Cu adsorption had on the structure and ebec-
tranic properties of hBN, Far this purpose, we have cansidered the N site
the most preferential adsorplion $ite for the Co atom based on the pre-
vious theoretical studles [55). Therefore, In this stxly, we have optl-
mized the Cu atom adsorbed above the N sites andd abbreviated the
resulting optimized structure as ‘Cu-hBN'. The resulting optimized
structure shown in Fig. 7(a)} and (b} revealed that the Cu atom adsarbed
at 2.207 A from the surface, and the B-N boed length elongated from
1.450 A to 1,468 A, The observed elongation in the B-N bond lengths
indicates that the Lay derg p to incresse the
avallable space for the adsarption of the Cu atom anco the surface.
Purther, to determine the thermodynamic stability of the structure and
strength of the Interaction between the adsorbed Cu atom and hBN, we
have calculated the cohesive energy/atom (Eqy/atom) and adsorption
energy (Eu for the Qu-hBN using equations (5] and (6) respectively.

. Epax o — [X"Ep + ¥ Ex + E

B N

(5)

Bt = Epaw—cu — [Enaw + Bica| (6)

where Epax e Evans Egy o Ey 8and Eg, 1ep the tatal energ
of the adsorbed Cu atom onto hBN, pristine hBN, isolated B, N, and Cu
atoms, wheress x, y, and N represent the number of B, N, and tolal atoms
within the unit cell, respectively. According to equations (6) the
adsorption energy for the Cu-hBN was - 0.33eV. In coatrast, the cohe
sive energy/atom for the Cu-hBN using equation (5) was found to be
1.40eV/atam, The cakulated low valwe of the adsorption energy
sugwests that the adsorbed Cu atom binds wealkly with the hBN, and the
adsorpiion of the Cu atom onto the hBN was physisorpion. ‘The
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calculated pegative value of the cobesive energy suggests that the Cu-
hBEN configurats ined th dh ically stable. From #ig. 7
(c), we observed an impurity stare in the energy range from -4eV 1o -3eV,
reducing the energy gap from 4.29eV 10 2.42¢V, It was revealed by the
PDOS plot in Fig 7(d) that the impuritly state was dve (o the contribution
from the 45-Co and 2p-N atomic orbitals, and there exists weak Inter-
action betwreen the atoms due to weak hybridization between the atomic
orbitals, This result was consistent with our findings that the Cu atom
binds weakly with the hBN. Hence, our DOS, PDOS and adsorption re-
sults are in agreement with each other.

3.6, Adsorption of COCI; gas onto the Cu-hBN

To analyze the interaction of COCl, gas with the CuhBN, we have
considered different ortentations of the COCl; gas above the adsorbed
Cu atom as the input g ries for the optimization. After optimi
tion, we obtalned two adsorption configurations abbreviated as C1 and
C2. For the C1 ané C2 adsorption configurations, we observed that the
COCIy gas oriems itself perpendicular and paralled 1o 1he z-axis and got
adsorbed at a distance of 1,840 A and 1.841 A with the O atom of COCI,
gas facing toward the Cu atom, as shown in Fig. 8(=) and {c). From the
reported data In Table 3, we found that upon COC); adsorption, these
was a variation in the B-N, C—=0, ardd C-Cl bond lengths. As the C—0
and C-s:l bond Ien;:ms for the C1 adu_)rp(lon ooqﬂgumum increase from
1.180 A to 1.268 A and from 1.720 A to 1.782 A. In contrast, for the €2
adsorplion configuration, the C=0 and C-C1 boad lengths increase from
1.180 A 101,271 A and from 1,720 A 10 1,791 A, In addition, the B-N
Dand lergths vary from 1.481 A-1.482 A and 1.481 A.1.485 A in the case
of C1 and €2 adsorption configurations, as shown In Fig. 5(b) and {d),
respectively. The observed eloagation in the B-N, C=0, and C-Cl boad
lemgths might be due 1o the strong attractive electrosiatic interaction
between the COCl; gas and Cu-hBN. Therefore, to determine the
strength of the interaction, we have calculated adsorption energies using
equation (7] for the C1 and C2 adsorpeion configurations,
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Fig. 7. (a) Lateral abservation and (b) Top observation of the optimized structure upon Cu adsorption. {cJTDOS and (d) PDOS plot upon Cu adsorpton anto hBN,

respectively.
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Fig. 8. (&) Laeral observition and (b) Top observation of the oprimized Cl adsarpcion coafiguration aad (cllateral observation and (d) Top observatica of the

opeimized €2 adsorption configuration, respectively.

wile range of various systems such as ByuNyu panocage, ByoPys,
Cu-By Ny nanocage, Cu-ByyPy; BN nanotubes, Scdoped BN nano-
tubes, Li-ByCsNg, Cr-graphene, BN Nake, BN B2iNue
nanocage and Al-By4N;. nimocage exhibited adsorption energy values
of ~0.097eV, ~0.175eV, -1.233eV, -0.043¢V, ~0.182¢V, ~0.79%V,

—-0.71%V, —0.141eV, —0.254cV, —0.043eV and —0D.920eV, respec-
tively. The B2 adsorption configuration demonstrates better adsorption
energy, whereas the C2 adsorption condfiguration also demonsirates
better adsorption energy than all reported systems except Cu-ByP;.
Hence, the comparison results confirmed that both B2 and C2 adsorption
ability ds €Ky

configurations have efficient ad

Table 3
Calculated adsorption distance, energy, C-0, C-Cl, and C1-C bond lengths of the
COCl, gas for the differest oprimized adsorpil Fguaraions,
Opti d Ad: Ads C=0 beond C-Q bead
strectares dswance (A) energy (V) beagth (A) lengths {A)
a1 1840 A 11016V 1265 A 17824
[~3 PRI “1155eV LA 1A
Bt = Envco-tocia— (Exe- oo + Boocs) (7)
where E ypey-cy-coctz. Eran-ce and Egoc: rep the total energies of plion

the Cu-hBN upon COCI, adsoeption, Cu-hBN withour gas molecule, and
isolated OOCY; gas, respectively. Using equation (7), the calculated
adsorptian energles for the C1 and C2 adsarption configurations were

1.101eV and —1.155%eV, respectively. The calculated high value of the
adsorption energies for the C1 and C2 adsorplion configurations sug-
gests that the adsorption of (0 gas onto Cu-hBN was chemisarption,
confirming the existenoe of ionic/covalent interaction between the
COC); gas and Cu-hBN, Hence, these findings suggest that COC); gas
binds strongly with the Cu-hBN systems. Further, a comparison of the
reported adsorption energies for the different adsorption configurations
in Table 3 suggests that 2 was the most stable adsorption configuration
among the different adsorption configurations due o its lowest
adsorption energy, Therefore, we have also selected the C2 adsorption
configuration for the recovery time and sensitivity analysis in the sub-
sequent section of the present study.

3.7. Compurison of the adsorpelon energles with other various systems

T this section, we have compared the adsorption energles of the B2
and C2 adsorption configurations with the various systems from the
literature, specifically regarding the sensing of COCl; gas molecubes,
However based on the literature survey in terms of sensing COCl, a

3.8. Charye density difference and hirshfeld charge analysis

To gain an understancing of the charge transfer process upon COCl;
adsorplion onlo pristine hBN, Cu-doped hBN, and Cu-hBN, we have
apalyzed the charge transfers quantitatively and qualitatively using the
Hirshfeld and charge density difference (COD) methods for the A4, B2,
and €2 adsorption configurations, respectively. The charge density dif-
ference (Ap) for all these adsorplion configurations was calculated
using the following equation (8).

Lp—Pan ~Fa— Pu (8)

where pap, pa, 8nd py represent the charge densities of the complexes
with gas molecules, the charge densities of the complexes without gas
molecules, and the charge densities of the isolated gas molecules,
respectively. The yellow and cyan-colored in the charge density differ-
ence diagrams represent the electron accumulation and depletion re-
ghons, From Fiz. Na), we observed that upen COCly adsorplion anto
hBN, a small yellow-colored region exists around the O atom, and large
blue and yellow-colored regions exist between the B and N astoms, These
findings indicate that B and N atoms primarily interact with each other,
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{a)
0162

Fig. 9. Charge density difference diagram for () A4, (b) B2, and (c) C2 coefigurations. The yellow and cyan color in the COD dagrams represents the electron
accumulation and depleian reghons, respectively (d) ESP map for the optimized COCI; gis modecule. The b and red coloes represent the positive snd negative
charge siees. {Foc interpretation of the references 1o color In this figure legend, the reader is referred to the Web versioa of this article.)

resulting [n weak chasge transfer betwoen hBN and OOCL,, As 8 conse-
quence, there exists a weak interaction between the hBN and COCl,. In
addition, we also observed a lange cyar and & yellow-colored region
around the Oa and O atoms, indicating a strong charge transferved from
the Cu atoem to the COCE,. These findings confinned the nature of the Cu
atom and COCly as an electron donor and acoeptors, respectively,
Further, we calculaled the elecirostatic potential (ESP) for the COCI; to
gain additional insights into the charge ransfer mechanism, as shown in
¥Fig. 9(d). The red and blue color in the ESP map corresponds to pasitive
and charge distribution. From Fig 9(d), we found that a pegative charge
distribution exists around the O atom, identified by the red color,
whereas a positive charge distribution exists around the C and Claoms,
ientifled by the blue color, respectively, The observed charge distri-
bution can be attributed to the difference in the electronegativity be
tween the atoms. O atom, being highly electronegative compared to the
C atom, withdraws clectrons from it. As a consequence, the clectron
density arourd the O atom increases, making it an electron rich and C
atom electron-deficlent species, These findings Indicate that the strong
electrostatic attraction between the Cu atom and COCI; was respansible
for the orientation of the COC); with the O atam facing toward the Cu
atom upan optimization and stroeg charge transfer in the case of B2 and
C2 adsorption configurations. The Hirshfeld charge analysis validate
that a weak charge transfer of —0.162¢ takes place in the case of A4
adsorption  coafiguration campared 10 strong electron fer of

3.9. Now-covaleny interaction analysis

Noncovabent interactions (NCIS) are of greal imporlance in gas
sensing since they play a vital role in the adsorption of the gas, thereby
influencing the adsorption energy and the recovery time of the sensing
materials, Therefore, 1o analyze the existence of any noe-covalent
interaction belween pristine kBN, Cu.doped hBN, Cu-hBN, and COCl3
we have calculated the variation in the value of the reduced density
gradient (RDG) function [56] with sign (Ao) p(r) for the A4, B2, and C2
adsorption configurations. Further, we have utilized the RDG scatter
plot and RDG Isosurfaces for all these adsorption configurations to
visualize the variation in the RDG function. Here, the RDG function (s
(r)} defined in equation (9) represents a relation between the electron
density (p(r)) and its gradient (Vp(r)). The quantity sign (A;) po{r) is of
grear significance as it describes the fluctuation in the electron density
near the critical points, which is belpful in determining the aature of the
non-covalent interactions. If sign (A2) plr) < 0, sign (h3) p(r)=0, and sign
(Az) pAr) > 0, It Indicates attractive strong hydrogen bonding, van der
Waals interaction (vdW), and repulsive strong steric effects.

sir| :—l—l _‘_I\‘p\ (%)
2(3e2) 2 PN

The blue, red, and green color schemes shown in the RDG isosurface

cor d to altractive stroag hydrogen bonding, repulsive steric ef

~0.457¢ and —-0.292¢ in the case of B2 and C2 configurations. This
finding is in support of the results from the charge density difference
calculathons, Hence the results of our Hirshfeld and charge density dif-
ference calculations are in good agreement with each other.

fect, and weak vdW interactions. We observed that the RDG scatter plots
underwent a sharp decline in the RDG value around sign (2;) p(z) > 0 for
all the adsorption configurations, as shown In 3. 10, This confirmed
the existence of a strong repulsive steric effect. Further, the corre-
pording RDG isosurfaces led that strong steric effects exist be-
tween the B and N atoms of the hBN layer. The observed steric effect
arose due to the strong electrostatic repulsion between the positively
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Fig. 10, RDG scatter plot for the (a) A4, (c) Cu doped-hBN, (e] Cu-hBN, () B2, and (1) C2 sdsorpeion configurations, respectively. lsasurface plot for the (b) A4, (d)
Cu doped-nBN, (£) Cu-hBN, (h) B2, and (j) C2 adsorplicn configurations, respectively
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charged C1 and B atoms as the COCE, gas approached. From Fiy, 10¢&),
we abserved a sharp decline in the RDG value around sign (2;) p(r)=0 in
the case of A4 adsorption configuration. The carresponding RDG iso-
surface shown in 5. 10(b) verified that weak vdW interaction exists
belween the COCl; gas and hBN identified by the green patches. This
confirmed that weak vdW interaction was responsible for the phys-
isorption of the COCI; gas onto hBN. However, upon substitutional
doping of the Cu atom and Cu adsorption, we ohserved (rom the RDG
scafter plot in Fig. 10{c} and (e) a sharp decline in the RDG value around
sign Gia) plr) < 0, The RDG isosurface plot revealed that strong atlractive
H bonding exists between the Cu atom and the nearby neighbouring N
atom identified by blue patches a8 shown in Tig. 100d) and (1), respec
thvely. This can be attributed to the electrons transfer from the positively
charged Cu atom to the nearby negatively charged N atom, creating a
strang, attractive imeraction between the oppositely charged species,
These findings confirmed that the doped Cu atom in the case of Cu
doped hBN and Cu-hBN systems interacts electrostatically with the
hBN. In contrast, vpon COCl; adsorption, we found from the RDG scatter
plot that there is a sharp decline in the RDG value around sign (2.2) p(r)
< { for the B2 and C2 adsorption configurations, as shown In Fig. 1031
and (3), respectively. These results indicate a strong, attractive electro
statie ineraction between the Cu atom and COCI; Keotified by the blue
patches, as shown in Fig. 10(h) and {j}. These findings validated that it
was due to the strong electrostatic interaction that COCl binds strongly
0 the Cu-<doped hBN and Cu-hBN systems, resulting in high adsorption
energy. Hence, our RDG results are in good agreement with those of our
adsorptian study,

3.10, Elecron Localzation Funcrion analysts (ELF)

To analyze how the electrons are distributed around the interacting
atoms upon COCl; adsorption onto hBN, Cudoped hBN, and CuhBN,
we have utilized the ELF to visualize the distributions of electrons In
the A4, B2, and €2 adsorption configurations. The carresponding ELF
plot for all these configurations is shown in Fig. 11, From Fig. 11{d), we
abserved that upon OOCH, adsorption anto peistine hBN, there exists an
intense red-colored region around the O and Cl atoms, indicating that
eloctrans are strongly localized ta the COCI; gas. There also exists a large
region of low electron density exists in between the COCI; gas and the
nBN monolayer, which is identified by the blue-colored region. These
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firxlings suggest a weak interaction exists between the COCl; gas and the
hBN monolayer. Further, to validate our findings, we have plotted the
bortom view of the ELF plot for the A4 conliguration, as shown in Fig 11
(a). Due to the weak interaction, we found that electran density distri-
bution around the manolayer upon COC; adsorption was identical 1o
that withour COCl, gas. Bur, for the B2 and €2 adsorption configura-
tions, we found there was a decrement in the intensity of the red color
around the Cu atom and an Increment in the intensity of the red color
around the O atom, as shown in Fig. 11(c) and (f) respectively. These
results indicate that ebectrons are transferred from the Cu atom to the
COC, gas during COCI; gas adsorption. However, the Cu atom intensity
in the €2 configuration was higher than in the case of the B2 configu-
ratlon, indicating a stronger charge transfer took place from Cu-doped
hBN than Cu-hBN 1o COCl; which is consistent with our Ilirshfeld
analysis. The bottom view of the ELF plot for the €2 configuration shown
in Fig. 11(c) revealad that the electron density distribution around the
aroms remalned unaltered upan COCL, adsorption onto Co-hBN, Stmi-
larly, the battom view of the ELF plot for the B2 configuration shown in
Fig. 11(b) revealed that the electron density distribution around the
atoms remalned unaltered upon COCI; adsorption onto Cu-doped hBN
anx a Jow electron density at the doping site. Hence, these findings
suggest that the Cu atom was the primary active site for the adsorpelon
of the COCl; gas onto Cudoped hBN and Cu-hBN systems, respectively.
This is because of the strong ebectrostatic interaction COCly primarily
interacts with the Cu atom. As a consequence, the interaction of the
COCL; with the hBEN becomes weak during the COCL; adsorptioa.

3.11. Frovier molecular orbira! enalysis

The Frontier Molecular Orbitals (FMO) include the Highest Occupied
Molecular Orbital (HOMO), and Lowest Unoccupied Molecular Orbical
(LUMO), which provide useful information regarding the alteration in
the electronlc properties upon the adsorptlon of the specified gas
molecule on the adsorbent. Therefore, we have calculated the HOMO-
LUMO energies for the various adsorption configurativns. The data
presented in Table 5 indicate that hBN exhibits insulating behavior with
# HOMO-LUMO energy gap of 4.29¢V. In the pristine hBN, the HOMO
and LUMO energy levels le at —4.51eV and 0,220V, respectively,
However, upon substitutional doping, it was observed that the HOMO
energy Jevel shifts from —4.51eV 10 —3.60eV, and the LUMO energy

.

VS AN AN

-

N/

AAA
NSNS

Fig. 11, Bottum view of the ELF map for (2) A4, (b) B2 and (c) €2 adsurption configurations. Lavezal view of the EL¥ mep for (d) A4, (e) B2, and () €2 adsorption

canfigurations, respectively,
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Jevel shift from —0.22eV 10 —0,50eV. Similarly, upon adsorption of the
Cu atom, it was observed that the HOMO energy level shift from
—4.51eV to —3.17eV, and the LUMO energy level shift from —0.220V 1o

.75V, respectively. These changes in the pasition of HOMO and
LUMO reduce the energy band gap by 27.74 % and 43.58 % for Lke Cu-
doped hBN and CQu-hBN systems, respectively, Furthermore, the
adsorption of COCl; onto hBN shifts the HOMO from ~4.51eV to
—4,35eV and the LUMO from —0,220V to —1.73eV, thereby reducing the
hand gap 1o 2.62eV. For the B2 and C2 adsarption configurations, the
HOMO shifis to - 3.14eV and  2.09%V, whereas the LUMO shifts 1o
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~2.28eV and —0,98eV. Here the shifts [n the position of HOMO and
LUMO narrows the band gap from 3.10eV to 0.86eV and from 2.42eV to
1L.11eV for the B2 and C2 adsorption conligurations respectively. The
reduction in the band gap Indicates that doping of Cu atom favours the
adsorption of the COCl,. We also found on comparison thal the B2 and
C2 configuration exhibits excellent conductivity than A4 configurations.
The observed reduction in the energy gap, as well as changes in the
position of the HOMO and LUMO, can be attributed to the destablliza-
tion and stabilization of the HOMO and LUMO, respectively. Further, we
Isave analyzed the distribution of TTOMO-LUMO orbitals for all thess

(b)
LUMO = 9236V 4' ”
Eg = 4.29eV
|
HOMO - - 4516

£, =2.42eV g, =

HOMO = .5.17eV l

't

0. BheV

HOMO = -3.14eV l

=1

Eg = L1leV

.

Fig. 12. HOMO and LUMO foe (/) pristine hBN, (b) A4, (<) Cu-doped hEN, (d) Cu-hBN, (¢) B2 and () C2 adscrption coofigurations, respectively.
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configurations te justify the observed wariation in the HOMO-LUBIO
emergies. From Fig. 12(a), we chserved that the HOMOLUMOD orbitals
afe coneentrated aroand the N aed B atoms [ndicating thar in case of
hBMN both M oand B atoms are invalved in charge transfer process. But
dpan substitational doping and Cu adsorplion, we observed that the
HOO arbitals gor concentrated around the Cu acom, and LMD or-
hitals gat conoemtrabed around the nearby oeighbouring S stoms, as
showy I Pl 120c] and (), respectively, This kappens because thi Cu
alom causes a redistribulion of electrons inthe hBK by losing excessive
electrons v Lhe nearby highly ebectronegative W atom, On Lhe saber side,
for the B2 and C2 adsoeption configurations, we ohserved that upon
GO adsorplion, the HOBMO remained distribubed around the Cuslom,
whereas the LUMD orbitals got distribyted around the COCl; As shiwm
in Fig. 120e] and {f). Ti was due L the charge transfer from ibe Co abom
10 OO we observed A shift in the LUMO around the COCk, Henoe the
HOMOLLUMO analysis suggest that €00k adsorption modifies the
electranke properties of Co-doped REN and Cu-hEN by fediscing the band
gap making them & promising candidate 10 be utilized as an electronic
SETSOT,

212 Globad indices of reccrivity

Ta determine the chemical reactivity, sersing ahility and perfor.
manoe af ihe surface sensing materials, we have caleulaled various
quanium descripions such as lomization potential (1P, HOMO-LUMO
gaps (Eg), electron affimity (EA], chemical potential(pl, Elztt.naphcilicity
(e, chemicz] softnesss), and hardness(nl. These quantum descripion
were reporied in Tuble 4 and caboulated using the below sguslions (10)
(14

L R - oy
oo fw-w! Epyues 113
- S~ T [z
5_;1 e
5] _':I [14)

The negative valee of the HOMO and LUMO enetgies represent the
ionication potestial and eleciron affinity in Table 5. The reported value
in Talde 5 indicates that hBN has the highest ionization potential
{452V and lowest elecinon u.!'ﬁ.ril}' (0.22eV) amsong the varius
adleorprion conligurations, It was due to the chemically Inert matuse of
e BN layer. In contras, wpon substitolional doping of the Cu alam we
Toained thai ihe ionization poteniial decresses o 3,60V and the electron

Talde 4

Adsoaption energles pepomad previousdy for some of the vadous sysrems upan
COC]y adsorption.

Syaleim Adbarpition suengy (2V) Brferrnse
By 3Ky Tomneage ~ 0.7 [3n]
Cu-deromated By iy, amnogre B -

BysPis @27l [57]
Cu-decomaiad DyPg 1.213

B rearmubs [ERITE] [47
B¢ doped BN rononibes (LN E.~

Li-rincarated 150 Ny, nanorage -3, 7500 [BE] |
Copraplens GFe [54]
BN nanflake oL [54]
Faalza mumcage [EH] [ra]
A1 g3 N NEIRE .23

B ren ks -0.2¥ [51]
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affinity increases o 0.50eV. Similarly, upon Cu sdsorption one hBN, we
foune that the ionization potential decrenses io 3170V, and the electran
Alliniry incnesses to 0,750, Further, we found thar OOC sdsorption
onto hBN decreases the innization podendial to 4,555V and increases the:
electron affinily 1o 1.73eV. For Lhe B2 adsorplion eomfiguralion, Lhe
adsorprion of the COC]; decreases the lonlzaton potendal 1o 3,14eV and
increnses the clectron affinity to 2. 28eY, whereas, for the G2 adsorption
conliguration, e COCL adsarption lowers the destion potential to
2 09eY and increases the eleciran affinily to .98 eV, These results im-
plies that efficient charge transfer ok place in case of B2 and C2 con-
figmrations  respectively. Furbhermore, to examine the chemical
reactivity of the surfaee sensing material, we have caloulated eleciro-
philichy which describes (he electmn-accepting tendency of the adsar-
It From Talde 5, we found that pristine hBN hes the lowesi
electrophilicity value of abour 1.31eY, and this propemy increases by
381 % and 2137 % upon substimtional doping amd Cu adsorpeion
respectively. These findings imply that the incorporstion of the Cu atom
enhances the ebecirophilicity character in Cu-doped hBEN and Cu-hBN
systemns by losing electrons o the aearby highly electronegative B
avene. However, upon COCK adsamtion, we found thar thie B2 (8,540
configuration exhibits the highest electrophilicity among the various
configuraticns, In additien, to detemmine the chemical stshiliny, we have
calculated the chemical hardness amd soltress factor for all these
adsorplion configurations because it describes tloe resistance amd will-
ingmess aof the marerial i undergoe any change in its electranic proper-
ties. The chemical bandness actor [or e pristine hBN, Cu-doped hBN,
Angd Cyu-hBN sysmems was found 10 be 215eV, 1,556V, and 1.218V,
whereis The corresponding chemical sofiness factor was found (o =
0.23eY, 0.52eV, and 041V, respectively, We found thar Cu-doped hEN
has a high hardoess and a low sofiness compared to Cu-hBX. Thes=
firdings suggest that Cu-hBN would exhibin significant variaton in e
FIETEY gAp Wpan incorparating Co adom onbo hBA, consistent with our
HOMO-LUMO gap resulis. We alse observed that upon O0C; adsorp-
tiom, shere was a 3947 % increase insofiness and a 39,06 % decrease in
hardness factor for the Ad sdeorption configuration. [n contrast, for the
B2 and CF sdsorption conlkgurations, there was 8 72,41 % and 59,44 T
imcremeent im the sofiness factior, whereas 7225 % amd 53,71 % decre-
mient in the Bardness faclor, respeetively. The abserved high sofiness
and lowr hardness imply that bath B2 and 2 configurations are miore
likely 1o undergo significant variations in the electronic properties.
Henee, the above-discussed quantum deseripiors suggest that Cu-doped
hBN and Cu-hB¥ exhibil excellent chemical reactivily towards OOl
compared 1o pristine BN,

FI3 Sensinhiey aralysls of e priseine hBN, Cu-doped RBN amd Cu-hBN

Semsitivicy is comsidesed ap impomant pasamerer in dererminieg che
semsing performance of chemical gas sensors, and it is primarily judged
by the varation in electrical condwctivity upon gas sdsorption. Ac-
cording 1o equation [15), the electrical conductivity of the sensing ma-
terial depends exponentially on the negative of the band gap at a cortain
temperatne, Thls implies that & reduction in the hand gap leads to Aan
enhamcement in the elecirical conductivily of the sensing material.
Theredore, 1o analyze the semsitivity of the A4, B2, and G2 adsorpion
configurations, we have utilized D045 o ealculate the changes the band
gap underwen! wpon OO sdearption

(%)

wibtere o is ebectrical conductwity, A |5 a constant, Tis the temperanare in
K, E‘g is the band gap in &V, and Ky is the Bolbzmann constant in oV /K
The resulting DOS ploe shawn in Fig, 108) revealed that the COCly
adsorption ando ABEN mtredeces an imparity state near the condwction
Lsand, reducing the band gap from 4,29V 1o 262V, In contrast, COCl;

(15}

a=Ae

i

prion anta the Cu-doped hBN and Cu-hBN creates an impurity state
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Table 5
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Calculated HUMO-LUMO exergies, HOMO-LUMO gaps (Eg), lonization potential (IP), electron sffiity (EA), chemical polential(p), electrophilicity (w), chemical

fness(S) and 1

poctively foe the peistine hBN, A&, Qudaped hEN, B2, Cu-hBN, and C2 systems respectively. All the repanied values are in eV.

Adsorpticn Coafigimtions NOMO Mo T, M » A s n ®
Pristine hBx 451 0.2 429 3 451 022 03 215 131
Ad -4.3% -173 202 -3.04 435 173 08 13 1353
Co-doped BEN ~3.60 -0.5% 310 -5 360 aso 02 155 1.36
B2 ~314 -2.22 086 ~271 kA L) 228 L16 043 B54
Ce-hUN 37 073 242 1% 7 ars 041 121 159
[~ 209 0.9 11 154 200 008 0.0 056 14
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Fig. 13. Plotied DOS for ()A4, (L)B2, and () C2 sdserption configurations snd plotted PDOS for (d)A4, (01B2, and (1) €2 adscrption configurations, tesgeotively.

in the energy range -2to-leV anc -3to-2eV reduces the band gap from
3,100V to 0,86eV, and from 2.42¢V to 1.11eV as shown in Fig 13(0) and
(c) respectively. The calculated band gap indi that the B2 and 2
configurations exhibit better electrical conductivity than the A4
configuration due to the 72,25 % and 54.13 % reduction in the energy
gap. Further, to gain additional insights regarding the contribution of
the different atomic orbitals to the impurity state, we have calculated
PDOS far all these configurations. The resulting PDOS plot in Fig. 13(d)
revealed that the Impurity states [n case of A4 configurations were due
to the contribution from the 2p-B, 2p.C, 2p-O, 3p-Cl atomic orbitals.
However, the contribution from the 2p-B atomic orbital was weak,

Iting in weak hybridization between the B and O atoms, accounting
for the weak interaction between the COCH; gas and hBN. Conversely,
the PDOS plot In Fig, 13(e) revealed that the Impurity states in the case
of A4 configurations were due to the contribution from the 2p.C, 2pO,
3p-Cl, 25-C, and 3d-Cu atomic orbitals. Similarly, for the €2 configura-
tion, 3d-Cu ard 2p-C atomic orbitals contribute to the impurity states
lying in the energy range from -3eV 10 -2eV, as shown in Fig. 15(0. These
findings suggest that impurity states lving very close to the conduction
barxl facilitate easy pathways for the charge transfer dusing the inter-
action of the COCH; with the sensing material. Therefore, it was due to
the reduction in the band gap, there was a strong charge transder in the
case of B2 and C2 configurations, which is responsible for the observed

14

enhancement in the electrical conductivity of the Cu-doped hBN and Cu-
hBEN upon COCI, adsorprion. Henoe our findings suggest that both the
Cu-doped-hBN ancé Cu-hBN systems exhibit better sensitivity than peis.
Line hBN, making them a promising ing material Lo detect COCH; gas
molecules.

3.14. Recovery time analysis of the hBN, Cu-daped RBN and Cu-hBN
systems

To analyze the reusability of the gas sensor, we have calculated the
recovery time (r) using equation (16) for the A4, B2, and C2 adsorption

s L Y

e )

where T is the testing temperature measured in Kelvin (K), and Ky is the
Boltzmann constant whose value s 8,62 » 107 eV/K. Exy Is the po-
tential barrier for the desorption of gas molecules, which can be

bstituted with adsorption energy (F.i) because adsorption and
desorplion are reverse processes to each other, and v represents the
attempt frequency, which is 10'% Hz for the visible radiation. The re-
covery time calculated for the A4, B2, and C2 adsorption configurations

(16)

237

7) turnitin

Page 250 of 291 - Integrity Submission

Submission ID  trn:oid:::27535:154154341



7 turnitin

Page 251 of 291 - Integrity Submission

A Bhendori et al

at 300K under visible light was found to be 8937x10 “sec, 3.661 x
10%sec, and 2.495 » 107sec, respectively. The reparted too high re-
covery time for the B2 and C2 adsorption configurarions can be aririb-
uted to the calculated high adsorptson energy for these configurations.
This resull implies that the 1oo-high recovery time limils the reusability
of both the Cu-doped hBN and Cu-hBN systems as gas sensing mmmal in
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Table &
Calculaled the recovery Lime for the Cu-doped hBN sox] Cu-hBN systems upon
0O adsarption at different temperanures under visibie light and UV radimicn.

chemical gas sensor to detect COCL; gas at room
10 equation (16) we can impeave the recovery time elther by lmulng
the temperature, attempt frequency, or both if the adsorption energy is
kept constant. Recently, Li et al. also validated that ultravioler (UV)
radiation assists quick recovery time of the gas sensor [62). Therefore, to
examine the effect UV radiation and increased temperature had on the
recovery time of the B2 and C2 configurations, We have calculated the
recovery time value at different temperatures under visible and UV light
exposures for these configurations. The reported value in Table 6 sug-
mmzmcmmhmcnﬂmmn&umm&m
from 3.661 « 10°” s t0 5.876x10™%
% 107 ""sec, respectively, as the temperature increases from 300K to
1000K under UV spectively. This b d L
high wemperatures and UV radlation facilitate addMonal high input
energies required for the desorption of the COCl; gas from the surface of
Cu-doped hBN and Cu-hBN. These findings suggest that anncaling ar
high temperatures under UV radiation effectively imp the recovery
time of the Cu-doped hBN and Cu-hBN systems. Hence, the recovery
time analysis validates that Cu-doped hBN and Cu-hBN systems can be
used as a sensing material at elevated temperatures to detect COCE; gas.

feati,

4. Conclusion

In the presemt work, we have systematically investigated the
adsorption behavior of COCl; gas anto the pestine hBN and Cu
decorared hBN using first principle calculations, The adsorptlon of
COC); onto pristine hBN was a physisorption due to their small
adsorption energy. The physisorplion of COClz omo pristine hBN
resulted in poor sensitivity and recovery time, Therefore, the Cu atom
was adsorbed onto hBN and substitutianal doped into hBN at N and B
vacancy, The farmation and binding energy suggest that the Cu arom
doped al B vacancy is the most stable configuration. On the other side,
the Cu atom adsorbed at the N site was the most stable configurati

nz @
Tetperatuse recovery tiise  recevery recovery tiime recovery tine
(X wighle light  time UV wigihle Hght uv
- 300 K 3661« 107 3661 « 2495 % 1075 2495 % 10's
] 107
avos. 2647 « W' 2847 x 3530 « 107y 3530 « 10*
s 1078 s
00K 2455 % 107 2483 « 434710 ¢ 4347x10 ‘&
10's
GO0 1913« 10%s 1913 « 45954107 5 4995107 5
10's
00K 9033 « 10's  0.083x 2066010 * 2066¢10 T4
10 ‘s
HOOK. 1626 2 10's 1626 » 152010 % 18700 "
1073 E}
4
sec and from 2.495 x 10%5 10 6,593 9008 705401075 7054 299200°%s  299240°%s
1077s
both 1000K S5E76%x 107" 5876x 6595010 " ¢ 6595 «
s 10 % 10"
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Further, the adsorption energy upon COCI2 adsorption oato Cu-doped
hBNandolhBNwaslomdlobehbh.indkaungmulheamorpum
process was a chemisorption and there exists stroag chemi

i hips that could have appeared to influence

the work repoﬂed in this paper.

between the COCl; and Cu-doped BBN and Cu-hBN. The RDG analysis
revealed that there exists a weak vdW (nteraction between the COClL
and pristine hBN. In coatrast, for the B2 and €2 adsorption configuras.
thons, It was the electrostatic interaction that caused the COCI to odent
with the O atom facing toward the Cu atom. This resulted in the strong
electron transfer from the Cu atom 1o the COCL; verified from the
Hirshfeld and charge density difference methods revealed. As a conse-
guence, there was a shift in the impurity state towards the conduction
band and a reduction in the band gap upon COC); adsorption, indlcaring
an enhancement in the sensitivity of the B2 and C2 adsarption config-
urations. The correspanding PDOS plot revealed that strong hybridiza-
tion exists between the 3d-Cu atom and 2p-O atom, accounting for the
strang interaction between the gas and the adsorbate, Furthermore, the
calkculated recavery time for the B2 and €2 adsorption canfigurations at
300K was found to be (oo high, Therefore, ling at high pera-
wires under UV exposure improves the mowry time of the B2 and €2
adsorption confi i Hence, the improved recovery time, better
sensitivity, dsnrp(lon eneegy, and enhanood electrical conductiviry
upan (‘00; ndmrp(mn vnluhtr that (‘u-dqwd hBN and (‘u-hBN are
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Adsorption of Cyanogen Chloride Gas onto the Pristine and Copper-

Decorated hBN Monolayer: A Comparative DFT Study
Anurag Bhandari, Nitin K. Puri, and Piyush Dua, Member, IEEE

Abstract—The adsorption of toxic gassuch as Cyanogen
Chioride (CNCI) onto the and Cu-decorated hexagonal

hBN, Further CNCI adsorption onto Cu-hBN resulted in three
m-mm:st.az.mnsmm

Further various parameter such as DOS, charge density

differences, ELF were calculated for the most stable adsorption configuration. The DOS result revealed that CNCI
adsorption enhances tha conductivity by reducing the band gap. It was due to the charge transfer from CNCI gas to
the Cu-hBN verified from charge density ditference. The reduction in the band gap resulted 31.54% variation In the
work function Indicating highly sensitive behavior of the Cu-hBN system. Additionally, RDG analysis suggest that non
covalent interaction between CNCI and Cu-hBN was responsible for the physisorption. Finally. the recovery time for
CNCI adsorbed onto Cu-hBN was found to be 1.596x10sec, 2.525x107sec, and 2.098x10%sec at 300K, 400K, and 500K
respectively, Hence, based on our DFT results, Cu-hBN system can be used as a practical sensor 1o detect CNCI gas

at 300K
Index Terms—DFT, Copper, hBN, CNCI, Adsorption

I Introduction

NCI[ 1], being a colorless gas volatilizes into toxic gas upon
exposure to air is primarily used in rubber, plastic,
fumigants, and pesticides industries. Acute exposure to CNCI
gas causes sheepiness, sore throat, cough, dizziness, and
nausea|2|. In contrast, prolonged exposure causes respiratory
lailure, metabolic obstruction, and irreversible damage Lo the
red blood cells and central nervous system[3). Therefore,
looking at the detrimental effects CNCI gas has on human
health, there is a need to monitor, capture, and remove toxic gas
for a safer and cleaner environment. In this regard, gas sensors
capable to exhibit high sclectivity, sensitivity, stability, and
rapid recovery time in harsh environments are required.
Two-dimensional (2D) materials such as graphene[d), black
hosphorene| 5], ger [6], silicene, aluminum  nitride
(AIN]|7| Indium nitride (InN)[8], and tramsitional metal
dichalcogenides (TMDs)[9, 10] have been extensively explored
as sensing material due to their high surface w volume ratio,
tunable optical and clectronic  properties, and  structural
diversitics. However, due to certain limitation like absence of
a dangling group, zero band gap in graphene[11], and Jow
carricr mobility in TMDs hinder the practical application of
these material as a sensing material in gas sensor. Moreover
poor selectivity and sensitivity at elevated temperatures is also
considered as bottleneck problems for these 2D materials [ 12].
Therefore, there is an inevitable need to explore altermative 2D

Anwrag Bhandar i with the Nanomateral Research Laboratory,
Department of Applied Physics, Dell Techinclogical Univeraty 110042,
New Deits, Inda (emall: anurag$412131447@gmall com)

Nitin K.Puri is with the Nanomateral Rasearch Laberatory, Department
of Appled Physics, Delhi Tachrological Unwersity 110042, New Dalhi,
Incia (amail. nitinkumarpun@atu.ac.in).

materials capable of exhibiting high sensitivity, selectivity, fast
recovery time, stability, and rcliable operation at high
temperatures. In this regard, hBN, widcly known as ‘white
graphene,” can be considered a suitable sensing material in
harsh cnvironments duc to its unique propertics, like high
thermal conductivity and better structural stability at high
temperatures[13, 14). However, there have been numerous
reports regarding the utilization of hBN as a sensor[15-17]. In
contrast it was also concluded from the literature that pristine
hBN-based gas sensors exhibit instantaneous recovery time,
slower response, and poor sebectivity[ 18], This can be aurbuted
to the weak adsorption ability of hBN due 1o its inherent
chemical inertness. Therefore, to overcome the issue of weak
adsorption ability and poor sensing performance of hBN,
rescarchers have adopted the method of  surface activation
mcthod by doping[19, 20] and substrate engincering[21, 22].1t
has been well proven that metal atom decoration onto hBN
enhance the adsorption ability and sensing performance of
hBN. Recently, Kalwar et al. studied the adsomption of harmtul
toxic gases such as CO2, CO, H:S, HF, and NO onto a Ti-doped
hBN monolayer|23]. Their study revealed that CO,, CO, HJS,
HF, and NO got adsorbed onto Ti-doped hBN with adsorption
energies -1.32eV, -1.66eV, -1.20eV, -0.81¢V and -1.82eV
respectively, Additionally, Ti decoration onto hBN resulted
transitions from scmiconductor to narrow band semiconductor
and mectal upon CO:, H.S, NO, and CO. HF adsorption.
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respectively. The reported variation in the clectronic propertics
and adsorption cnergy upon 11 decoration onto hBN lead to
high sensitivity and better recovery time than pristine hBN. In
another study Khan et al, reported that the adsomption of CO,
COS, CH:N:; and CF.0 onto Fe-decorated hBN  was
chemisorption, whereas the adsorption of CO: and CH(O onto
Fe-decorated hBN was physisorption [24]. There exists various
reports regarding the adsorption of CNCI gas onto metal-doped
graphene  quantum  dots[25], Al and Ga-doped BN
nanotubes[26], and phosphorene nanosheets[27]. However,
there have been no reports regarding adsorption of CNCI gas
oato Cu-decorated hBN monolayer has served as a motivation
for this work. Therefore, in this work, we have investigated the
adsorption of CNCI gas onto Cu-decorated hBN monolayer
using DFT. Adsorption energy and adsorption distances were
caleulated in order to determine the  strength of interaction
during the adsorption of CNC1 gas onto hBN and Cu-decorated
hBN system. Moreover, to analyze the effect Cu decoration on
hBN and ONCI gas adsorption had on the electronic properties,
DOS and PDOS were calculated, respectively, Charge transfer
during the interaction was analyzed quantitatively and
qualitatively using charge density difference and Hirshficld
caleulation, RDG and ELF calculations were also performed to
determine the existence of any non-covalent interaction and
distribution of electron density around the interacting atoms.
Finally. the sensitivity and recovery time of the Cu-decorated
hBN and pristine hBN upon CNCI adsorption was evaluated
utilizing the work function and adsorption energy, respectively.
The outcome of the  DFT study provides a deep insight into
the adsorption mechanism and sensing performance of hBN and
Cu-decorated hBN towards CNCI gas detection, which would
be helpful for the experimentalist to design Cu-decocated hBN-
based gas sensor,

Il. COMPUTATIONAL DETAILS

All the computational calculations were carried out within the
framework of DFT using the QUANTUM ESPRESSO(28]
software package. To describe the corrclation between the
electrons, we have used Generalized Gradient Approximation
(GGA)29) with Perdew Burke-Emzerhof (PBE)[30]as an
exchange-correlation (XC) function. A Plane wave basis was
implemented within the framework of the projector augmented
wave (PAW) method. Ultra-soft pseudopotential [31 |was used
1o represent the electron-ion interaction. For the proper
convergence of the sell-consistent lield (SCF) calculation, we
have performed a convergence Lest 1o determine the optimized
cut-ofT energy and K points. From Fig. I{a) and Fig.1(b), we
found 55Ry and 7x7x1 as the optimized cut-off energy and K
points for the SCF calculation. Further, the hBN monolayer was
grown along the XY plane by repeating the unit cell 5 times
along the X and Y axes, resulting in a $X5 supercell containing
25 Band 25 N atoms. A vacuum layer of 20A applied along the
z-axis 10 obstruct the interaction between the periodic replicas.
To consider the weak vanderwaal (vdW) mteraction in the total
energy calculation, we have implemented the “Grimme DFT-
D27 [32]approach. All the structures were fully optimized umil
the energy, pressure, and force convergence were less than 107
Ry. 0.5 kbar. and 10~ "Ry/Bohr, respectively, using the Boryden-
Fletcher- Goldfarb- Shanno (BFGS) scheme. Finally, VESTA
software was used to visualize the adsorption distance, bond

angle, charge gain, and lost regions in the optimized structurcs.
The RDG scatter and RDG isosurface plots were visualized
using Multiwin and VMD software,
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lll. RESULTS AND DISCUSSION

A. Structure and electronic properties analysis of hBN
monolayer

]

sEERARRATRS

-
s e s ta e sz b b
Bawgmty

Fig. 2 (a) Optimzed hBN monclayer (b) DOS (c) PDOS and (d) ELF The
atoms in biue and pink colors represent the N and B stoms, respectively
To investigate the structural properties of the hexagonal boron
nitride (hBN) structure, For this purpose, we have optimized the
structure. Aller optimization, the resulting structure, as shown
in Fig.2(a). revealed that the B-N bond length and bond angle
between B-N-B were 1.45 A and 120°, respectively[33]. In
contrast, the atomic distance between the ncarcst B-B and N-N
atoms was 2.51 A, consistent with the previous theoretical and
experimental swdies[34, 35]. Further, 10 investigate the
electronic properties of the hBN structure, we have caloulated
the Density of States (DOS). The plotted DOS. as shown in
Fig. 2(b), revealed that hBN is & wide gap insulator with an
energy band gap (Eg) of aboul 4.45 ¢V, which agrees with the
previous theoretical studies[36, 37). Morcover, the projected
density of states (PDOS) was also calculated to determine the
contribution of different atomic orbitals to the DOS, The PDOS
plot shown in Fig.2(¢) revealed that significant contributions to
the valence band (VB) and conduction band (CB) were from the
2p orbitals of the B and N atoms, respectively. We have utilized
the Electron Localization Function (ELF) to visualize the
clectron density distribution between the atoms. The resulting
ELF plot. shown in Fig.2(d), illustrated a region of high and low
electron densities around the N and B atoms identified by red-
and blue-colored regions, respectively. The observed variation
in the clectron density was due to the difference in the
clectronegativity, Being highly electronegative, the N atom
withdrew clectrons from the B atom, making the Nesite
clectrons rich and the B-site clectrons deficient. Thus, ELF
confirmed the behavior of N and B atoms as electron donors
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and acceptors, respectively. Hence, the observed structural and
clectronic propertics suggest that the resulting optimized hBN
structure is & monolayer,

B. Adsorption of CNCI gas onto pristine hBN monolayer
(), s

(€)

o o

Fig. 3 Sice view of the different optimzed structures (a) A1, (b) A2, (c)
A3, and (d) A4, respectively. The pink, blue, black, and green aloms
corespoard to B, N, C, ana Cl atoms.

TABLE
CALCULATED ADSCRPTION ENERGIES, HEIGHTS, FOR THE DIFFERENT
GPTINIZED STRUCTURES

systoms Adsorption heights (A) Adsorptioa Encrgy (€V)
Al 37w 191
A2 490 A 14
A5 3474 A). 185
Ad 3530 0.0

To analyze the interaction of CNCI gas with the hBN
monolayer, we have considered the B site (on top of the B atom)
and the N site (on top of the N atom) as the adsorption sites.
This is because the gas molecules can easily interact with the
electron-deficient (B site) or electron-rich (N site) sites. For the
adsorption study, we have considered different orientations of
CNCI gas at N and B sites as the input geometries for
optimization. Upon optimization, we obtained four different
optimized structures abbreviated as A1, A2, A3, and A4, As
shown in Fig.3, the resulting optimized structures revealed that
the C-Cl and C-N bond lengths underwent no significant
variation upon adsorption, This indicates weak interaction
between the CNCI gas and the hBN layer. In Al and A2
geometrics, the CNCI gas molecule got adsorbed at a distance
of 3,739 A and 3.490 A in a direction perpendicular and paralle]
to the z-axis with the C and N atoms orientating towards the B
sites, as shown in Fig. 3(a) and 3(b), respectively. In A3 and A4
geometries, the ONCI gas molecule got adsorbed at a distance
of 3.475 A and 3,530 A in a direction perpendicular to the z-
axis with the Cl and N atoms orientating towards the N sites, as
shown in Fig. 2(c), and 2(d), respectively. Further adsorption
energics (Ean) for the optimized structures were caleulated
using equation (1) where Ejze-oncy, Exon, and Ecver represent the
total energies of the ONCI gas adsorbed onto hBN complexes,
peistine hBN, and isolated CNCI gas molecule, respectively.
Es=E pgy- eva— (EnpxtEcxc) ]
From Table 1, the adsorption energies for the A1, A2, A3, and
A4 geometries were found to be -0.191eV, -0, 141eV, -0.18%V
and -0.094eV respectively. The reported negative value in
Table 1 suggests that the adsorption process was exothermic.
Based on energy mmimization, we found Al to be the most
stablc among the various optimized structures|38]. We have
referred Al coafiguration as “CNCI-hBN' for the rest of the

study. The calculated adsorption cnergy suggests that the
adsorption of the CNCI gas molecule onto the hBN monolayer
was @ physisorption. Moreover, the reported  adsorption
distance in 1507 T was larger than the sum of the atomic radii
of B, N. C, and Cl atoms, confirmed weak interaction between
the ONCI gas molecule and the hBN layer. Hence, from the
perspective of the adsorption study, we found that pristine hBN
has a weak adsorption ability for CNCI gas molecules.

C. Analysis of the recovery time for the CNC! gas
adsorbed onto the hBN monolayer

To analyze the gas sensing performance of the CNCI-hBN, we
have calculated recovery time (r), defined as the time required
by the gas molecule to desorbed entirely from the surfuce of the
sensing material using equation (3).

=L
r=vte KT (&)

Where T is the testing temperature measured in Kelvin (K), Ka
is the Boltzmann constant whose value is 8.26 X107 eV/K. Eyy,
is the potential barrier for desorption of gas molecules, which
can be substituted with Eyy because adsorption and desorption
arc reverse processes to cach other, and v represents the attempt
frequency, which is 10" Hz{39] for the visible radiation.
According 1o equation (3 ), the recovery time for the CNCEhBN
system was found to be 2,225x 107 under visible light exposure
at 300K, which is too small to produce any variation in the
electronic property of the hBN. Hence, based on the recovery
time analysis, we found that the hBN sheet cannot be utilized
as a gas sensor to detect CNCI gas at room temperature.

D. Adsorption of Cu afomn onfo the hBN monolayer
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Fig. 4 (a)optimized structure, (B) DOS, and (¢) PDOS of the Cu-hBN,
respectively.

In the previous section, we observed that pristine hBN exhibits
poor gas adsorption ability and sensing performance towards
CNC1 gas. The decoration of Transition metal (TM) atoms onto
2D material enhances the gas adsorption capability of 2D
material. Therefore, we decorated the Cu atom on the hBN layer
by placing the Cu atom above the N site. Among the various
T™ metal atoms, we have selected the Cu atom because it is
incxpensive, abundant in nature, and docs not get poisoncd by
analytc[40]. Based on previous theoretical studics, we have
selected the N site as the most preferential adsorption site for
the Cu atom[41, 42]. Upon optimization, the resulting
optimized structure is abbreviated as Cu-hBN. The optimized
structure revealed that the B-N bond length increased from
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1.450A to 1.468A. and the CNCI gas got adsorbed at a distance
of 2207A with adsorption cnergy -0.33¢V. The observed
increment in the B-N length indicates that the B-N ring
undergoes expansion to incorporate the Cu atom. Further,
cohesive energy (E.a/atom) was calculated using equation (4)
1o determine the thermodynamic stability of the Cu-hBN
system,

E‘“Efu,!-ﬂ‘(l'fl”'fn*frﬂ 4

n

where Eppr-cy. Eg. En. Egy . %, ), and n represent the total
energies of the Cu-hBN system, isolated B, N, Cu atoms,
number of B, N, and total atoms within the unit cell,
respectively. According to equation (4), the £.4 /atom for the
Cu-hBN system was found to be -1 40eV/atom, The negative
value of the £, /atom indicates that the structure remained
thermodynamically stable, which is consistent with the other
theoretical  caleulations[43-45) Additionally,  we  have
performed DOS calculations to mvestigate the electronic
peoperties of the Cu-hBN system. From Fig.4(b), we observed
that the impurity state within the energy range -3 1o -2eV
reduces the band gap from 4.45¢V to 2.152¢V upon Cu
decoration. It was confirmed from the PDOS study that the
impurity state is a result of the hybridization between the 4s-Cu
and 2p-N orbitals, as shown in Fig4(c), The observed reduction
in the band gap indicates an cnhancement in the clectrical
conductivity of the hBN layer. This might occur duc to the
charge transfer from the Cu atom to the hBN layer. Hence, the
observed structural and electronic propertics suggest that Cu
atom decoration onto hBN modifies the structural and
electronic properties of the hBN layer.

E. Adsorption of CNCI gas onto the Cu-decorated hBN
monelayer
TABLE 1
CALCULATED ADSORPTION ENERGIES, HEIGHTS, AND BOND LENGTHS FOR
THREE DIFFERENT OPTIMZED ADSORPTION CONFIGURATIONS

systems | Adsoeption | C-N bond C<Cl bond Adsoaplion
beights (A} | Tengah (A) | lengh (A) Fncrpy (¢V)
] 188 Lice 1.623 <.204
H2 2960 1167 1.672 -0.126
R3 1859 LI72 1 650 RIEI]

To analyze the interaction of the CNCI gas with the Cu-hBN
system, we have considered different orientations of the CNCI
gas at the dopant site as the mput geometry for optimization.
The dopant site is selected as the adsorption site because the
CNCI gas molecule can readily be adsorbed at the dopant site.
Aler optimization, we got three optimized structures
abbreviated as B1, B2, and B3, respectively as shown in Fig.5.
The optimized structure shown in Fig.5(a), Fig.5(b) and
Fig.5(c) suggests that the C-CI bond lengths are arel.166A,
1LI67A, and 1.172 A for the B1, B2, and B3 configurations, In
contrast, the C-N bond lengths are 1.623A, 1.672A, and 1.650A
for the BI, B2, and B3 configurations. We found on the
comparison that the C-Cl and C-N bond lengths of CNCI gas
upon adsorption vary from that of the isolated CNCI molecule
in all the optimized structures. The observed variation in the
bond length was due 1o the catalytic effect of Cu atom. Further,
adsorplion energies were cakulaled using equation (5) and
reported in Table |1 to determine the interaction strength
between the CNCI gas and Cu-decorated hBN monolayer.

Eote ™ E hygn-cu- onct = (Exaw-cutEcnct) &)

bt rogaes EEE

Where Ecyer. E pan-cu- cnee and Eygy-cy, represents the total
energies of the isolated CNCI gas molecule, Cu-decorated hBN
wilh and without CNCI gas molecule, respectively. Tablie 11
shows the adsorption energies for the Bl, B2, and B3 structures
were found w be -0.204¢V, -0.126eV, and -04lleV,
respectively, The negative value of the adsorption energics
suggested that the adsorption process was cxothermic. We
found that the B3 structure was the most stable among the
various optimized structures because of its lowest adsorption
energy. For the rest of the study, we have referred to B3 as
“CNCI-Cu-hBN". The reported adsorption energy in o0 11
suggests that the adsorption process was a physisorption.
Moreover, the reported adsorption energy in 1200c 11 was more
cnhanced than the adsorption energy in 1050 | on comparison.
This indicates that the Cu-hBN system has better adsorption
affinity than the pristine hBN for CNCI gas. Hence, the
adsorption study suggests that the decoration of the Cu atom
onto hBN is an effective way to enhance the gas adsorption
ability of the hBN sheel towards the CNCI gas,

Fig 5 Sice view of the different oplimzed structures (3) BY. (b) B2, and
(c) B3, respactively Tha oranga color comasponds 1o the Cu atam.

F. Electronic properties analysis

-
™ l-ﬂ

e M“i

.l".lllll.ll.l.v
Tt

-‘ -
e
5:‘ Vgrasey
: ‘\3
3 U_d_x
ll'l Allll'lba“"' . L}
vty iy

71 G (8) DOG 8nd (b} PDOS piots for the GNCI-NEN system. (¢} DOS
and (d) PDOS plot for the CNCI-Cu-hBN system. respectively

To analyze the effect CNCI gas had on the electronik: properties
of hBN and Cu-hBN systems. we have performed DOS and
PDOS cakulations for CNCI-hBN and CNCI-Cu-hBN systems.
The DOS results shown in Fig.6(a) revealed that CNCI gas
introduces an impurity state in the cnergy range -1 to DeV,
thereby reducing the band gap from 4.45¢V to 3.81cV in the
case of the CNCI-hBN system. In the case of the CNCIl-Cu-hBN
system, CNCI gas introduces a new impurity state at -leV
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adjaccnt to the impurity state created upon Cu decoration at -
2¢V, as shown in Fig.6(c). The new impurity state facilitates
easy charge transfer from the Cu atom 1o the CNCI gas during
the interaction, reducing the band gap from 2.152¢V to 0.44eV.
Further, the PDOS plot in Fig.6(b) indicates hybridization
between the 2p-N and 2p.C atomic orbitals of hBN and ONCI
gas responsible for creating an impurity state in the energy
range -lto0eV. From Fig.6(d), we found that hybridization
between the 3p-N and 4s-Cu atomic orbitals of CNCI and Cu-
hBN was responsible for the observed impurity state in the
cnergy range -2to-leV. On comparison, we found that CNCI
peoduces significant variation in the band gap of Cu-hBN,
thereby enhancing the conductivity of the Cu-hBN system, This
might be due to the significant charge transfer during the
interaction. Hence, based on the observed variation in the
electronic  properties  of CNCI-hBN and CONCI-Cu-hBN
systems, we found that the Cu-hBN system can be used as an
electronic sensor.

G. Non-Covalen! Interaction (NCI) analysis

To determine the existence of non-covalent interaction between
the CNCI gas molecules and adsorbent, we have performed the
reduced density gradient (RDG) analysis proposed by Johnson
and co-workers. The results obtained from the RDG analysis
were visvalized using the RDG scatter plot and RDG
isosurfaccs, as shown in Fig.7. The RDG scatter plot represents
the relationship between the RDG function(s(r)) and sign{i:)
pAr), where A; represents the second eigenvalues of the Hessian
matrix interaction and s(r) defines a relation between the
electron (p(r)) and its gradiem (Vp(r)) as follows:
S0 z(:uri)l P(flll/a ©®

The function sign(i:) p{r) is of great significance as it provides
information about the nature of the interaction. If sign(iz)
ey, sign(ks) ple)=0, and sign(x:) p(r)=0, it indicates strong
attractive  hydrogen bonding, weak van der Waals(vdw),
intcraction, and strong repulsive steric effects. In Fig. 7(a). the
RDG scatter plot illustrated a sharp decline in the RDG function
value around sign(s:) p(r)=0 for the CNCEhBN system.
Further, the corresponding RDG isosurface plot in Fig. 7(b)
illustrated groen patches between the CNCI gas and hBN layer,
indicating vdW interaction between the ONCI gas and hBN
layer. These findings confirmed that the adsorption of CNCI gas
onto hBN was physisorption. The RDG scarter plot in Fig.7(c)
illustrated @ Muctuation in the RDG value around sign(2;)
P{r)=0 and sign(i2) p{r¥=0 upon CNCI adsorption onto Cu-hBN
systems. From Fig. 7(d), the corresponding RDG isosurface plot
illustrated blue patches between the CNCI gas and hBN layer
and green patches between the Cu atom and hBN layer. The
observed blue patches indicate that the interaction of CNCI gas
with the Cu atom is purely electrostatic and responsible for the
observed enhamcement in the adsorption energy. These findings
suggest that Cu-hBN binds CNCI move effectively than pristine
hBN. This proved that Cu-hBN system has better adsorption
afTinity for CNCI gas than pristine hBN. Hence, based on our
RDG analysis, we found that non-covalent interaction exists,
which strongly influences the adsorption of CNCI gas and
sensitivity of the hBN and Cu-hBN systems,

NYITIT
1885i%2

LI

Fig. 7 RDG scatier plot for the () CNCI-hBN, (¢)Cu-hBN. and (&) CNCI-
Cu-hBN systers. lsosurface phol for the (b) CNCIBBN, (d)Cu-hBN, and
(f) CNCHCu-hBN systens, respactively.

H. Charge Densily Difference analysis

TABLE IN
CALCULATED CHARGE TRANSFER FOR CNCL-HBN ano CNCL-Cu HEN
ADSCRPTION CONFIGURATIONS
CNCLBEN CNCLCuhBN

Canfiguration

Charge transter 01067 01d2e

Fig. 8 {a) DOS and (o) PDOS plots for the CNCI-hBN system, (c) DOS
and (¢) PDOS plot for the CNCI-Cu-hBN system, respectively
To mvestigate the charge transfer during the interaction of
CNCI gas with the sensing material, we have utilized charge
density difference and Hirshfield methods to visualize the
charge transfer, The charge density difference (Ap) was
calculated using eguation (7).

Ap = pas-pa-pr (7
Here, pAB, pA, and pB represent the charge density of the
complex with gas molecule, complex and gas, respectively.
From Hirshficld charge analysis, we found that 0.067¢ was
transferred between CNCL and hBN, whereas 0.142¢ was
transferred between CNCland Cu-hBN. It was on comparison
of the reported charge transfer in Tabie 111 we found that
significant charge transfer ook place in the case of CNCI-Cu-
hBN. This was verified from the charge density difference
diagram shown in Fig.8. From Fig.8(a) and 8(c), we observed a
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small region of charge loss and gain around the N and C atoms
of the ONCI gas molecule identified by the cyan and yellow
color, respectively. This indicates weak charge transfer from
hBN to ONCI. Further, Fig S(b) and 8(d) illustrate significant
chaq,c loss and g,am regions around the Cu and N atoms. This

1i that a signifi charge was transferved from the Cu
atom to the CNCI gas. The observed charge transfer can be
attributed to the difference in the electronegativity between the
Cu and N atoms. Being highly clectronegative, the N atom
withdraws clectrons from the highly clectropositive Cu atom
during the intcraction. Hence our charge density difference
results agreed with the Hirshficld charge analysis.

I. Electron Locahzation Function analysis

Fig 9 ELF plot far {a) CNCI-hBN, (b) Cu-hBN, and {c) CNCI-Cu-hBN
systems, respectively.

We have performed ELF cakeulations to analyze the distribution
of ¢lectrons around the interacting atom during the adsorption
of CNCl onto sensing material. The ELE plot shown in Fig.9(a)
illustrates high clectron density around N and Cl atoms,
indicating the highly reactive sites of CNCI gas identified by
red. Moreover, a lange region of low electron density exists in
the interacting region identified by the blue color. This indicates
a weak interaction between CNCI gas and the hBN layer.
However, upon Cu decoration, we found a large red color region
around the N atom compared to the Cu atom, as shown in
Fig.9(b). This happens due to the electron transfer from the Cu
atom to the nearby N atom, making the Cu atom electropositive
and the N atom electron-rich. Further upon CNCI adsorption,
we observe a large red-colored region around the CNCI gas
compared (0 the Cu atom, as shown in Fig.9(¢). This indicates
that clectrons were transferred from the Cu atom to the CNCI
gas, confirming the interaction of CNCI gas with the Cu atom
is purely electrostatic. These findings were consistent with our
RDG result that a strong, attractive interaction exists between
the CNCI gas and Cu-hBN layer upon CNCl adsorption. Hence,
our ELF results were in agreement with the RDG analysis.

J. Sensitivity analysis
TABLE IV
CALCULATED ELECTRICAL CONDUCTIVITY FOR CNCL-HBN AND CNCL-CU-
HBN AT DIFFERENT TEMPERATURES

Configuranion o (0 m" oar | af'm’y w | ofr'm"y  u
L=300K 1=400K 1=S008

CNCERBN 101710 1.012x 10- 6.373x10*

CNCRCuhN | 20190007 [0S o D6 10

The sensitivity of the semiconducting material is judged
mainly by its electrical conductivity, which undergoes a
variation with the adsorption of the gas molecule, Therefore, we
utilized equation (8) to calculate the electrical conductivity of
the CNCI-hBN and CNCI-Cu-hBN systems.

ol
ag=Ae s (8)
where o is electrical conductivity, A is a constant, 7 is the
temperature in K, E; is the band gap in ¢V, and Kg is the
Boltzmann constant in eV/K. The calculated data in T=0lc 1
indicates that the electrical conductivity of the CNCI-hBN and

CNCI-Cu-hBN systems increascs with temperature and upon
CNCI adsorption. The observed increase in the clectrical
conductivity with temperature indicates the semiconductor
behavior of the CNCI-hBN and CNCI-Cu-hBN systems. On
comparison, we found that the CNCI-Cu-hBN system exhibits
better electrical conductivity than the CNCI-hBN system. This
can be attributed to the lange reduction in the band gap upon gas
adsorption. The DOS calculation verified that the ONCI
adsorption reduces the band gap by 14.38% and 79.58% in the
case of ONCI-hBN and CNCI-Cu-hBN systems. Significant
variation in the band gap of the CNCI-Cu-hBN system lcads to
cfficient charge transfer between the interacting  specics,
leading 10 measurable changes in the electrical signal, This
indicates that the CNCI-Cu-hBN system exhibits sensor
properties and can be used as an electronic sensor. Hence, all
these findings suggest that Cu decoration onto hBN improves
the sensitivity of the hBN layer toward CNCI gas,

K. Work function analysis

The sensitivity of the sensing material in a work function-based
gas sensor is generally determined by the work function().
Since any variation in the work function (A@) causes changes
in the emitted electron current densities, this can be inferred
from equation (9), which shows the exponential dependence of
emitted electron current densities on §.

. =

JAT ¢ X7 L)
where / is the emitted clectron current densitics (A/m®), A is a
Richard constant (A/m* K*, ¢ is the work function of the
material in eV, 7 is the temperature in K, and Ky is the
Boltzmann constant in ¢V/K respectively, Therefore, we have
analyzed qualitatively variation in the work function (&) of
hBN and Cu-hBN systems upon CNCI adsorption. Fer this
purpose, the work function for these systems was calculated
using equation (10).
¢=Eir—Er (10),
L and Ly represent the electrostatic potential at infinity and
Fermi level energy. The electrostatic potential at infinity s
assumed to be zero. In contrast, variation in the value of Ad
was calculated by sublracting the work function of the sensing
material without gas molecules from that of the sensing material
with gas molecules. The computed value of § for the pristine
hBN with and without gas molecules was found to be 2.4deV
and 2.12¢V, respectively, In contrast, for the Cu-hBN system,
the value of ¢ with and without gas molecules was found to be
1.154eV and 0.790eV, respectively. Further, on comparison, we
found a large negative variation in the work function of the Cu-
decorated hBN sheet. The large negative variation can be
attributed to the significant charge transfer between the CNCI
and Cu-hBN, validated by our charge density difference
calculations. Hence, from the perspective of work function
analysis again, we found that the Cu-hBN system exhibits better
sensitivity towards CNCI gas than the pristine hBN,

L. Recovery ime analysis
TABLE V
CALTULATED RECOVERY TIME AT THREE DFFERENT TEMPERATURES FOR
CNCL-Cu-HBN
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2
Visible light exposure Ultraviolet exposure
lemperature | Recovery lime ‘lemperature Recovery time
300K 1 S 10 s 00K 1596 10 sec
AINK 2 S25 107 sec HNK 252510 sec
SR 2(08x 10 sec SOON 2098 107" sec

Recovery time is considered a key indicator in evaluating the

reusability of a gas sensor, Therelore, we have calculated the
recovery time for the CNCI-Cu-hBN system to investigate its
peactical utility as a gas sensor. The calculated recovery time
for the CNCI-Cu-hBN system at 300K under visible light was
found to be 1.596 x 107" sec, which is better than the reported
recovery time for the CNCI-hBN system. This was due to the
better adsorption affinity of the Cu-hBN system for ONCI gas.
According to equation (3), increasing the temperature, attempt
Irequency, or both can reduce recovery time if adsorption
energy is kept constant. Recently, Li et al reported that
ultraviolet (UV) radiation assists quick recovery time of the gas
sensor[46). Therefore, to analyze the cffect anncaling and
exposure to UV radiation had on the recovery time of the CNCI-
Cu-hBN system. We have caleulated and reported the recovery
time in Table V at 400K and 500K under visible and UV light
exposure. The reported data in TabicV indicate that the
recovery time reduces from 1,596 x 10 sec 1o 2.525 x 10 sec
and 2.098x 107" sec upon annealing and exposure to UV light
at 400K and 500 K, respectively. Hence, the reported data
suggest that annealing above 300K under UV radiation makes
recovery time oo short 1o reuse as a gas sensor 1o detect ONC
gas.

IV. CONCLUSION
In this study, we have systematically investigated the sensing
performance of hBN and Cu-hBN systems towards CNCI gas
using DFT. From the adsorption study, the adsorption of CNCI
gas onto hBN was physisorption involving weak vanderwaal
interaction between them. However, upon Cu adsorption, the
adatom creates new electronic states within the band gap region
due to the strong hybridization between the 4s-Cu and 2p-N
atomic orbitals verified from the DOS and PDOS calculation.
This facilitates the easy charge transfer from the adsorbed Cu
atom to the nearby N atom. As a consequence, the Cu atom
enhances the nucleophilic nature by becoming a highly
electropositive atom. whereas the surrounding N atoms become
an electron-rich species verilied from the ELF calculation, This
makes the Cu-decorated hBN surlace highly reaclive towards
the adsorption of the gas molecule containing electrophilic
species, Further, upon CNCI adsorption Further, as the CNCI
gas approaches the adsorbed Cu atom, the adatom tries to orient
the CNC1 in such a way that the nucleophilic part of the CNCI
gas faces toward the Cu atom 1o maximize the electrostatic
interaction and charge transfer between, This causes an
increment in the adsorption energy thereby validating that Cu
decorated hBN binds CNC] gas effectively than hBN due to the
involvement of the elecirostatic interaction. Finally, the
recovery time analysis revealed that the Cu-hBN system
exhibits befter recovery time than the pristine hBN. which can
be further reduced by anncaling under UV radiation, Hence,
based on our DET results, we conclude that the Cu-hBN system
can be used as a gas sensor to detect CNC gas,
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M) Check for updates A deep insight into the adsorption mechanisms of
lithium-ion battery thermal runaway gases onto
Cu-decorated hBN for gas sensing applications

using DFT
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Lithium-jon battersac, due 10 el environmental fnendliness and high anery cagacity, are extentively used
in the eld of transponation and enargy storage. Howewer, the problem ol thermal runaway in lithium-ion
batterses has become a serows threst 1o humans. Trerefane, corsidering these istues, we have imestigated
the adearption mechanim of thenmal runaway gades [CHy, C0, CO;, Hp, and CHal onto pristing hBM and
Cu-daped hEN wsing Dersity Functional Theary [DFTE The adsarpion of CaHy C0, C0:. Wz, and CH, gas
ricdescukes on pristinge hEN octurs va physsorption, resulling in poor recosany time, change bransfer,
salectivity and sensitivity. Howeser, substitutionsl doprmg of Cu atornd at the B vacancies couses therrmal
runaway gases to be adsorbed chemically. D05 caloulations showed that the adsonption of CHy, CO
CiC, Hy, and CH, gas molecules reduces the band gep of Cu doped hBN, indicating the chemoresistive
behaviowr of Cu-doped hBN. Fudhermore various other calculations, such as charge dersity
diffgrences, showed that CoH. CHe. OO, CO; and H, gases act as ebectron donors and Cu-doped hBs
acts a5 an alectron acceptor, wheraas RDG calculations confirmed that wiaak wiW and stroneg attractive

R 151k 2
Boaiid L3Ih July 2025 nan-covalent interactons exist in the case of pristing hEN and Cu-dopad BN, respectively, Finally, our

Accupbed 15th September 2025

. OFT results conhrmed that Cu-doped hBW eshibits enhanced sensfivity and recowvary btme towards
Dol 10 1050/ 45ta05 706 tharmal runaway gases. thereby making Cu-doped hBN a potentlal candidate for use as a sensing
raclifmaberials-a matedal N gas sensors to detect thesmal runaway gases.
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Fossil fuels have been the primany source of energy in indus-
irialisation, tanspomation, and domestic heating,”* Due o
globalization, there has been a rapid increase in  the
consumption of fossil fuels, causing depletion of namral
Tesources, A rise in environmental pollution, and global
warming, which has become the most Important issues human
race |s facimg today.** Therefore, there is an inevitable need w
develop clean and sustainable green energy, which is chal-
lenging without the help of energy storage technologies.” In
response o these :ha“rnﬂe:s, researchers are :m.'l:iu.lel:.I wr.lrk'irl.;
woemards the development of electrochemical energy storage
systems. Among the various electrachemicil CRETEY stornge
systems such as lead-avid,” lithium-ion,™" sodivm-ion," and
nigkel-cadmium®™ batteries, it is lithium-ion batteries that have
attracted significant attention due to their high energy density,

“Pepartaent af Applind Plosion, Delled Tockmbapical Doiverarty, Dl JIned3, iz,
Fmpil: nsinkueerpamigietiu ar in

Exarans feiitwte of Eleciremics & ifrmetior Techoofogr (MIELT) Pavmn Inabia
L-mail alir-painngin el gov. m

‘leparimend o Appdied Sciences, TRE Gobal’ Datverstin, Selngo, Coviral Mope Toww,
Defradun, Detarabhong, 248607, Daaa
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in Electric Vehicles [EVs),"™'"™ pomable electronics,”™™ aecro-
space," power grids, and other fields. However, due to elec-
trical,™ thermal amd  mechanical  abuse,™ ™ lithiume-ion
batterics undergo thermal runaway eonditions  generating
heat that deesn't get dissipated from the battery, thereby
causing a rapid increase in the pressure and temperature, which
acoclerates the reaction rate, ruptures the cclls, and releases
highly flamimable gases like € H,, CO,, CO, CH, and H;. The
continuous  production of these  Oammable pases causes
lithium-ion batteries o explode, leading to major aceidents.
According toa repart, a totl of 357 incidents related to thermal
rmuniway of lithium-ion batteries were reported from 2006 to
22, and in the year M0, ower 100 cuses of sell'-huming of
clectric vehicles were reported.™ Sinee the thermal runsway
condition in lithiwm-ion batteries is unavoidnble, there is
A necessary and urgent need to moniter thermal manaway gases
in arder to ensure the safety of the environment and human
civilization. Currently, various gos detection technigques such as
gas chromatography and mass spectrometry exist, but these
detection techniques are expensive, tme-consuming, and
require a skilled operator for their operation®  whereas
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technigues like infrared thermography and scoustic are also
expensive and difficult to implement in portable devices due w
their large volume. ™ In response to these sswes, gas sensors can
be considered as an optimal detection technigue because of
their low cost, case of operation and simple preparation
methods ™ For this purpose, researchers are extensively
explm'i.ng\'nn'uus layered structures such as mph:nr, Transi
tion Metal Dichaleogenides |TMDs], ™" blue phosphorene, ™
Transition Metal Chaleogenides (TMOCs) ™ Gallium Nitride
[Gak "™ Algminium Nitride {AIN],’“" iXEne,™ and metal
owides™* due to their high surface-tovolume ratio, tunable
band gap, good compatibility with modern electronics,"!
Despite having such unigque properties, these materials in their
pristine form are practically immature to meet the current
requirements as sensing materials. In order 1o overcome these
issues, resecarchers have adopted various methods such as
surface functionalization through transition  metal [TM)
doplng,** substrate engineering,*** and defect englneering.®
Previous smudles have proved that doping TM atoms into 20
materials significantly improves the gas sensing charactenstics,
For example, Yu et al imestigated the adsorption of CNCI
HEM, and MH,; on metal-doped diamane.™ He abserved that the
introduction of the metal atom improves the adsorption
capacity and sensitivity of the diamane, Mohammadi e @, re-
ported that the sdsorption of HpS, Cly, NH;, and GO0, gases
onto By ;UM ocours via physisorprion, whereas Li-decorated
Byalp Ny, exhibits excellent sensitivity towards Cl; and GOCL,
gas molecules.™ Hussain e al, studied the adsorption of COCH,
anto Cu-decorated By;N;: nanocages, Their findings indicate
that Cu awom decoration onte ByyM,; nanocages enhances the
adsorption strength, stability, and chemical reactivity of By N, 5,
and Cu-decorated By M, , nanocages can be used as efficlent gas
senaors for the detection of COCL, gas molecubes.™ Xiao e al
prepared P-Biv0, nanosheels wie a two-phase method, He
observed that the PERIVODbased gas sensor exhibits high
wnsiti‘vit}; cxeellent smability, wnd a low detection limit towards
acetoae I.'I:lﬂ'ﬂ[ﬂl.‘ed to BV, Beheshiiam ef al, :mph;si.wd that
doping of Sc atoms into boron nitride nanotubes [BRNTs)
enhances the adsorption capability and electrical conductiviey
of BNNTs upon COCl;: adsorption, thereby making Se-doped
BMMNTs a potential candidate for use as electronic sensors w
detect COCL; gas molecules,™

There exists a phethora of literature reporting the utilization
of 20 materials as sensing materials to deteet thermal runaway
gases, Wu et al™ investigated the adsorption and gas sensing
properties of Cu, and Pd, (r = 1-3) cluster-modified MoSe, for
lithium-bon  battery  thermal runaway  gases. Their resuls
revealed that Cu,~MoSe, and Pd, -MoSe, have potential appli-
cations a% sensing materials bowards thermal ronaway gases, Li
e al alse investigated the adsorption and gas sensing proper-
ties of Cu-embedded HES, (Cu-HES,) and Cu-decorated HiS,
[CuEHIS; ) using BFT* Their studies reveabed that CufiHeS,
has a strong n.rlmrplinn n:[mhilit_v towards OOy, O3H,, and H,
whereas Cu-HfS; has a strong adsorption capability towards
CH, and COy. In another study, Xue ef o studied the gas
sensing propertics of precious metal (Ag and Ao} moditied
Janus MoSeTe for lithium-ion thermal runaway gases.™ Their
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findings revealed that the introduction of Ag and Au signifi-
cantly improved the adsorption capacity and charge transfer of
Ag-MoTeSe, towards CH,. Recently, Qin e al. investigated the
adsorption capabilities of Pdy/hEN, RhyhBN, and RBu/hBN
structures towards thermal munaway gases like CH,, Oy, CO,
and H, using DFT.* Their DFT resulls revealed that metal
mxdification sigmiticantly enhances the adserption capability of
hEN towards all these gases. Hou e al developed o Ce-doped
MoSy-based gas sensor with high humidity resistanee for
detecting Hy which is generated during thermal runaway of
lithiumeion batteries,™ It exhibited excellent Hy selectivity in
the presemec of O, CHa0, CH,, and C,HgO, maintaining its
stability under high humidity conditions ranging from 30% to
E5'%s, demonstrating a fast response to Ha, making it ideal for
ranitoring Hy bevels under thermal runaway conditions. Chen
ef ol analysed the sensing characteristics of Ag-Cds, Pd-Cds,
and P—Cds tewards H; and €0, They found that Pd-CdS and
Pt-Cd5 show potentlal for room temperature HyS sensing, while
the Cds monolayer displays pocential for H, and OO, cleaning.
The sensitivity of Pt-CdS and Pd-Cd$ towards H, at 300 K is
THAT% and 98,17 %, respectively, while their sensitivity towards
OO i% 99.9%9%,. Similerly, Zhai @ el stodied the physieocham-
ical propertics of Rh-doped PodS, and Rh-PdS; and their sensing
perfurmance towards the thermal runpway gases in lithium-ion
hatteries.™ He found that the adsorption of CO and C;H, onto
Bh-doped Pds; and Bh-Pd4; occurs wia chemisorption, whereas
the adsorption of Hz, ©0, and CH, ocours we physisorption,
Furthermore, work function analysis suggested that both
svstems can be utilized as work function-based gas sensors with
comparable performance. Yang et al investigated the sensing
performance of BC-based gas sensors for organbe and inoer-
ganic gases using DFT.* Thelr DFT resubts indicated that BC, (s
very sensitive bo the adsorption of C0O, NH, K0, NO,, CH,,
CyH,, and HOHO, thereby validating that the BC, monolayer
can be used as a sensing material in gas sensors. Liv ef ol
investigatesd the gus sensing capabilities of T [Fe, Co, and Pd)
doped MoTeSe monolayers in detecting thermal manaway gases
srenerated by lithiume-ion batteries.™ They reported that adding
T™ atoems as dopants enhances the electrical conductivity and
adsorption capacity of MoTebe, thereby confirming that the Pd

MoTefe monolayer has the best sensing performance, followed
by Co-MoTeS%e and Fe-MoTeSe monolayers., However, to the
best of the author's knowledge, there have boen no previous
reports regarding the adsorption behaviour of chermal runaway
ases from lithiom-fon batteries onto Cu-doped hBN. This lack
al prior research mothated us o Investigate the adsorpiion
behaviour of thermal runaway gases from lthivm-ion batteries
anto prastine hiiW and Co-doped hBEN. Therelore, in this stody,
we have wsed DFT as a tood to caloulate the adsorption energy
amd distances of the thermal runaway gases onto pristine hBN
and Cu-doped hBN. In addition to analysing the effect of
adsorption of thermal ronaway gases on the electrical condue-
tivity af pristine hBN and Cu-doped hEN, we caleulated DOS
and FDK for these systems, respectively, For the quantitasive
analysis of the charge transfer during the inferaction of thermal
runaway Eascs with all these systems, we caleulated the charge
density difference. Furthermaore, RIMG analysis was performed
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to examine the presence of non-covalent interactions between
the adsorbate and adsorbent. Finally, the recovery time sensi-
tivity and selectivity were also calculated to examine the
performance of Cu-doped hBN upon the adsorption of thermal
runaway gases.

2 Computational details

All the I ional calculations in this work were performed
using DFT as implemented in the Quantum ESPRESSO™ soft-
ware package. The electronic exchange and correlation inter-
actions were treated using the Generalized Gradient
Approximation (GGA/*** along with the Perdew-Burke-Em
zerhof (PBE)™ functional. To model the clectron-ion interac-
tions, we have employed the Projector Augmented Wave (PAW)
method with ultrasoft pseudopotentials.® Furthermore, the
Grimme DFT-D3 (ref. 67 and 68) dispersion correction was
incorporated to account for weak van der Waals (vdW) forces,
which are significant in layered materials. A cutoff energy of 55
Ry and a Monkhorst-Pack grid 7 » 7 x 1 &-points were used for
the plane-wave basis and Brillouin zone sampling. The hexag-
onal boron nitride (hBN) layer was modelled usinga 5 < 5
supercell, created by repeating the primitive unit cell five times
along the X and ¥ directions. A vacuum layer of 20 A was applicd
along the z-axis in order to prevent the interlayer interactions
between periodic images. Structural optimizations were carried
out using the Broyden-Fletcher-Goldfarb-Shanno  (BFGS)
algorithm until the total energy, pressure, and forces converged
to within 10 Ry, 0.5 kbar, and 10" Ry bohr ', respectively,
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Finally calculation of the bond lengths of the optimized
geometries and visualisation of charge density difference plots
were performed using VESTA,” whereas RDG scatter plots and
isosurfaces were generated using Multivfn™ and vMD™
software.

3 Results and discussion
3.1, Analysis of the g i and ek i
properties of pristine hBN

In this section, we have examined the structural and electronic
properties of the pristine hBN in order to analyze the structural
and clectronic property variations it undergoes upon substitu-
tional doping of a Cu atom and adsorption of thermal runaway
gases. Geometry optimization revealed that the resulting
structure consists of a periodically alternating arrangement of
boron and nitrogen atoms, cach bonded to three neighbouring
atoms, forming a planar honeycomb lattice with sp® hybrid-
ization, as depicted in Fig. 1(a). The optimized B-N bond length
was found to be 1.45 A, with a bond angle of 120° between B-N-
B, and atomic separation between the nearest B-B or N-N atoms
was 2.51 A% These structural parameters are in good agree-
ment with previously reported experimental data. To explore the
electronic behaviour of the optimized structure, we performed
density of states [DOS) calculations. The resulting DOS plot as
shown in Fig. 1(b), indicates that the structure exhibits insu-
lating behaviour with an energy band gap of approximately
4.29 eV, which closely aligns with the 4,30 ¢V gap reported by
Kim™ et al., thereby affirming the reliability of our DFI-based

oS
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Fig.1 (al Optimized hEN monolayer, with the unit cell outlined In red. B and N atoms are represented by pink and blue spheres, respectvety. (o)
COS and (cl PDOS. (@) Electron localization function (ELF} map, where red, green, and tlue regiors correspond 10 highly localized. partialty

localized. and delocalized electronic states, respectvely
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approach. Furthermore, we performed projected density of
states (PDOS) calculations to examine the orbital contributions
to the total DOS (TDOS). The PDOS plot in Fig. 1(¢) demon-
strates that the valence band [VB) is mainly composed of filled
2p orbitals of N atoms, whereas the conduction band (CB) s
mainly composed of empty 2p orbitals of boron (B) atoms.
These findings indicate that B and N atoms act as electron-rich
and deficient sites, respectively, which is consistent with our
ELF study. The resulting ELF plot, as shown in Fig. 1(d),
demonstrated regions of high and low electron density around
the N and B atoms identified by the red and blue regions,
respectively. The observed variation in electron density can be
attributed to the difference in electronegativity between B-N
atoms, causing the highly electronegative N atom to withdraw
electrons from adjacent B atoms thereby making N and B sites
electron-rich (donor] and electron-deficient (acceptor) sites,
respectively. Overall, the structural and electronic analysis
confirmed that the resulting optimized structure behaves as
a hBN monolayer.

3.2. Adsorption of thermal runaway gases onto pristine hBN

To study the adsorption of C;H,, CH,, CO, CO; and H; gas
molecules onto pristine hBN, we considered B sites (on top of
the B atom) and N sites (on top of the N atom) as the active sites
for adsorption duc to their electron deficient and electron rich
behaviour which is also suggested by our ELF calculations,
Therefore, we considered different orientations of the thermal
runaway gases at the B and N sites as the initial structures for
optimization, Upon geometry optimization we obtained sixteen
different adsorption configurations abbreviated as A1, A2, A3,
A4, B1, B2, C1,C2, C3, C4, D1, D2, D3, and E1, E2, E3 as shown
in Fig. 2[a){p) respectively. For the A1, B1, D1 and E1 adsorp-
tion configurations, we observed that the C,H,, CH,, CO, and
H; gas molecules oriented themselves in a direction parallel to
the Z axis at distances of 4.285 A, 4.036 A, 3.330 A and 3.00 A
from the B sites as shown in Fig. 2(a), (¢), (k) and [n] respectively
whereas for the A2 and D2 adsorption configurations we
observed that the C;H, and €O, gas molecules oriented them-
selves in a dircction perpendicular to the Z axis at distances of
4.055 Aand 3.871 A, from the B sites as shown in Fig. 2(b) and (1}
respectively. In the case of A3, B2 and E2 adsorption configu-
rations, we observed that the C;H,, CH, and H, gas molecules
oriented themselves in a direction parallel to the Z axis at
distances of 4.275 A, 3.616 A and 2.998 A from the N sites as
shown in Fig. 2{c), () and (o) respectively. Similarly, in the case
of C1, C2, and C3, C4 adsorption configurations, the CO gas
molecules were adsorbed at distances of 3.373 A, 3.334 A and
3.480 A, 3.656 A from the N sites in a direction parallel to the Z
axis us shown in Fig. 2(g)-{j) respectively. We also observed that
in the case of A4, D3 and E3 adsorption configurations, C,H,,
CO; and H; gns molecules were adsorbed at distances of 4,249
A, 3.600 A and 3,328 A from the N sites in a direction perpen-
dicular to the Z axis as shown in Fig, 2(d), (m) and (p) respee
tively. The reported B-N, C-H, C-C, C-0, and H-H bond lengths
in Table 1 didn't vary too much from those of pristine hBN and
the isolated C;H,, CH,, CO, CO;, and H, gas molecules. These
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Fig. 2 Optimized different adsorption configurations of (a)-(d) CaHe
|e) and (f) CHy, (@h-) CO, (kl-im) CO.. and Inl-Ipl H; gas molecules
orto pristine hBN, respectively.

findings suggest that weak interactions exist between thermal
runaway gases and pristine hBN. Furthermore, to verify the
above findings we calculated adsorption energy (£,4.) for all
these adsorption configurations using egn (1) in order to
determine the most stable adsorption configurations and the
strength of the interaction between the gas molecule and hEN.

Bt = EA,»,.,. - Ep - E,‘,. (l)

This journal 8 © The Royal Society of Chemistry 2025
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Tablel The adsorpteon energy (E e adsorption distances (D). B-MN and C-H bond lengths upon the adsomtion of CzH,y, CHa O, 00, and

Hz gas moleculas anto pristine BN

System Eoaa [2V] Lo [A] M (&) C-HL &) o= (4] H-H [A} -0 [A)

A1 =140 AERS 1,450 1.0/ 1531 — —

A2 —19 A055-4, 05 1.450 108 15351 - —

Al ~(h 140 4175 1450 1.0 1551 - —

Al h184 4.239-4.455 1450 1.9 1331 - —

b 1108 4038 1450 1.0 - - -

2 L1324 EEATS 1.450 1.6 — — —

1 ILOKS 3375 1.450 1.143

oz 1OEY 3534 1.450 1.143

[} ILO7T AAHD 1.450 1.143

] ILOTT AAGE 1.450 1.143

1 =323 3330 1450 - - - 1LATO=1.177
nz =157 ARTL 1.44% - - - 14761177
b ~1LARE A6 1,452 - - - 14761177
i O5E 200 1,450 - - 0,752 -

=3 005 20948 1451 - - 0,753 -

El1 (AR JE2E-3.491 1.450 = = 0,752 —

where Ey ..., E,, and E,, represent the total energy of the gas
adsorbed onto the sENSINgG material, enengy wl the ]:lri.'sli:l:m
wns'ing material, amd enengy of the msolated fiot] maplsules,
respectively. The caleulated adsorption encrgies for the AL, AZ,
Ad, Ad, B, B2, C1, €2, €3, C4, D1, 02, D3 and E1, E2, and E3
adsorption  configurations were found to be —0.140 eV,

009 eV, a0 eV, 0184 eV, I eV, 0034 eV,

s oY, —DDEe oV, 0077 ¥, 0077 oV, -0.313 oV,
—0,357 €V, —0,383 ¢V andd —0,054 &V, —0.053 eV and 049 e¥,
respectively, The low values confirm that the adsorption of
thermal runaway gases onto pristine hBN occurs wig phys-
isorption, and weak Interactions exist beoween C:H,, CH,, CO,
OOy, and H, gases and hBM. Based on the minimization of the
adsorption energles, we found that A2, B2, C2, DF, and E2 were
the most stable adsorption configurations among the different
l:lpliln.i::d C,H,, CH,, OO, ©0,, and H, p:-ar]uwhm] hEM
configurations. For the rest of the study, we considersd A2, BZ,
3, D2, and EX as the final adsorpeion conbigurationg wnel
referred o them as CoH,-hEM, CHy-hBN, CO-hBN, COg-hBN,
and H;-hHN, rcspet,ti\rcl:lr.

3.3, Amalysis of the geometric structure and electronic
properties of Cu-doped hBN

In the previous section, we obserwed thar pristine hBEM
demonstrates weak adsorption capability towards thermal
runaway gases. Therefore, to address this limiation, we adop-
ted substitutlonal doping of Transithon Metal [Th) atoms inte
hEN, which is an effective method w enhance the wils ;!r]aut‘p—
tion capability and sensing performance of hBN. Among the
warions TM atoms, we selected the Cu atom as a dopang based
on our previous theoretical studies.™ ™ In this study, we have
comsidered two different substitutional doping configurations
abbreviated as Cu-Vp-hRN (Cu atom substituted at 2 B vacancy)
and Cu-¥y-hBN (Co substiooted at an N vacancy] as input
geometries for optimization. For Cu-vi-hBN and Cu-v,-hBHN,
single B and M atoms were removed from the hBN lattice w
create wacancy sites, respectively,  ARer  relasation,  both

This journal B8 © The Boyal Sociely of Chamistry 2025

structures exhibived distortion in the hexsgonal ring due o the
|argrr atexmic racius of Cu [1.28 .&.} u:lrn|:|u:rur] ten [ [LE5 .l'i.] amd N
(65 &), causing the ring to expand arcund the dopant site.
From Fig. a(a) wnd [b), we fownd that the Cu atom forms bonds
with three adjacent nitrogen atoms in Cu-VehBN and with
three horon atoms in Cu-¥y-hBN, The corresponding Co-M and
Cu-B band lengths were 1,738 A and 1,763 A, respectively, Both
Cu-M and Cu-B bonds were found to be longer than the typical
BN bonds in pristine hBM, suggesting that the Cu atom
prosrudes slightly from the surface, potentially making it
a favourable site for gas adsorption. Additionally, the average B-
N bond lengths in the doped Co-¥-hBN and Cu-v-hBN (1445
A] structures were slightly shorter than those in pristine hBN,
Indicating minor corrugatbon introduced by the dopant. To
further assess the structural stability and bonding naore of the
dul:m'd. systems, the I.li:ll.llil'll( ETIETYY [E,] and formation ENEry
[Ef) were computed using the following equations.

Ey = Ecyubneges — 1By + Egy) (2]

Ey = Epyenin — Enan — fow + pix [3]

where Evuimns Eve Eow e and oy, represent the total enetgies
of the substitutionally doped Cu atoms into hEN, total enetgies
af the defective hBN, toral energics of the isolated Cuo atom, and
chernical potentdals of the isolated Cu atom and ejected atoms
from the hexagonal lattice, respectively, The calculated binding
and formation energles for Cu-Vg-hBN were —5.048 eV and
5.379 oV, respectively, while those for Co-¥i-hBN were 131 6V
and 9.42 eV, The lower formation enengy of the CuV-hBN
structures indicates that the Cu atom preferentially pecupies
the B site owver the N site, consistent with previows theoretical
studies reposting that T doping is energetically more Evour-
abrle at Bvacancies.™ Based on the minimisation of the binding
amd formation energies, we found that Cu-VypehBN s 2 thermos
dynamically more  stable  structure  than  CwVhBN, As
A consequence, for the rest of the study, we have considered Cu-
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Fig. 3 Cptmized (2) Cu-Vs-hBN and {b) Cu-Vy-hBN substitutionally doped structures, respectivety. () DOS and [d) POOS for the Cu-doped

hBN structures. respectively,

VichBN as the final structure and referred to it as “Cu-doped
hBN". Furthermore, to examine the thermal stability of Cu-
doped hBN, we performed ab initio molecular dynamics simu-
lations at 300 K. Our ab initio molecular dynamics simulations
(S1-1) showed that the substitutionally doped Cu atom vibrates
about the equilibrium position. This can be attributed to the
fact that the substitutionally doped Cu atom tries to escape
from the crystal structure as it gains thermal energy from the
surrounding, but the electrostatic interaction between the
substitutionally doped Cu atom and the nearby neighbouring N
atom tries to pull back the substitutionally doped Cu atom. As
a result the substitutionally doped Cu atom remains an integral
part of the crystal structure thereby validating the thermal
stability of Cu-decorated hEN. To analyze the effect of Cu
doping on the electronic properties of hBN, we calculated the
DOS and plotted it, as shown in Fig, 3{c). The DOS plot showed
the emergence of an impurity state at —4 ¢V, causing the tran-
sition from an insulator to a wide band gap scmiconductor as
the band gap reduces from 4.29 €V to 3.10 eV, The reduction of
the band gap indicates that electrons can easily transfer from
the VB to the CB just by applying a suitable external electric
ficld. These findings confirmed that doping Cu atoms causes an
increase in the electrical conductivity. Furthermore, the PDOS
plot in Fig. 3(d) shows significant overlapping between the 3d-
Cu and 2p-N atomic orbitals within the energy range of —4 eV

J Mater. Oham A

to ~ 10 ¢V, confirming the existenee of the strong hybridization
between the 3d and 2p atomic orbitals and formation of
a strong bond between the doped Cu atom and the nearby N
atoms. Hencee, our structural and electronic property analyscs
confirmed that substitutional doping of Cu atoms creates active
sites for the gas molecules and modifies the electrical conduc-
tivity of hBN.

3.4, Adsorption of thermal runaway gases onto Cu-doped
hEN

To investigate the adsorption of C;H,, CO, ©O,, CH,, and H, gas
molecules onto Cu-doped hBN, we considered the dopant sites
as the most preferential adsorption sites; because of the
protrusion of Cu atoms from the hBN surface, incoming gas
molecules are more likely to interact with the dopant atom than
with the Band N atoms. Therefore, we have considered different
orientations of the thermal runaway gases at the dopant sites as
the initial structure for optimization. Upon optimization we
obtained two different optimized adsorption configurations
each in the case of C;Hy, H;, CO, and CO, gas molecules
adsorbed onto Cu-doped hBN, abbreviated as F1, F2, F3, F4, F5,
F6, F7, and F8 and onc different optimized adsorption config-
uration for CH, adsorbed onto Cu-doped hBN abbreviated as
F9, as shown in Fig. 4{a)-(i) respectively. For the F1, F5, ¥7 and
F9 adsorption configurations, we observed that the C,H,, CO,,

This journal 8 © The Royal Society of Chemistry 2025
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H; and CH, gas molecules oriented themselves in a direction
parallel to the Z axis at distances of 2,948 A, 2,590 A, 2.141 A and
2.865 A from the dopant sites as shown in Fig. 4(a), (e}, (g) and
(i) respectively whereas for the F2, F6 and F8§ adsorption
configurations we observed that the C,H,, €O, and H, gas
molecules oriented themselves in a direction perpendicular to
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the Z axis at distances of 2.260 A, 4.092 A and 2.214 A from the
dopant sites as shown in Fig. 4(b), (f) and (h) respectively. On
the other hand, in the case of F3 and F4 adsorption configura-
tions, we observed that the CO gas molecules adsorbed at
distances of 2.841 A and 1.964 A from the dopant sites in
a direction parallel to the Z axis with C and O atoms facing

Fig. 4 Optimized adsorption configurations of [a) and (bl CxHy, i) and (d) CO, le) and (1) CO; Igl and () H; and (il CHs onte Cu-doped hBN

This journal 8 © The Royal Society of Chamistry 2025
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Table 2 The adsorption energy (E,.). adsorption dstances (0,q.),
C-C, C-0, C-H, and H-H bend lengths upon the adsorption of CzH,,
CH4. CO, CO, and H; gas molecules onto Cu-doped hBN

System e [eV) Do (A) C-H{A) C-C[A) C-O(A) H-H (A)
] —1.420 2948 108 1.3 — -

r2 20028 2260 1.9 1360 — —

F3 1341 2801 — - 1.145 -

r4 198 1964 — o 1149 B

¥ 1625 2500 — - 1.173-1.179 —

re 1528 492 — - 1177 —

¥7 138 2141 — - — 0.760
FH ~1330 2214 — — — 0.767

9 “LAM0 2865 110 B — -

towards the Cu atom, as shown in Fig. 4(c) and (d), respectively.
Furthermore, the reported C-H and C-C bond lengths in Table
2 for the F1 and F2 adsorption configurations increased from
106 A to 1.09 A and from 1.20 A to 1.331 A and 1.360 A
respectively whereas for the F7, F§ and F9 configurations, the
H-H and C-H bond lengths increased from 0.751 A 1o 0.760 A,
0.767 A and from 1.09 A to 1.10 A respectively. For F3 and F4
adsorption configurations, we observed that the length of the
triple-bonded C-0 increases from 1.128 A to 1.145 A and 1.149
A, respectively. On the other hand, the lengeh of the two double-
bonded C-O increases from 1.160 A to 1.173 Aand 1,179 Ain the
case of F5, whereas for the Fé system, the C-O bond length
inercases from 1.160 A to 1.177 A, The observed variation in the
bond length upon the adsorption of the thermal runaway gases
indicates weakening of the bond, resulting in activation of gas
molecules towards bond formation with the doped Cu atom.
These findings indicate the catalytic behaviour of the Cu atom.
The calculated adsorption energies for the optimized F1, F2, F3,
F4, F5, F6, F7, F8 and F9 adsorption configurations were found
to be —1.429 ¢V, —2.028 ¢V, —1.341 €V, —1.986 eV, —1.625 ¢V,
—1.528 eV, —1.386 ¢V, —1.330 eV, and —1.440 eV, respectively.
The high values of the adsorption energies suggested that the
adsarption of C,H,, CH,, €0, CO,, and H, gas molecules onto
Cu-doped hBN occurs via chemisorption, verifying that strong
interactions exist between the adsorbed thermal runaway gases
and Cu-doped hBN, Based on the minimization of the adsorp-
tion encrgies, we found that F2, F4, F5, F7, and F9 were the most
stable adsorption configurations, For the rest of the study, we
have considered F2, F4, F5, ¥7, and F9 as the final adsorption
configurations and referred to them as C;H,~Cu-doped hBN,
CO-Cu-doped hBN, CO,~Cu-doped hBN, H,~Cu-doped hBN,
and CHy-Cu-doped hBN, respectively.

3.5, Electronic property analysis upon adsorption of thermal
runaway gases onto pristine hBN and Cu-doped hBN

To analyze the clectronic properties of the hBN and Cu-doped
hBN systems upon the adsorption of thermal runaway gases,
we calculated and plotted the DOS for C;H,~hBN, CH,-hBN,
CO,-hBN, CO-hBN, H:-hBN, C;H,-Cu-doped-hBN, CH-Cu
doped-hBN, CO,-Cu-doped-hBN, CO-Cu-doped-hBN and H.-
Cu-doped-hBN adsorption configurations as shown in Fig, 5.
From Fig. 5(a}, [c), {g) and (i}, we observed that C,H,, CH,, CO;,
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Fig.§ DOS and PDOS for the (al and [b] CH4—haN, e} and (d) CH4~
hEN, &) and [f) CO-hBN, (g} and {h) CO,-hBN, il and (j) Hz-hBN, (K)
ard (I} C;H 4~Cu-doped hBN, {m) and [n) CH-Cu-doped hBN, (o} and
Ip) CO-Cu-doped hBN, (g and (r) CO;-Cu-doped hBN, and (s] and (t)
H;~Cu-doped hBN systems.
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and Hz gas molecules upon adsorption onto hBN do no
introduce any impurity states within the band gap region; as
a consequence, the band gap of pristine hBN remained
unchanged. These findings confirm the existence of weak
Interactions berween CyH,, CH,, OO0, Hy gases and hBM, which
||Lighl. be due o weak r]m:?;r transfer bepween them. In
cimtrast, the nd.m,n'ptil:ln of GOy s onge hiM introduces a new
imparrity state at —1 eV, causing the band gap to reduce from
4.29 ¢¥ to 3.01 eV as shown in Fig. He). However the adsorption
of CHy and GO pas molecoles onte Co-doped-hHN creates
imparity states at — 1 eV and within the energy range of ~2tn -1
oV, causing the Fermi level to shift towards the CB, therehy
reducing the hand gap from 3.10 €V to 2,17 ¢V and 1.69 eV as
shown in Fig, 5[k} and (o] respectively whereas the adsorption of
CHy, OOy and H; gas molecules onte Cu-doped hBN creates
impaurity states within the energy range of —1 o 0 ¢V and also
causes the Fermi level to shift towards the CB thereby reducing
the band gap from 3.10 eV w0 263 ¢V, 2.26 ¢V and 1.05 €V as
shown in Flg. 5(m), (q) and [s) respectively. Based on the
comparisen we found that Cu-doped hBN exhibits better vari-
ation in the electronic properties than pristine hBN upon the
adsorption of thermal runaway gases. This might be due to the
strong charge tansfer between the thermal runasay pases and
Cu-doped hEN, Furthermore, to anatse the contribution from
the atemic orbitals of the thermal onaway gases, pristine hEN
and Cuwdoped hBM, we caleulated PFDOS for the abowve
mentioned adsorption configurations. From Fig. 5[b) and (d),
we observed that in CyH~hBN and CHy-hBM systems, the 2s
and 2p atomic orbitals of C and 15 atomic orbitals of H atoms
contribute weakly oo the DOS within the energy range of 1 to 5
ev. Slmilarly, in the COy-hBM and H,-hBN systems, we
observed that the 25 and 2p atomic orbitals of C and O and 15
atombe orblitals of H atoms alse contribute weakly within the
energy range of 1 1o 5 eV, as shown in Fig. 3g) and (i), respec-
tively. Om the other hand, for the CO-hBN systems, we aobserved
from Fig. 5[F) that the imparity stabe at -1 eV existed due o the
weik hybridization beeween the 25, Zp, and 2p atomie orbitals
of C and B atoms. The existence of weak hybridization between
the atomic orbitals confirmed the formation of weak bonds
between the thermal munaway gases and hBMN, However, for the
CaH—Cu-doped-hBM systems, we observed from Fig, 5(1) that
the impurity state at —1 ¢V resulis from the significant contri-
bution of the 2p and 3d atomic orbitals of © and Cu atoms
Indicatng sharing of electrons between these atomie orbdtals wo
form covalent bonding between the C;Hy gas and Cu-doped
hBM. For the CH,—Cu-doped-hBN system we observed rom
Fig. 5(n) that the fmpurity state within the range arises from the
contribution of 45 and 25 atomic orbitals of Cu and C atoms
indicating: that electrons are shared betweesn these atomic
orbitals o form covalent bonds between CH, gas and Cu-doped
hBN whereas for the COq-Cu-doped-hBN system we observed
from Fig, 3(r] that the 3p, 45 and 25 atomic orbitals of Co and O
atoms are involved in the sharing of the electrons and
comtribute to the creation of impurity states within the energy
range of —1 o 0 V. For the CO-Cu-doped-hBM system, we
observed from Fig. 5(p) that the 25, 2p and 3d atomic orbitals of
C and Cu atoms contribute we the ereation of impurity states
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within the energy range of —2 to —1 &V. On comparison we
found that the Cu-doped hBN system exhibits better variation in
the electronie properties compared to pristine hBN apon the
adsorption of thermal funawsay gases, clearly indicating that Cu-
doped hBN can be utilized as a chemoresistive gas sensor.

A Charge density difference analysis

Tor understand the charge transfer mechanism between the
thermal runaway gas and the sensing materinls, we caleulated
the charge density difference using eqn (4) and ploteed i, as
shown in Fig. &,

Ap = pan — Pa — P ['1':|

where gug, s, and pgg represent the charge densities on the
sensing material upon gas adsorption, charge densitles on the
sensing material without gas molecules, and the charge densi-
ties of the isolated gas molecules, respectively. The yellow and
eyan eoloured regions in the charge density difference diagrams
represent the electron accumulation and electron depletion
regions, respectively, From Fig, 6(a} and [b), we observe that the
electron density around the © and H atoms increases and
decreases upon the adsorption of C;H, and CH, gases onto
hBEM, identified by the yellow and cean coloursd regions around
the C and H atoms of the C;H, and CH, gas molecules whereas
upon the adsorption of €0, onto hBN, the € atom loses clee-
trons to the nearby highly electronegative O atom, identified by
the yellow and cyan coloured regions arcund the O and © atoms
af the €0, gas as shown in Fig. 6(c). We also abserved that in
CyH,-hBN, CH-hBN and COy-hBN systems clectrons are
uniformly accurnulated and depleted within the layer. All these
fndings indlcate that the atoms of the layer and gas molecules
are primarily involved in charge transfer amang themselves. On
the ather hand upon H, adserption, we observed that the H
atoms lose electrons to the N atoms, as indicated by the cran
coloar armum] H atoms whereas upon 00 adsorption, the
atoms gained clectrons from the B amoms identified by the
vellome-cobured reyrion as shown in Fig, alc) and (¢] respectively,
However, upon substitutional doping of the Cu atom, we found
that the Cu atom loses electrons o the nearby electronegative N
arom identified by the cyan and yellow coloured regions around
the Cu and N atoms as shown in Fig, 6{f). These findings
confirmed the nature of the Cu atom and hBN as electrons
donors and acceprors respectively. Furthermore, upon the
adsorption of C:H, and CH, gas molecules onto Cu-doped hBN,
we nhserved that the electron rich C atom loses electrons to the
electron deficlent Cu atom identified by the lange cyan coloured
region between them as shown in Fig. 6g) and () respectively
therehy confirming the natune of Cu-doped hAN and C:H, CH,
as electron acceptor and donoe, For the CO-Co-doped hBY
svstem, we observed from Fig. &(i) that high electron density
exists around the O stoms identified by the yellow colour, but
the lone pair on the C atom readily available for covalent
bonding with the Cu ptom makes the © site partially electron
rich and highly reactive toward the electron-deficient Cu atom,
As g consogquence, the © atom Joses electrons to the Cu atom,
identified by the vellow-coloured region in the interaction zone
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Fig. 6 Charge density difference of (a) C:H4~hBN, [b] CH.-nBN, [c) CO-hBN, {d) CO;-hBN, (e] H~haN, [fl Cu-doped hBN, (g) C:Ha~Cu-
doped hBN, (h} CH,~Cu-doped hBN, (i) CO-Cu-doped hBN, (j) CO,~Cu-doped hBN, and () H,~Cu-doped hBN,

between Cu and CO, gas, For the CO;-Cu-doped hBN system,
we observed from Fig. 6(j) that upon €O, adsorption, that
clectrostatic interactions cause the electron rich O atom to lose
electrons to the electron deficient Cu atom. For the H,-Cu-
doped hBN system, we found that the Cu atom, being more
electronegative than H atom, withdraws electrons from it,

J Mater. Oham A

identified by the large yellow-coloured region between the Cu
and H atoms, as shown in Fig, 6(k). Bascd on the comparison of
the charge accumulation/depletion areas in the interaction
regime we found that a large electron accumulation/depletion
area exists in the interaction region for Cu-doped hBN than
pristine hBN upon the adsorption of thermal runaway gases.

This journal © © The Royal Society of Chemistry 2025
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These findings indicates that significant charge transfer takes
place between the doped Cu atom and thermal runaway gases
which is the reason behind the larger variation in the band gap
of Cu-doped hBN compared to pristine hBN upon the adsorp-
tion of thermal runaway gases. Hence, our charge density
difference analysis confirmed that substitutional doping of Cu
atoms is an costeffective method to improve the charge transfer
between the thermal runaway gases and the hBN layer.

alent i 1 Suaad

o4

37. N

Noncovalent interactions (NCIs) such as hydrogen bonding, van
der Waals (vdW), and steric effects play a significant role in the
adsorption of the gas molecules onto the sensing materials,
thereby influencing the adsorption capabilities and recovery
time of the sensing materials. Therefore, to understand the
nature of the non-covalent interactions between pristine hBN,
Cu-doped hBN, and gas molecules, we calculated the reduced
density gradient (RDG) function using eqn (5) and plotted it
against sign(4;)o(r) as shown in Fig. 7.

I |Vl
2037 [pie)

s{r) = (5)
Here pfr), Vp[r), and Z; represent the electron density, gradient
electron density, and second eigenvalues of the Hessian matrix,
respectively, The quantity signii,|¢r) is of great importance as
it describes the fluctuation in the clectron density near the
critical points, which can be used to determine the nature of the
non-covalent interactions. 1f sign{i,)o(r) < 0, sign(2,)o(r] = 0,
and signli,)p{r) > 0, it indicates strong attractive, weak, and
strong repulsive interactions, respectively. The RDG scater
plots show a sharp decline in the RDG value around sign(4,)e(r)
= O, for the C,H,-hBN, CH,-hEN, CO-hBN, CO,~-hBN, and H -
hBN adsorption configurations as shown in Fig. 7(a)-[e),
respectively. These results indicate that weak vdW interaction
exists upon the adsorption of thermal runaway gases onto
pristinc hBN, which can be verified from the corresponding
RDG isosurface plot displaying green patches between the
adsorbed gas molecules and  pristine hEN as shown in
Fig. 8(a)-(c). However, upon substitutional doping of the Cu
atom, we observed that there is a decline in the RDG value
around sign(2;)e(r) < 0, as shown in Fig. 7(f). The corresponding
RDG isosurface plot in Fig. 8(f) displays a strong attractive
clectrostatic interaction beeween the doped Cu atom and the
neighbouring N atoms, identified by blue patches between
them. Furthermore, upon C,H, adsorption onto Cu-doped hBN,
we observed that the RDG value in the RDG scatter plot
undergoes variation around sign(Z)o(r] < 0 as shown in
Fig. 7(g). The corresponding RDG isosurface plot reveals strong
attractive electrostatic interactions with steric effects between
the Cu atom and C;H,, identified by a blue-red patch between
them as shown in Fig. 8(g). The observed steric effect arose due
to the repulsion between the nearby C-C atoms of the C,H, gas
molecule, For the CO-Cudoped-hBN and H,-Cu-doped-hBN
systems, we observed that the RDG value undergoes deviation
around sign(2%)p{r) < 0, as shown in Fig, 7{i} and (k), whereas the
corresponding RDG isosurface plot revealed that CO and H,
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Fig.7 Reduced densty gradient plot for (a) CaH. ~hBN, [b) CHy~hBN,
Ic) CO-hBN, () CO.~hBN, (el Ha~hBN, [fl Cu-doped hBN. (gl C:H 4
Cu-doped h8N, (h) CH,~Cu-doped hBN, () CO-Cu-doped nBN, ()
CO,~Cu-doped hBN, and () H,~Cu-doped hBN,

gass interact electrostatically with the Cu atom. On the other
side, in the case of CH, and €O, adsorption onto Cu-doped
hBN, we found from the RDG scatter plot that there was a rela-
tively large deviation in the RDG value around sign{;)p(r] <
0 compared to sign(4;)o(r} = 0, as shown In Fig. 7(h) and (j},
respectively. These results indicate that electrostatic interaction
dominates over vdW interaction, which can be verified from the
corresponding RDG isosurface plot as shown in Fig. 8(h) and (j)
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Fig. 8 Reduced dersity gradient Iscsurface plot corresponding to {al CoHe~hBN. (b} CH,-h8N, [c) CO-hBN, (@ CO.~hBN, (@) H ~hBN,
() Cu-doped hBN. (gl C.H,~Cu-doped hBN. (h} CH,~Cu-doped hEN, (il CO-Cu-doped N8N, (| CO,~Cu-doped hBN. and (k] H,~Cu-doped
hBN respactively. The blue, red. and green color schemes shown in the RDG sosurface correspond to attractive strong hydrogen bendng
repulsve stenc effect, and weak vdW interaction, respectively

respectively. In addition, we observed that within the hexagonal — our RDG analysis, we found that the electrostatic interaction
ring, there exists a repulsive steric effect between the nearby B-B - contributes to the adsorption energy in the case of Cu-doped
or N-N atoms identified by the red patches. Hence, based on hBN, whereas the vdW interaction contributes to the
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adsorption energy in the case of hBN upon the adsorption of
thermal rumaway gases.

a4 Global reactivity descriptors

To analyze the effect of the adsorption of thermal runaway gases
anto the stability and chemical reactivity of pristine hBN and
Cu-doped hBM, we calculaed various types of global reactiviy
descriptors such as jonization potential (1P}, HOMO-LUMO
gaps [Egl, electron affinkty (EA), electrophilicity (=), chemical
sedftness (8], ancd bardness (] wsing eqo (6] -{9) deseribed below
and reported in Table 3

Fy = Ficsio = Fowo (B}
Epumo — Epomo

- —LUMO__CHOMD 7

2 7}
I

= = H
29 (¢}

W .
we [k}

Here the ionization potential and electron affinity represent the
clectron donating and secepting capability of the sensing
material, which are equal to the negative values of the HOMO
and LUMO energies, respectively. The values reported in Table 4
suggest that hBEM is chemieally inert in nature due to its highest
ionization potential {4.52 V) and lowest electron affinity (0,22
V], whereas the ionization potential and electron affinity of
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pristine hBM remained unaltered upon the adsorpiion of CyH,,
CH,, U0y, and H, gas molecules; however the adsorption of CO
a8 molecules onto pristine hBM, causes the lonlzation poten-
tial to decrease from 4.51 eV to 4.40 eV and electron affinity 1o
Inerease from 0.22 ¥ 1o 1.40 oV, These fndings indicate that
the C.H,~hBM, CH;-hBN, CO,-hBN, and H.-hBN systems
exhibit  poor  electron-denating and  accepting  capaity
compared to OO-hBN which @5 the reason behind the ohserved
poor charge transfer between the C;H,, CHa, C0y, H; and hBN
during the ndsorption provess. However, upon substitutional
-dnping of Cu atoms the onization |'.m1:-('ntiul diecreases froom
4.51 oV o 60 ¥ and the clectron affinity inercases from
0,22 &¥ b 0.50 £V, Furnthermore, upon the adsorption of CiH,,
CHy, C0, and COy gases onte Cu-doped hBN the fonization
potential decreases from 360 ¢V o 3.28 eV, 3.29 eV, .56 eV, and
1.21 ¢¥ and the electron affinity increases from 0.50 ¢V o 111
eV, LGE eV, 1.87 eV, and 0.95 eV whereas upon the adsorption of
H; onte Cu-doped hBEN the lonlzatlon potentlal and electron
affinity both decreases from 3,60 oV and 0.50 ¢V o 336 oV and
031 eV, respectively. Based on the varistion in the jnization
potential and electron affinit we found that the band gap of the
BEN undierwent 0% wnel 20006% viriotion upon the adsomtion
aof CyHy, CHy, C0y, Hy and GO gases. On the other hamd, the
hand gap of Cu-doped-hEM underaent 309%, 15,160, 45,48%,
27.09%, and 1,61% variation upen the adsorption of CyH,, THy,
0, 003, and H; gases, The variation in the band gap is directly
related to the incresse in the conductivity of the sensing
materials. Hased on the comparison we found that the Cu-
doped hBN systern underwent large variation in the band gap

Table 3 Calculated HUMO-LUMO energies, HOMO-LUMO gaps (Ej)l, ionization potential (IP). electron affinily (EAl, electrophilicity fuwl,
chamicsl softnes |5), and chamicsl Rardness (), respactively, for the pristine RBN, CoE—RBN, CHy—hBN, CO-hBN, CO--hEBN, and H:-hBN.,
Cu-doped hBM, CaHy-Cu-doped hBN, CHy-Cu-doped hid, C0-Cu-doped h8N, C0z-Cu-doped BN, and H;—Cu-doped hBN systems. Al

the reporied values are in ey

Adsarpaian eonfigurations HICIkEC LB E [ EA 5 #f &

Pristine hHMN —4.51 =2z 429 4.51 22 .23 215 141
1,H,-hBN —4.51 -2z 4.29 451 1z .23 215 131
CH,-hBN —4.51 =2z 4319 A.51 1z .23 215 1.31
C-hBN 4.31 niz 4.29 4.31 miz .23 215 1.a
CO=-hAN =440 =1.40 300 440 .40 .33 1.50 2.30
Hz-hK'N' 4.51 {18 4.19 4.51 miz 13} 8 1 1.31
ﬂl,l.-dnpfq hBN —3,60 —i1,50 A0 A0 50 a3 153 1.6
Catly-Cusdoped RN -1.28 =111 17 A28 111 046 1065 .13
CH;-Cu-diped hEN -3.29 —66 263 3.9 066 0,38 1,315 1.48
ﬂ'l—ﬂu-dnrl(‘d HEN —3.56 —1.87 159 A5h 1,67 59 LA 4.6
COy-Cu-daped hEN =& =9 L4 2 5 A 1,13 1,51
Ne-Curdaped hind L] =11 A0 A6 (L8O 0,43 L.A2% 1.0

Table 4 Variation in the sensitivity of the C3H - Cu-doped hBN, CH - Cu-doped hBN, CO-Cu-doped hBN, C Oy -Cu-doped hBN, and Hy—Cu-
doped hBM at 300 K, 500 ¥, 700 K, and 900 K ternperatures, respectively

(3 H -Caednped CH,-Cudoped Ot ped Chy-Cuadoped H,-Cu-doped
Temperann hRM hEN hEM hRM KRN
K .09 DU 10 S bl 9E%
EUN Y 50,99 5T 1.59% R 44.01%
T K 90.05% A7 .5 BELH R 33.92%
il K LT RN . DG LA T 54
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upon the adsorprion of thermal runaway gases, thereby vali-
dating that the Cu-doped hBN exhibits better variation in
conductivity than hBN making it a potential candidate for use
asg chemaresistive sensors, The electrophilicity index iz calew-
lated 1o examine the chembeal reactivity of the sensing surface,
From Table 4, we found that there is no uhangr in the electro-
philil.-.ilar index of pria‘im‘. hiEM upan the rl.d.mrpt:il:ln of O
CH,, OOy, and H,, exeept for OO0, where the electrophilicity
index increases from 1,31 ¢V o 280 ¢V whereas, the electro-
'phil'irilar'indx:q :_bl"pri.srim: hEHM increases from 1,31 @3 to 1,346 ey
upnn substitutional doping of the Cu atom, However, upon the
adsorption of CaH,, CH,, GO, and Gk, the clectrophilicity
index of Cu-doped hBN increases by 63.23%, 8.82%, 220.58%,
and 440.44%, respectively; in contrast for Hy-Cu-doped hBN, the
clectrophilicity factor decreases by 19.11%. These findings
suggest that Cu-doped hBN exhibits better sensitvity and
adsorption capability towards C:H,, CH,, CO, and COy due w
Its higher chemical reactivity than pristine hBN. In addition, w
determine the chemical stabiliyy of the sensing maverial, we
caleulated the chemical hardness and softness Bictors because
they deseribe the resistance and willingness of the material
undergo any change in its electronic properties. We found from
the data reported in Table 4 that the chemical hardness for
CoH~Cu-doped hBN, CH~Cu-doped hBN, CO-Co-doped hHN,
OOy -Cudoped hBN and Hz-Cu-doped hBN systems decreased
by 49.53%, I8.H3%, 43.66'%, 17.44% and 29.06% compared to
the G:Hy-hBN, CH.-hBN, CO-hBEN, €0h-hBN, and H;-hBEN
systems, Om the other hand, the chemical sofiness for the CyH-
Cu-doped hBN, CH-Cu-doped hEN, CO-Cu-doped hBN, 00—
Cu-doped hBEM, and He-Co-doped hBN systerns was found o
Inerease by 50%, J9.47%, 47.27%, 44.06%, and 3.03% relative w
the CH,~hBN, CH-hBN, CO-hBN, ©0-hBN, and H,-hBN
systems, The observed variations in the chemibeal hardness and
softness factor validate that Cu-doped hBMN s more likely w
shinw  signifcant  variations  in the properties
compared to pristine hBN which is consistent with our band
gip enleulations, Hence, the above-disoussed global indices of
teactivity descriptors suppest that Cu-doped hBN can be utilized
as an efficient gus sensor to detect thermal runaway gases,

electranic

A4 Sensitivity and selectivity analysis of hBN and Cu-cdoped
hEM

Semsitivity is considered to be an important parameter for
assessing the pas sensing performance of the semiconducting
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materials, as it describes how rapidly the sensing materials
respond to any change in the concentration of the gas mole-
cules. For semiconducting materials, sensitivity was deter-
mined from their electrical conductivity (o), which undergoes
varlatkon upon gas adsorption. According wo eqm (10), the elec-
tracal conductivity of the semiconducting materials was Founcd
iy b txptln:nﬁnlly de:pt.‘nd:nt on the band AP

(_1)
g = AT {10

where & is the electrical conductivity, A is a constant, ' is the
lemperature in K, E; is the band gap in oV, and K, is the
Boltzmann constant in ¢¥ K ', This indicates that large varia-
tions in the band gap bed te an enhancement in the electrical
condwctivity, thereby affecting the sensitivity of the semsing
materials. Therefore, we performed DOS caleulatlons o analyze
the variation in the band gap upon adserption of thermal
Funawiy gases oivto pristine hBN and Cu-doped hBEN. From our
D5 cakeulations, we found that the adsorption of C,H,, CH,,
Hz, and 0, gas molecules onto pristine hBN produces 0%
wariations in the hand P, whereas the adsorption of the CO
EAs malecule onic prisl:im: hEN [u'r:dl.lms nnl:,.- A0,05%: varia-
tions in the band gap with respeet wo pristine hBX, On the other
hand, Cu-doped hBEN underwent 309, 15.16%, 27.09%, 44,19%,
and 1.61% varigtion in the band gap upon C3H,, CH,, ©0;, 00,
and H; adsorption, respectively. Based on the comparison of the
variations in the band gap, we found that Cu-doped hBN
exhibits better sensitivity than pristine hBN upon the adsorp-
ton of these therrmal Funaway gases. Furthermore, o determine
the capability of the sensing materlal to distinguish the speei-
fied targel s from other ey in the environment, we caleu-
lated the sensing response (5] at 300 K, 500K, 700 K, and 900 K
using cqn (11) and reparted the results in Table 4 for Cu-doped
hilsM upsn adﬂm‘ptim‘l of thermal mumawany jases.

- ()
e = -1 {11}
rama

5=t

where rrm." amd |e;rp.\m..'I Tepresent the: electrical wndwtiﬁg’uf
Cu-doped hBN with and without gas molecules, respectively,
The reparted sensing response ar 300 K for the CoH,~Cu-doped
hiM, CH-Cusdoped hiN, CO-Cu-doped BEN, O0,-Cu-doped
hEM, and H,-Cu-doped hHBN configurations was found to be
WA, 99.9E%, 100%, 99.99% and BL9G%  respeetively.
Mareover, as the temperature increases from 300 K to 900 K, the

Table 5 Calculated recovery tma for the adscrpbon of CHy=Cu-doped hBM, CHy=Cu-dopad n8N, CO=Cu-doped hBN, CO,-Cu-dopad
hBM, and Hy=Cu-gdoped hBMN gystems at different termperatures under visible light

T under visible I under visible T unsler wisible T urder visible
Aclsorption systems ligha =t 508 K light at F0d K ligght at 800 K ligght at 900 K
CaH,-Cu-doped hiEK 2732 = 1075 EE T [ 3414 5 2353 = W0t 8
co-Cu-doped hBN 1027 = 1w 5 1960 10 & 1216 5 131 = Wt e
OO Cu-doped hin 2067 = 1t 5 4064 = 107" 5 1,713 = 10 e %000 = 10 g
H—Cua-daped hin RAOT = 107 s 2590 = 10 ' s LR [ LRI T
CH—Cu-doped hBEN AAA = 100 s EEG KIS [ IR I T 108 =10 * e
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senaing responses of the ©;H-Cu-doped hBN, CH-Cu-doped
hBN, Cco-Cu-doped hBM, CO-Cu-doped hBN, and H;-Cuw-
doped hBM configurations decrease by 0.25%, 4.82%, 2%,
0.44% and 55.35% respectively. Upon comparison we found
that CO-Cu-doped BN systems exhibit the highest sensing
response, and H,-Cu-hBN systems exhibit the lowest sensing
TESJISE, The hig:h and low u:'nsing r|=$|1|,1n$-=\.|;_|f Cu-d:lp:d bl
tovwands CO and H, gas mlecules can be attributed o the
44.19% amd 1.61% variations in the band gap, s suggested by
our DS caleulations, There exists o significant difference in the
sensing response of Cu-doped hBEN upon the adsorption of Hy
gas, These findings indicate thet Cu-doped hBM-based gas
sensors can easily differentiate CyH,, CH,, OO, and COy from
Hz, whereas it is difficult for the Cu-doped hEN to differentiate
between C;H,y, CHy, O, and €Oy, Hence, the sensitivity and
selectivity analyses suggest that Cu-doped hBN holds potential
o be used as a gas sensor under thermal runaway conditions,

3.10.  Becovery time anabsis of Co-doped hBN

Recinvery time is considered to be an important parameter for
a gk sensor, as it tells us about the capability of the gas sensor
o restore o its original resistance states after the desorption of
the gas molecule from the sensing surface. Through a literatre
survey, we found that thermal ronaway cecurs above 3690 =
473 K in lithium-ion hatteries.™* Therefore, we caleulated the
recovery time () for the Codoped hEM spstem upon the
adsorption of thermal runaway gases at temperatures above 500
K using transition state theory and the van't Hoff-arrhenius
equation as mentloned in eqn (12] below:

— o

where T'is the testing temperature measured in kelvin [K), v is
the attempted frequency factor, and Ky is the Boltzmann
constant, whose values are 10" He for visible radiation and 8,62
w 10 % eV K respectively. Eyyp U5 the potential barrier for the
desorption of gas molecules, which is equivalent to adsorption
eneTEy [Eude) because adsorption and descrption are reverse
processes of cach other, The recovery time for the CH,-Cwe
doped kBN, CO-Cu-doped hBM, OO-Co-doped hBN, H:-Cu-
doped hBM, and CHy-Cu-doped hEN configurations at 500 K
under visible light was found to be 2722 = 107, 1027 = 107,
2367 « 10, 3807 « 107, and 1.236 x 10° =, respectively. The
above-reported recovery times in Table 5 suggested that the
desorption time at 500 K for CyH,~Cue-doped hBN, CO-Cu-
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doped hBM, and CO-Cu-doped hBN is wo slow, making the
desorption of the thermal nnaway gases difficult, indicating
poor reusability or potential wse of Cu-doped hBM as a gas
adsorbent. According to eqn [12), the recovery time was found 1o
be exponentlally dependent on adsorption energy and temper-
afire, :i|:|.1p]3,-i.nt|; theat il u.dmrpl:iun ETHETEY i l:epl constant, then
by increasing the temperature or the attemps frequency, we can
improve the recovery time of Cu-doped hBN. Furthermo e, we
calculated the recovery times under UV radiation at elevated
temperatures for the CyH-Cu-doped hEN, CO-Cu-doped hiEN,
Cy-Cu-doped hEM, H;-Cuedoped hBN, and CH,~Cu-doped
hEM configurations. The reported data in Table & suggest that
the recovery time for the C;H.-Cu-doped hBN, CO-Cu-doped
hiM, COp-Cu-doped hiN, Ha-Cu-doped hBM, and CH-Cu-
doped hBN configurations reduces from 2,722 » 10" 1o 2,253
% 100" s, 1027 = 107 t0 1311 = 10 ' s, 2367 x 10" 0 3202 «
10 %5, 3BT « 10 ' to 5739 = 10 "8 and 3236 = 10 " s to
1.151 = 1077 5, respectively, as the emperature Increases from
500 K 1o 900 K under UV radiation. The ebserved reduction in
the recovery timee can be attributed o the Gt that both high
termperatures and UV radistion provide additional input ener-
gries regquired for the deserption of thermal runaway guses from
the surface of Cu-doped hBMN. All these findings indicate that
annealing at high temperatures under UV rdiation effectively
improves the recovery times of the Cu-doped hEN systems.
Henee, our recovery time analysis confirmed that above 500 K
Cu-doped hBN systems can be used as a sensing material to
detect thermal ronaway gases,

111, Comparison of the adsorption energies, band gap
variations, and sensitivily

In this section, we have compared the adsorption energies,
band gap variations, and sensitivity at 300 K for the CH,~Co-
doped hEN, CH ~Cu-doperd hBN, CO-Ca-doped hBN, O0,-Co-
doped hBN, and He-Cu-doped hHN systems with respect to
previously reported theoretical studies. From the adsorption
energies reparted in Table 7, we found thar Cu-doped hBN
exhibits better adsorption capabilities than Pr-5n%e, CugiHES,,
Cu-HfS;, Rhi@Pds:, and Rh-PdS: systems twowards thermal
runaway gascs, In addition, we also observed that Cu-doped
hEN cxhibited better variation in the band gap than Pr-sSnse,
Cu@Hs;, Co-Hf%;, RhiPds,, and Bh-Pds; upon the adsorp-
tiom of Co, 00y gas molecules, whereas RhiPds, exhibived the
highest varkation In the band gap upon the adsorption of C,H,
amnd CH,. On the other hand, C,H./RhipPds,, C,H,/Rh-PdSs,,
HyRhi@Pds,, and HyRh-PdS,, exhibited 100% variation in the

Table & Calculabed recovery time for the adscepton of CpHy—Cu-doped hBM, CHy—Cu-doped RBN, CO-Cu-doped hBH, C03—Cu-doped
hBM, and H;-Cu-doped hBM systams at different temperatures under UV radiation

Adsorpaian systems i wnder UV ar 300 K

I under LUV at 700 K

I under UV ar 800 K I under UV ar 9060 K

C,H,-Cu-doped hBN 2722 % 10" 5 I8« 10 s 5914 = 10 s 2251 = 10 's
co-Cu-doped hBEN 027 w10’ s LoeE w10 s 2206 = 10 T 1311 = 10 " s
OOy Cu-doped hEM 2367 x 10" 5 4064 107" s 1713 = 1 "5 3202 = 10t s
Hy Cu-dapsd hiy 3BT w10t s 2508« 107 %8 5354 % 107 8 5730w M0 g
CH,-Cu-doped hEN 3236 % 107 s 213 w1 s 1171 = 1% s 1151 = 1T 5
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Table 7 Comgarison of the adsorption erergies, change in the band gap. and senaitivity at 300 K Tor the CoHy-Cu-doped hBM, CHy—Cu-doped
hBM, CO-Cu-deped M, T0p-Cu-doped hBM, and Hz-Cu-doped hBM systems with respect bo previously reported thearetcal studies

Sysiems Adsarpiion energy [eV) A, [e¥] Sensitiviky Hefereroe
Pr-SnSciiH, —41.520 161 ST &1
Pr—Snse 0 —1.170 4.7 GOLE0

Pr-SnSell0y —0.130 A 1

CaM oS, 0,947 [ — 54
CHICw@ifs; 0.234 1,10 -

CONCuEHEs, .48 U -

OO CufHes, 0.250 1.44%

HyCurimHes, 0229 4.45%

C,H, O H, 0058 2288 YaLT

CHCu=-HS, .30 5.49%

CIONCu-HIS, =750 22.04% LT

OO0 Hi%, =311 1554 DAL

Halu-Hi%, 0159 6.M% -

CaH b Pis, 1,340 10i¥H; 53,00, 0
CHyRhiPdF, 0160 18.95% A1-5A%

CORhifiPas, 1.510 21019 GL61%

ORI PAS, 0,150 24.08% HEA 5%

HaRhGFd S, —0.450 101 —59.99%

.l /Rh-8, —iL610 100¥H -1

CHL R dS, —A.300 4.05% S03A%

CO/Rh-FdS, —L.440 20n35% YT 26%

OO Rh-pds, —i1.240 A B2 REETES

HaHh-pals, —LB10 1IHKH -1

UyH -Co-doped BN —2.173 EliCY LEECES Present wark
CO-Cu-doped hAN —2.047 24.17% 100%

OO -Cu-doped hEM 1.504 2709 LLEDLS

Hy-Cu-duped has 1.447 1.61% [T

CH,~Cu-doped hEN 1.545 15.06% PLIH%

band gap because uwpon the adsorpton of C;H, and H; gas
maolecules, RhipPds, and Rh-Pds; undergo a oansitdon from
sembeonductor o metal. Furthermore, Rhi@Pds; exhibived the
highest sensitivity towards the adsorption of H, gas molecoles,
In eontrast, the sensitivity of Cu-doped hBEN was found o be
better than that of CogpHIS,, Cu@HE,, RhiaPds,, and Rh-pds,
upon the adsorption of CH,, CO, and CO, pas molecules,
Hence, the comparative analysis suggested that Cu-doped hEN
is 0 more efficient sensing material than F-Snse, Co@HB;,
Cu-HiS;, RhiipPd5;, and Rh-PdS; towards the detection of GO
and iy gas molecules,

4  Conclusions

I this work, we have systematlcally Imvestigated the adsorption
mechanisms of thermal runaway gases onte pristine hBN and
Cu-doped hBN using ab imido calculations, From our adsorption
energy caleulations, we found that che adsomption of C3H,, CH,,
€0, OOy and Hy gas molecules onte pristine hBN ocours wig
ph_l,l:l'mrp::inn due to ponr rhm'gl:_' tranafor and low ndmwptinn
energy, This leads to poor variation in electrical conductivity,
sensitivity, selectivity and very low recovery time, confirming
that pristine hBN cannot be used as a gas sensor to detect
thermal runaway gases, Therefore, to enhance the gas sensing
performance of hEN, we substituted Cu atoms at N and B
vacancics. Based on the formation and binding energy, the Cu

A Mater Tham A

awom doped at the B vacancy was found to be the maost stable
configuration, After doping Cu atoms, the adsorption energy for
the €M ~Cu-doped hBN, CH~Co-doped hGN, CO-Cu-doped
hin, Coy-Cu-doped hBN and Hy-Cu-doped hBN systems was
found o be high, resulting in chemisorption. DOS plots
confirmed that the band gap reduces to 217 8V, 263 &V,
168 eV, .26 eV amd 3.05 eV respectively upon the: adsorption of
CaHy, CHy, €0, O and H; gas molecules onto Cu-doped hBN
whereas the PDOS plots confirmed that the hybridization of the
Ad atomic erbitals of the Cu atom with the atomic orbitals of
CyHy and CO gas malecules is responsible for the stronger
imteraction of C;H, and C0 gas molecules with Cu-doped hBN,
The RO results revealed that weak wdwstype non-covalent
imteraction exists beoween the thermal runaway gases and
pristine hBM, whereas electrostatic Interaction exists due to the
charge transfer beoween CH,, 00, C0y,, and H; gases, and Cu-
doped hBN due to the charge transfer, as verified by the charge
denslty difference caleulations. Such a large varkation In the
band gap Endicates that Cu-doped hBN is highly sensivive
towards the .ar]:ns:rr[:!'u:m of all these gses, However, the x:nsi:l:ls;
responge for the CoH-Co-doped hBN, CH,-Co-doped hBN,
CO-Cu-doped BN, O0;-Cu-doped hBXN, and  H,-Cu-doped
hEM systems indicates that Cu-doped hBX s unable to differ-
entiate between CoHy, CHY, COy and OOy bae it can differentiate
Hg from the rest of the gases. Furthermore, the recovery time
ealeulated for the C;H-Cu-doped hBN, CH-Cu-doped hEM,
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Co-Cu-doped hBN, COy-Co-doped hBEMN, and Hy-Cu-doped
hBM systems at 300 K was found to be wo high, But we also
found that annealing within the temperature range of 500 K w
4900 K under UV exposure improves the recovery time of all the
configurations. Henee, we conclude from our DFT results that
substitutional r]r.||.|ci||.x of Cu is a costeffective method o
improve the recovery time, sensitivity, selectivity, and adsorp-
tion capability of hBN upon the adsorption of thermal sy
gnscs, making it a promising sensing material at elevated
temperatures for the eardy detection of thermal runaway guses,
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Effect of Substitutional Doping and Cu Adsorption on
MoS;Nanowire: A Comparative DFT Study

Anurag Bhandari,”®! Piyush Dua,'™ and Nitin K. Puri*® ¢!

In this study, we have Investigated the effect of substitutional
doped (Cu-doped MoS,NW) and surface-adsorbed Cu atom (Cu-
MaS;NW) on the electronic properties of MoS; nanowire (NW)
using Density Functional Theory (DFT), Our adsorption study
revesied that the adsorption of the Cu stom was a chemisorp-
tion, Electron Localization Function (ELF) analysis indicates that
the Cu atom formed a covalent and jonic bond with MoS,NW
upon adsorption and substitutional doping, respectively. These
findings indicate that a charge transfer occurred between the
Cu atom and MoS:NW during the Interaction, confirmed by
the Bader charge method. Further, the work function calcuta-
tlon Indicates that Cu-doped MoS:NW exhibits a large negative

1. Introduction

Two-dimensional (2D) materials such as graphene,” hexagonal
boron nitride(hBN),?! Transition metal dichalcogenides (TMDs),""’
and black phosphorene’! have attracted considerable attention
for both the theoretician and experimentalists due to their wide
range of application in the various nanoelectronics and opto-
electronics devices. Therefore, among the various 2D materials,
MoS; which is a layered transition metal dichalcogenide formed
by the vertical su:kmg of weakly coupled 5-Mo-S layers has

attracted considerabl of the hers due to their
unique physical, catalytic, optical, and electronic properties they
are finding their applications in the held of hydrogen evolu-
tion reaction (HER)'®/ storage,'®’ gas sensors,”! catalysis, energy
conversion* photodetectors,'” photocatalysis, photoelectro-
chemical and stretchable electronics. Contrary to graphene zero
band gap limitations, MoS;, In Its bulk form, Is an indirect band
semiconductor with a band gap value of 1.2 eV, whereas an
atomically thin layer of MoS; s a direct band semiconductor
with a band gap value of 1.8 eV As a consequence, Mo$S;
exhibits basic properties like gate control, wide band gap, high
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vatiation in the work function, Indicating enhanced electron
emission capability of the Cu-doped MoS;NW systems. All of
our systerns are thermodynamically stable bated on our cohe-
sive energy calculations. Overall, the DFT results suggest that
Cu-doped MoS;NW systems exhibit superior electrical conduc-
tivity, enhanced charge transler, and larger variation in the work
function comparad to pristing MoS;NW and Cu-MoS;NW, These
findings confirmed that substitutional doping is an cffective way
to modify the electronic properties of MoS,NW. Therefore, Cu-

~doped MoS;NW systems hold potential for applications In field

emission and nanoefectronics devices.

current capability, and good electrical transport, All these find-
ings suggest that MoS; can serve as an alternative to graphene
for the application of nanoelectronics and optoelectronics. Cur-
rently, the trend in the research is primarily focused on utilizing
2D materials to their maximum potential in various applications,
However despite such advances MoS; also exhibit low electron
mobility compared to graphene'™ which hinder their practical
Implementation in varlous nanoelectronics devices like transpar-
ent electrode etc. Therefore, there is a need to modulate the
intrinsic properties of MoS; to make them fit for practical use. In
this regard, researchers have adopted various effective methods
to modulate the intrinsic properties of materials, such as defect
engineering, ™ substitutional doping,'™ adatom adsorption,’™
and substrate engineering.™ Among the various methods, it
has been well proven that the adsorption of transition metal
(TM] atoms onto 2D material effectively modulates the intrinsic
properties of 2D materials, For example- Xu et al studied the
adsorption of various alkali metals (Li, Na), alkaline earth metals
(Be, Mg), 3d TM atoms (Ti, V, Cr, Mn, Fe, Co), and precious met-
als (Ag, Au, Pt) onto dumbbell C;N™! Their study revealed that
the adsorption of the above-mentioned metals opens the zero-
band gap of dumbbell CiN, making it a promising candidate for
electronic devices. Similarly, Zhang et al. studsed the structural,
electronic, magnetic, and optical properties of 4d T™M atoms
adsorbed onto blue phosphorene!” Their study revealed that
adsorbing 4dTM onto blue phosphorene effectively modifies
blue phosphorene’s structural, electronic, magnetic, and optical
properties, On the other side, there have been various reports
regarding the adsorption of various TM atoms onto the MoS,;
monolayer for various applications. Kadioglu et al. investigated
the adsorption of Au, Cu, and Au,Cu, nanoclusters on MoS;
monolayer for sensing CO and H,0,""' Their results revealed that
the adsorption of Au, Cu, and AuxCuy nanociusters onto the

© 2025 Wiley-WCH GmioH
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MoS; monalayer enhanced the chemical activity and sensitiv-
ity towards CO and H,O molecules, Sharma et al. investigated
the catalytic activity of Cu-embedded Mo%; monolayer for COS
They found that the basal plane of the Mo%; sheet gets actl-
vated upon substitutional doping of the Cu atom at 5 vacancy,
wihich catalyzes the oxidation of CO effectively without poison-
Ing. Rawal et al studied the effects of defect on the catalytic
activity of the 29 adatoms of Cu, Aq. and Au nanoparticles (NP}
onte MoS; monolayer towards CO Wang et al investigated
the structural, electranic, and magnetic properties of adsorbed
transition metal from S¢ 10 Zn onto MoS; monaolayer using DFT.
They conchude that all the TM atoms got adsorbed chemically
waept Zn, whereas the electronic and magnetic properties of
the MoS%; monolayer can be effectively modified by adsorbing
different TM atoms. Thus, TM adsorbed Mo, monolayer can be
utilized for spintronics!™ In ancther study, Li et al, emphasized
that the adsorption of alkali metal, alkaline earth metals, 3d TM,
noble metal, and non-metal atoms induce magnetic moments
and transforms the band gap from sembconductor to metallic,
semi-retallic, making them promising candidates for spintron-
ics and electronic devices ™ Moreover, Joseph et al. synthesized
Cu-doped MoS; hydrothesmally to analyze the effect of Cu dop-
ing on the thermoelectic properties of MoS;.% Recently, Zivou
at gl reported a method for selectively exposing and activat-
ing the inert basal planes of 3H-Ma5; for C0; lydrogenation 1o
methanal, achieved through the physically constrained sulfida-
tion of witrafinee MoD, nanocores into hollow, few layer MaS;
spheres within a mesoporous silica framewark. The spherical cur-
vature of MoS5; induces strain and sulfur vacancies (5,) on the
typically inactive basal planes, This increases the exposure of in-
plane sulfur vacancies while minimizing the exposure of edge
vacancies, significantly enhancing its catalytic performance in
synthesizing CHyOH from the hydrogenation of CO.. In contrast,
the adsorption of the Cu atom onto Ma%; faclliated the activa-
tion of Hy, delivering a remarkable CHyOH production rate of 6.1
mal-rmalMo -k " and a high CH,0H selectivity of 72.5% under
reaction conditions of 260 *C, 5 MPa, and 24000 miL-gcat '-h-'.
They conclude that the CuMoes;/Si0, catalyst dernonstrates
excellent stability, maintaining its silica-encapsulated  hallow
core-ghell structure throughout the reaction process, Wang et al.
studied the electrocatalytic activity of the Cu-decorated MoS;
monolayer paving the way for application in electronics and
energy storage ™! The abowve literature survey suggests that
thare exists a plethora of literature regarding the Cu decora-
tion onto various MoS; nanostructures. However, to the best
of tha authors knowledge, there have bean no reports regard-
ing the effect of substitutional doping (Cu-doped MoS:NW) and
surface-adsorbed Cu atom [Cu-MoS;NW) on the electronic prop-
erties of MoS; NW. This reperted gagp in the research motivated
us o investigate the electronic propemies of MoS; MW upon
substitutional doping and surface-adsorption of Cu atom. There-
fore, in this work, we have extensively investigated the effect
ol substilutional deping and surface-adsomtion of Cu atoms
onle electronic properties of MoS;, NW using DFT. We have
selected the Cu atom as & dopant for this study because it
has been well proved experimentally that it has good chemistry

ChembstrySalect HIZS, M7, el IMOTIE {3 of 13

with Ma5; The adsorption of the Cu atom was analyzed by cal-
culating the adsorption energy and distances. In addition, the
electronic properties and conductivity of the Cu-decorated MaoS;
NW were caboulated through D05, PDOS, and waork function,
Further, the structure stability of the optimized Cu-decorated
Mos; MW structures nature of the bond formation, and the
charge transfer mechanism during the Cu interaction with Mo,
NW were analyzed utilizing cohesive energy, ELF. and the Bader
charge method. Finally, we have compared cur caloulated DFT
results for both the systems.

2. Methodology
21, Computational Details

We have used the Linear Combination of Atomic Qrbital (LCAC)
caboulator in the Quantum ATK™ package to ersure acou-
racy while calculating the clectronic properties of the variouws
optimized striectures. To approdimate the nucleus and valence
electrgns interaction, the Fritz-Haber-Institute (FHIF pseudopo-
tential was implemented. Far transition metals (TM] atoms such
as Cu and Mo, the Double Zeta Polarized (DZP1™ basis set
was conskdered to ensure accuracy during the calculation. To
consider the electron-electron interaction effectively, we have
considered Generalized Gradient approximation (GGAI™ with
the predefined funclion Perdew Burke Errcheof (PBEXY a5 an
ext hange-corelation function (XC). Further, we have selected
200 Ha (400 ev) and 10 % &V as the cutoll energy and energy
convergence criteria for the ground $tate energy caloulation,
Acconding to the Monhorst-Pack grid scherme, wa have impla-
meentedd 1= 1 = 51 K points for caloulating the density of states
([¥05), For the adsorption study, Mo5; NW was grown along the
7 awis by continugusly repeating the 1 = 1 unit cell of MaoS;
meoneodayer four times along the ¥ and ¥ directions, resulting in
4 = 4 supercells. The 4 x 4 supercells contaln 16 Mo and 32 5
atoms with a vacuwm layar of 10 A was applied along the X and
¥ directions to prevent interactions between the adjacent per-
odic replicas. Equations (1) and {2) wese used to determine the
stiength of the nteraction during the adsonption of the Cu atom
orito the surface of MaS; MW and the thermodynamic stabslity of
the various adiomption configurationd, respectively.

Eass = Erora — Epwosy) — Ecup u

Eipcssy) — [-""mfﬂ-o + “lilE's]
N

Eon = 2
where Fy, represents the total energy of the Cu adsorbed MoS,
MW, Epgs, represents the energy of the MaS;, NW, Eq, repre-
sents the energy of the isolated copper atom, £ represents the
enirgy af the isolated sulfur stam, By, represent the ensngy of
the isolated Mo atom, fj, B, represents the number of Ma
and § atoms, and N represents the total atoms within the system,
respectively,
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Figure 1. Optimized [a) MaS; monolayer and (0] MaS; NW structure. The
atoms i yelow and cyan olors represent the S and Mo atoms,
respectively.

3. Results and Discussion

3.1. Structure and Electronic Properties Analysis of MoS,
Monolayer and MoS; NW

To Investigate the differences In the geometrical and elec-
tronic properties of the MoS; monolayer and MoS; NW. For
this purpose, initially, we optimized the geometry. After opti-
mization, the resulting optimized lattice parameters for the
optimized MoS, monolayer were 0 = 3244 A and ¢ = 12.880 A
with a ¢/a ratio of 3.97, consistent with the previous theo-
retical calculation'™ Further, the band structure was plotted
for the optimized MoS; monolayer. The resulting band struc-
ture in Figure 2a illustrates that the MoS; monolayer exhibits a

Figure 3. DOS plot for the MoS; NW. The black dotted bne repeesents the
ey level set 10 zero for reference,

direct band gap of about 156 eV, verified from the DOS plot
in Figure 2b and agreed with the previously reported theoret-
ical studies,”™! In the optimized MoS; NW shown in Figure 1b,
each § atom is coordinated with multiple Mo atoms, resulting
In a distorted octahedral arrangement of atoms within the layer,
confirming the existence of 1T phase in MoS; NW. This type
of structural arrangement of atoms within the layer facllitates
high tensile strength and significant overlapping between the d
orbitals of Mo atoms, facilitating a pathway for efficient electron
movement, which is advantageous for the application of field
effect transistor, ™) energy storage, ™! and as a catalyst in elec-
trochemical reactions.”*! The diameter, height, and Mo—S bond
length for the optimized MoS; NW were 744 A, 20 A, and 235 A,
respectively. Moreover, the resulting DOS plot in Figure 3 illus-
trates the existence of continuous impurity states near the Fermi

:. / ) \// \ s{® _L:.'::..u]

O MK

T
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Figure 2. Plotted {a) Band structure and (b) DOS for the Mas; manclayer respectively,
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level (&), reduces the band gap from 156 eV to zero, confirm-
ing the metallic behavior of the 1T phase of MoS; N, consistent
with the study performed by Seivane et al™®' The observed
transition from the semiconductor to a metallic was due to the
quantum confinement effect. Hence, the complete agreement of
the calculated band gap value proved the validity and reliability
of our computational procedure.

3.2. Adsorption of Cu Atom Onto the MoS; NW

To analyze the Interaction of the Cu atom with MoS; NW, we
have considered the S site (on top of the S atom) and the
Mo site (on top of the Mo atom) as the preferential adsorption
sites for the Cu atom. This is because both Mo and S atoms
contain vacamt d and p orbitals that can readily accept elec-
trons from the Cu atom through charge transfer during the
interaction, Therefore, we have considered different orientations
of the Cu atom at the Mo and S sites, as shown in 4a-5 as
the input geometries for the adsorption study. Further, adsorp-
tion energies were calculated using Equation (1) and reported in
Table 1 for il these different adsorption configurations, From the
reported value in Table 1, we found that the adsorption ener-
gles gradually decrease, attain minima, and then increase with
Increased adsorption heights, On plotting the adsorption energy
as a function of adsorption height, the resulting curve was found
to be a U-shaped curve, as shown in Figure 5. The minima of the
adsorption energy curve correspond to the minimum adsorp-
tion energles and optimized adsorption height. From Figure 5,
we found that the Cu atom preferred 1o be adsorbed at a height
of 210 A and 2.50 A with the adsorption energies —1.04 eV and
~170 eV at the S and Mo sites, respectively. It was based on
energy minimization; we found that the Cu atom preferred to
be adsorbed at the Mo site, Therefore, the Cu atom adsorbed
at the Mo site was referred to as "Cu-MoS;NW™ and selected for
the rest of the calculation, The reported negative value of the
adsorption energies in Table 1 indicates that the adsorption pro-
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04 Table 1. The coculas ,'wmuwwham
0.2 adsorbed anto Mol NW at Mo and § sites.
L e e e Adsorption Hesght Adsorp Adsorption Adsorp
E 0.2+ 4 A Ervergylev Height (A1 Enesgylev)®
2 -0.44Fads7 ! ' 180 -0.01805 20 anagal
-
s 0.6 ) 185 ~0.40184 225 ~149M
-0.8 VE SLI0eV 20 ~0.9630 250 ~170622
~1.0 4 ' 205 102261 255 167339
2 12 P ' 210 104492 260 ~1.52624
1,44 = Ssite : 220 ~0.9953% 265 ~156678
1.6 —e— Mo site 25 —0943 27 1497
18] . . i i _ 278 0895 275 142075
L71819202122232425262728293.03.1 250 asen in Q97992
Adsorption height 275 -0.06315 - -
0 a39m - -
Hqun 4. The plotted red and blue curves represent the variation of the
prion energy with adsorption heights for Cu adsorbed onto MoS; NW “ Cokulated adsorption height ot S site,
at S and Mo skes, respectively. " Calodated adsopticn energy a S sita.
“ Calculated adsorption hesght at Mo sre
* Calodated adsorption energy 3 Mo ste.

mmdummwhucp

adsorption energles for T adsorbed
Systems Adsorption Referance
Energy (eV)

Cur S0 monclayer 1342 ev 137

Cu-GaN manalayer 107 oV 122

Cu-hBN menclayer DAOT oV 139

Cu-MaoS; manolayer 1307 eV 7
Cu-graphere monalayer 0278 «V 40]

Cu-MoS; NW 70 &V Present wark

cess was exothermic, spontaneous, and energetically favourable.
Additionally, the calculated sum of the comesponding atomic
radil for the Cu-Mo atoms {2.73 A) was larger than the reported
adsorption height (250 A} on the comparison. This indicates that
covalent interaction exists between the Cu atom and MoS; NW
during the adsorption. Hence, the calculated high adsorption
energy and the existence of covalent interaction between the Cu
atom and MoS;NW suggest that the adsorption of the Cu atom
onto MoS; NW was a chemisorption.

33. Comparison of the Calculated Adsorption Energies for the
Cu-MoS; NW

In this section, we have compared our calculated adsorption
energy for the Cu-MoS;NW with the previously reported adsorp-
tion energies for TM adsorbed onto various 2D materials by
different authors. From the reported adsorption energies in
Table 2, we found that the Cu atom got adsorbed onto the, Sn0
monolayer, GaN monolayer, hBN monolayer, MoS; monolayer,

© 2025 Wikey-WCH GmioH
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and graphene monolayer,

, MoS; layer,

3.4, Structure Analysis of the Cu-doped MoS, NW

In this section, we have analyzed the structural properties of
the substitutional doped structure, For this purpose, we replaced
one of the atoms of MoS; NW from the lattice with the Cu atom
and optimized the doped structure. After optimization, we found
that the doped Cu atom was displaced and occupied the inter-
stitial sites where it bonded with the neighboring three S atoms,
as shown in Figure 6. From Figure 6b, we found that the three
Cu—S bond lengths in the optimized structure were found to
be 230 A, 226 A and 228 A which is shorter than the Mo—S
12.35 A) bond length of the pristine MoS, NW. This indicates that
the dopant atom causes the overall structure to be somewhat
corrugated due to the protrusion of the Cu atom away from the
surface of MoS; NW. Moreover, the Mo—S bond lengths in the
resulting optimized structure no longer remained a fixed value
and underwent variations from 236A-2.63 A, On comparison, we
found that the variations in the Mo—S bond lengths upon sub-
stitutional doping were more significant than the Mo=S (235 A)
bond length of the pristine MoS; NW. This indicates that the
surface of the MoS;

NW undergoes expansion to accumulate the large atomic
radius Cu atom (128 A} within the lattice. These findings sug-
gest that substitutional doping of the Cu atom causes structural
distortion within the lattice. For the rest of the study, we have
abbreviated the optimized substitutional doped structure as *Cu-
doped MoS; NW” To determine the bonding strength of the
Cu atom with the MoS; NW and the stability of the Cu-doped
MoS; NW structures, we have calculated the binding energy (Fy)
and formation energy (E/) using Equation (3] and Equation (4)
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Figure 6. (a) Side view and (b} top view of the optimized Cu-doped Mo$; NW structures,
and graphene monolayer, with adsorption energies 1342 eV, respectively.
107 eV, 0407 eV, 1307 eV, and 113 eV respectively. The com-
parison showed that the adsorption energy for the Cu-MoS;NW By = Ecu mos, gu — (Ev + Eco) 3)
was higher than the Cu atom adsorbed onto the SnO monolayer,
GaN monolayer, MoS; monolayer, and graphene monolayer. This
indicates that MoS,;NW has a better adsorption atfinity for Cu & ™ Ecuimes, = Ewes; = tecu + it )

where Eq, - wesae Evi Eqye pqy and ey represents the total
energies of the substitutional doped Cu atom into MoS, NW,
total energies of the defected MoS, NW, total energies of the
isolated Cu atom, and chemical potentials of the isolated Cu
and ejected atoms from the MoS; NW, respectively, According
to Equations (3) and {4), the binding and formation energies
for the Cu-doped MoS; NW were 11326 eV and ~5662 eV,
respectively. The calculated high formation and binding energy
suggests that the Cu atom binds strongly with the MoS; NW, and
the Cu-doped MoS; NW structures are stable.

3.5. Thermodynamic Stability of the Cu-MoS;NW and
Cu-doped MoS,NW Systems

To analyze the thermodynamic stability of the substitutionally
doped and Cu-adsorbed optimized structures, we have calou-
lated the cohesive energy/atom (£, /atom) using Equation {2/
And reported in Table 4, According to Equation (2), we found
that the cohesive energy for the MoS,NW, Cu-MoS;NW, and
Cu-doped MoS;NW systems was found to be —522 eV/atom,
—5.15 eV/atom, and -eV/atom respectively. The calculated nega-
tive value of the cohesive energy suggests that all our systems
are thermodynamically stable. On comparison, we found that
the increasing order of thermodynamic stability is Cu-doped
MoS;NW < Cu-MoS;NW < MoS;NW. The observed low cohe-
sive energy of Cu-doped MoS;NW and Cu-MoS;NW systems with
respect to MoS; NW can be attributed to the strong interaction
of the Cu atom with the surface atoms, thereby reducing the
interaction of the surface atoms with the bulk atom. As a con-
sequence, it reduces the overall cohesive energy of the systems.
From Table 3 and Table 4, we found that various computational
studies suggest that generally, on doping the cohesive energy
decreases as observed in the different 20 and 1D nanostruc-
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tures like Aluminene (Planar), Aluminene(P6mmm), Aluminene
(4ayers slab, 8-Pmmn), Aluminene (Triangular, Pmmn), Indi-
ene, Cu-graphene, SnGe, SnSl, Stanene, Mo,Se, NW, Mo.S;5e,
NW, Mo.Sil; NW, Mo,S;5e; NW, Mo,S:5e; NW, MoiSa NW, and
Moy, Se s NW respectively. A similar trend was observed for the
MoS;NW, Cu-MoS;NW, and Cu-doped MoS; NW systems. Also,
the cakculated high cohesive energy suggests that MoS;NW,
Cu-doped MoS;NW, and Cu-MoS; NW systems can be synthe-
sized experimentally via high energy methods such as Chemical
Vapour Deposition (CVD) and molecular beam epitaxy (MBE).
This finding was consistent with the Ding et al results that SiX
and XSi;y (where X = B, C, N, Al, and P atoms) could be syn-
thesized via CVD and MBE methods based on cohesive energy
calculations. ™!
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Coheshve Energy (eV)
Aluminena(Flanae) —1.96 eViatam 41 MogSey NW —4.97 aVfanom 154
Aluminere (PErenm) ~232 eViatom MogSy5e, NW =515 eViatam
Alurrinere Buc ki) ~347 eV/atom MogSyl; NW ~4.93 eN/atom
Aluminere(P3mb) ~327 eN/atom MoySeql; NW ~445 eVistom
Aluminere(Trangu arPmmnd ~2.7%6 eV/atom MoeS;5e;l; NW ~4.81 eViatom
Aluminere(TranguarPmmn} ~327 eN/otom Moy Se NW ~ 488 eV/stom
Aluminere(d-layersab, 8-5mmn} 336 eV/atom Moy Seg NW 457 eViatom
Gallenenes (Puckered) 232 eV/atom Moy Selo NW 3806 «V/atom
Indiens (Flanar} 1281 e¥/atom Moy Sechy NW 373 eV/atom
Indiene (Buckled) 123 e¥/atom Moy, Sel, NW 367 eViatom
Indiene (Pucker, sw) ~128 eV/atom MoS; NW ~522 eViatm Present work
Silicene (Buckled) 4.57 eV/atam (42] Cudeped MaS; NW 320 eV/atom Present work
Silicene (PImi) 191 e¥/atom (43 CuMaS; NW 5.5 eV/atam Prosent work
Germanene (Buckied) IM eViatem 43]
Garmanene (P3m1) 2.93 eV/atom [44]
Starwrse (Buxbled) 331 eV/atom [45] 3.6. Electron Localization Function (ELF) Analysis
Starwnse (P3mh) 273 eN/atom 431
Phumnbene (Buckled] 228 eV/stom [46) We have utilized ELF as an effective tool to visualize electron
SiGe (Buckled) 481 eV/atom (47 density distribution, lone pairs, and bonding pairs of electrons
SiGe (P3m1] 256 eW/atom 48 around the interacting atom. Therefore, we have performed an
<8l {Buckled) 161 e¥/atom (45) &F ""’k"Tl::b;:";:"hc"M‘_’s’ﬁnw ‘;“.’"c"d"mhm;’ m
X systems, The shown in Figure 6 illustrates that the
K'T:::]m _;:3‘::’: :2 value vanu between 0 and 1, with red, blue, and green colors
corresponding to the ELF value 1, 0, and 0.5, respectively. The
SnGa(FImn 235 WVistom sl ELF value close to 1 corresponds to a region where electrons are
Cu-gnphane 0w &l fully locakized or have a high electron density. In contrast, the
aCuC 499V 52 ELF values close to 0 and 0.5 correspond to areas with low elec-
AducC 497V tron density and partially delocalized electrons. From Figure 7a,
atiC 4660V we found a large region of high electron density around the
AC 4666V S atoms identified by sizeable red color spherically symmetric
CuSy JASeV rings with a small area of partially delocalized electrons between
Bulk MoS; 4.95 eViatom 153 the Mo-S atoms identified by green spherically unsymmetrical
MoS, monolayes 496 eN/atom rings. These findings suggest that covalent interaction with a
partially ionic nature exists between the Mo and S atoms in the

case of the Cu-MoS,NW system. Additionally, a region of par-
tially delocalized electrons exists between the Cu and Mo atoms,
indicating that the Cu and Mo atoms mutually share transferred
electrons during the interaction. This confirms that strong cova-
lent bonding exists between the Cu and Mo atoms during the Cu
adsorption, which Is consistent with our adsorption study. Sim-
llarty, for the Cu-doped MoS; NW, we found a large spherically
red color region around the § atoms rather than Cu atoms, as
shown in Figure 7o. These findings suggest that electrons are
strongly localized around the S atom compared to the Cu atom,
indicating that the Cu atom loses electrons to the nearby S atom,
thereby increasing the electron density around the S atom. All
these findings confirmed that the interaction of the Cu atom
with the neartyy S atoms is purely electrostatic. Moreover, a green
colored region exists between the Mo—S atoms, indicating that
electrons are lly shared b the Mo—5 atoms, again
confirming that covalent bonding exists between Mo—S atoms,
Hence, our ELF result suggests that covalent and electrostatic

© 2025 Wikey-WCH GmioH
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Figure 7. ELF plot for (a) Cu-MoS;

NW system and (b) Cu-doped MaS; NW system, respectvely. The ELF magnitude is given in & color scheme in which
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EnergyieV)

Figure 8. Calculated (2) DOS for the Cu adsoebod MeS; NW. PDOS for (b) Cu, () Mo, and (d] 5 atoms, respectively, The black dotted line represents the

Fermi level

Interaction exists between the Cu atom and MoS; NW in the case
of Cu-MoS; NW and Cu-doped MoS; NW systems.

3.7. Effect of Cu Adsorption on the Electronic Properties of

MoS, NW

To analyze the effect of introducing the Cu atom as a foreign
atom onto MoS; NW, we have calculated DOS and PDOS for the
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Cu- MoS; NW and Cu-doped MoS;NW systems. From Figures 8a H
and 9a, we found that continuous impurity states exist around H
¥
the Fermi level (&) for both systems. This indicates that the &
metallic nature of the MoS; NW remained preserved even upon e
substitutional doping and Cu adsorption onto MoS; NW. We also
found an increase in the peak intensity for both systems. This ]
indicates that charge transfer occurs during the interaction of 5
the Cu atom with the MoS; NW. On comparison, we found that 1
the peak intensity of Cu-doped MoS; NW was higher than that F;
'
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Figure 9, Calculated (a) BOS for the Cu-doped-MaS; NW. PDOS for (b) Cu, (€] S, and (d) Mo atams, respectively,

of Cu-MoS; NW, indicating that significant charge transfer occurs
In the case of Cu-doped MoS; NW. Significant charge transfer
Iindicates better electrical conductivity of the Cu-doped MoS;
NW than Cu-MoS; NW and pristine MoS; NW, making the Cu-
doped MoS; NW a promising candidate for nancelectronics. We
also observed a shift in the Fermi level towards the conduction
band, indicating that the Cu atom has an n-type doping effect.
Further, PDOS was calculated 1o determine the contribution of
the atomic orbital to the DOS. The PDOS plot in Figure Bcd
illustrates there exists multiple overlapping between the 4d(d,,)
and 3pip,)-S atomic orbitals in the energy range from —1eV to
2 eV leading to the strong hybridization between the atomic
orbitals to form molecular orbitals responsible for the forma-
tion of a covalent bond. Similarly, from Figure 8(b] and 8{c)we
found that the 45-Cu and 4dl(d,,)-Mo atomic orbitals overlap in
the energy range 0 eV-1 eV, indicating strong hybridization and
charge was transferred from the 4 s orbital of Cu atom to 4d|d,,)
orbital of Mo atom during the interaction. In contrast, for the
Cu-doped Mo$; systems, the PDOS plot In Figure 9¢d lllustrated
that multiple overlapping exists between the 5s-Mo and 3pip,)-S
atomic orbitals in the energy range from 0 eV to 1 eV, indicating
strong hybridization between the atomic orbitals to form molec-
ular orbitals involved in the formation of the strong covalent
bond between them. From Figure 9bc we found that electron
transferred from the 45-Cu atomic orbital to the 3pip,)-S atomic
orbitals was responsible for the formation of the ionic bond
between the Cu and nearby S atoms during the interaction,
This type of hybridization indicates that the electroni states are
not isolated but are aligned with the existing electronic states
of MoS; NW. Consequently, these electronic states act as effec-
tive charge carrlers, facllitating easy charge transfer from the Cu
atom to the MoS, NW. These findings indicate that the Cu atom-
Induced electronic states are less likely to trap charge carrlers for

ChemistrySelect 2025, N0, e202402022 3 of )

long periods, reducing the probability of acting as recombina-
tlon centers, Moreaver, we also noted that the contribution from
the Cu atom to the DOS was considerably more significant in the
Cu-doped MoS; NW compared to the Cu-MoS; NW system. This
is consistent with our observation that a substantial charge was
transferred from the Cu atom to MoS; NW in the case of Cu-
doped MoS; NW, which is consistent with our DOS calculation.
Hence, our DOS and PDOS results were in good agreement with
each other.

3.8. Bader Charge and Electron Density Difference Analysis

We have performed the Bader charge method and Electron den-
sity difference for the Cu-MoS; NW and Cu-doped MoS; NW
systems to analyze the charge transfer mechanism during the
interaction, The positive and negative values of the Bader charge
indicate charge loss and gain during the interaction, Accord-
ing to the Bader charge method, we found that the Cu atom
loses 0.047e to the MoS;NW in the case of Cu-MoS,NW, whereas
the surface Mo atoms lose 0.692e,1344e,1.414e, and 1.880e to the
adjacent S atoms, as shown In Figure Tla. In contrast, for the
Cu-doped MoS; NW system, we found that the Cu atom loses
0371e, whereas the nearby nelghbouring S atoms gain —0.586e,
—0848e, and —0.745¢, as shown in Figure 11b. In comparison, we
found that significant charge transfer was observed from the Cu
atom in the case of Cu-doped MoS;NW. These findings validate
that the Cu-doped MoS;NW system exhibits better electrical
conductivity than the Cu-MoS; NW system, Further, to validate
our findings, we have described the charge transfer qualitatively
using the electron density difference diagram for the Cu-doped
MoS;NW and Cu-MoS;NW. The red and blue regions indicate the
charge gained and loss region in Figure %), The electron den-

© 2025 Wiley-WCH GmioH
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Figure %0, Electron density difference diagrin for [a) Cu-MoS; NW andd (0] Cu-doped MoS; NW systers. The red and blue regians indcate chage gain and _

charge lass reglons, respectivedy.

the S atom and a large blue region around the Mo and Cu atoms.
Large blue and red areas indicate that a substantial charge was
gained by the S atom and lost by the Mo and Cu atoms dur-
ing the interaction. This again suggests that substantial charge
transfer occurs from the doped Cu atom to the MoS; NW dur-
ing the interaction, The observed charge lost and gained can i
be attributed to the difference in the electronegativity between
the interacting atoms. According to the Pauling scale, the elec-
tronegativity of Moy u.), (1<), and Culy ¢, ) differ by 13.68% and {
35.78% with respect to x ¢,. Slight differences in the electronega- ,E
tivity make Cu and Mo atoms partially positive and negative. This .
creates a local weak electric field between the Cu and surface £

(b) atoms, resulting in a weak charge transfer from the Cu atom to
the MoS;NW in the case of Cu-MoS;NW. Consequently, valence 5
electrons are mutually shared, confirming that the Cu atom Inter- .
acts with MoS; NW via covalent interaction, which agrees with A

our ELF study. Conversely, considerable differences in the elec-
tronegativity between the S—Cu atoms make Cu and nearby S
atoms electrons deficient and electrons rich species. This creates
a strong electric held between the interacting 5—Cu atoms, caus-
ing substantial charge transfer from the Cu atom to the nearby §
atom, This is why, upon geometry optimization, the Cu atom got
occupied at the interstitial sites where the Cu atom got bonded
with the three S atoms to maximize the electrostatic interaction,
Hence, our Bader charge analysis agrees with electron density
difference results.

> -y s

g oo

Figure 1. Cakulmed Bader <harge distribution for the surface atoms of |a)
Cu-MoS; NW and (bj Cu-doped MoS, NW, respectively. The red amows
reprasent the disections of electron wansfer from e Cu alom 1o the MeS;
N/

¥
¥
1
T
i

sity difference diagram in Figure 10a illustrates the blue-coloured

3.9. Effect of Cu Adsorption on the Work Function of MoS,

region around the Cu and Mo atoms, whereas the red-coloured NW ¢
3
region around the S atom, The red and blue region indicates '
that the S atom gains electrons, whereas the Mo and Cu atoms  The work function is considered an essential parameter for
lose electrons in the case of Cu-MoS,NW. In contrast to the Cu-  nancelectronic devices because any variation in the work func ¢
doped MoS;NW, Figure 10b llustrates a large red region around  tion influences the charge injection capability of the material, v
B
:
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thereby significantly impacting the performance of nanoelec-
tronéc devices, bt is observed that the adsorption of transition
metal atoms strongly influences the work function, For example-
Chi et al. studied the variation in the work function of GaM NW
and GaM monolayer upon the alkali metal adsarption using the
first principle calculation. They reported that the work function
of the GaN monclayer changes from 421 eV to 247 eV, 1.86 eV,
149 &¥,1.29 eV, and 0.84 &V upon the adsorption of L, Na, K, Rb.
and Cs metal atoms onto GaM monolayer™! In contrast, they
also observed that the work of the pristine GaM NW changes
Trorm 411 e 1o 245 eV, 232 e, 2.06 eV, 1.81 eV, and 238 e upan
thes adsorplion of Li, Ma, ¥, Bh, and Cs metal atoms onto Gall
W& In another study, Sahin et al.™! reported that the work
function of the slicens changes from 4.77 eV to 439 eV, 225 eV,
A.04 e, 468 eV, 481 eV, 447 eV, 477 oV, 4.84 eV, 465 2V 473 eV,
460 gV, 5.0 eV 457 oV, and 450 ¢V upon the adsorption of Li
Ma, K, Be, Mg, Ca, Ti, W, Cr, Mn, Fe, Co, Mo and W onto silicena,
Therefore, based on the above findings, we have also evaluated
the varlation in the work function of the MaS; NW upon substi-
tutional doping and adscaption of the Cu atom. For this punpose
For this purpose, the work function of the pristine MoS; NW and
Cu-doped MoS; NW and Cu-MoS; NW systems was calculated

using Equation (3.
@ = Ew — Ef {5

where By and B represent the alectrestatic potential at infin-
ity and Fermi level energy, the electrostatic potential at infinity
is assumed 1o be sero in the present work, Further, the varia-
tion in the work function (280 for the Cu-doped MoS, NW and
Cu-MoS; NW was calculated by subtracting the work function
of the Cu-doped Mao5; NW and Cu-boS; NW from that of the
pristing Mob; MW, The computed work function values for the
pristine BioS; NW, Cu-doped MoS; NW, and Cu-Mo5; NW were
found to be 4.9%9 eV, 3.792 eV, and 3845 &V, respectively. These
findings indicate that the walue of the work function decreases
and undergoes negative varlation to 24% and 22.9% upon sub-
stitutional doping and adsorption of Cu atom onto MoS; N,
A sirnilar trend in the work function was cbserved by Ouma
et al.™! While studying the effect of substitutional doped and
adatarmy 3d TM onte the TeS, monolayer The obiered waris-
tion in the work function of Cu-doped MoS; NW and Cu-Ma5;
WW was due to the existence of a strong electric field between
the substitutional doped Cu atom and MoSMNW that facili-
tates redistribution of electron density around the dopant site
and substantial charge transfer from the Cu atom 1o MoS:NW,
According to Equation (6], an exponential relationship exsts
betwean the emitted electron cumrent densities and variation in
the work function,

—Ad
MaT

where | B the amitted electron current densities {Nmz]. Aig s
Richard constant (Adm® K7), @ is the work function of the mate-
ral in eV, T is the temperature in K, and K is the Boltzmann
constant in eV¥ respectively, Therefore, a significant variation in
the work function of Cu-doped Mo5, MW than Cu-MoS,NW indi-

j=AT e 183

ChembsrySalect HIZS, M7, eJ0MOIE {11 of T

cates better electron emission capability of Cu-doped MoSNW,
Hence, the work function analysis suggests that the Cu-doped
MoS, MW systermn can be utilized in field emission devices,

4, Conclusion

In this study, we have systematically investigated the stractural
and electronic properties of substitutional deping and adsarp-
tion of Cu storm onte MoS;, MW using first principles caloulation,
Reconding o the sdiorption study, the Cu atom prefers to be
adsorbed a1 the Mo site with an adsorption energy of about

170 eV, This ragults in the chemical bond formation between
the Cu atom and MoS,NW during the interaction. in contrast,
substitutional doping of the Cw atom distorts the structure to
accommadate the Cu atom and exhibits strong covalent band-
Ing with the Cu atom. According to the Bader charge method,
the Cu atom koses 0047 and 0.377e to the Ma5: NW in the case
of Cu-MoS;NW and Cu-doped MoS NW, respectively. Significant
charge transfer leads to enhancement in the conductivity and
variation In the work function. The DOS results suggest that the
Cu atom induces an elecironic state near the Fermi level, facili-
tating easy charge wansfer from the Cu atom te MoS;NW. There
was alse & shift in the fermi level towards CB, indicating that
the Cu atom has an netype effect on substindional doping and
adsorption, From the work fenction calculation, we found that
the wark function of the Cu-doped Ma%; MW and Cu-Mob, NwW
systems undergo 2% and 22.9% with respect to that of pristine
Mo MW, Further from the PDOS study, we found that in case
of Cu-MoS5;NW strong hybridization exists between the 4did,, |-
Mo and Zplp.)-5 atomic orbitals responsible for the formation
of covalent bond whereas for the Cu- doped-MoS; systems,
hybeidization betwean the 4s-Cu atomic orbital to the 3pig.)-5
atomic orbitals was responsiible for the formation of the lonic
bond between the Cu and nearby 5 atoms during the interac-
tion. Mareover, our caboulated cohesive enengy sugoests that the
pristine MoS;NW, Cu-MoS;NW, and Cu-doped MoS;MNW systems
are thermodynamically stabbe, Finally, our DFT result sugoests
that sulsstitutional doping is an effective way to modulate the
electronic properties of MoS;NW & Cu-doped MoS; NW systems
exhibit better electrical conductivity than pristing MoS,NW and
Cu-MoS:NW due to better charge transfer and variation in the
work function. Thus, the Cu-doped MoSNW system is a promis-
ing candidate for nanoelectronics and field emission device
applications,
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