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Abstract

Volatile organic compounds (VOCs) are a diverse array of organic chemicals associated
with industrial processes, vehicle emissions, and biological activities. The detection and
monitoring of their evolution are crucial for applications in environmental monitoring,
industrial safety, and healthcare diagnostics. Their presence in food products determines
the quality and freshness of food. Thus, the detection and separation of VOCs emitted by
food are intricately related to the assessment of spoilage through continuous monitoring
of their concentrations.

The unique electrical properties and atomically thin layers of two-dimensional (2D)
materials make them outstanding candidates in this field. Because of their chemical
diversity, structural adaptability, quantum confinement, high surface-to-volume ratios,
and ease of surface modification, large-surface-area 2D materials have drawn significant
attention.

This thesis investigates these possibilities by computing the sensing capabilities of
diverse 2D materials using first-principles density functional theory (DFT) and non-
equilibrium Green’s function (NEGF) theory for standard food products. The goal is
to classify these 2D materials into different sensing mechanisms, namely chemiresistive
sensors, work-function-based sensors, and optical sensors.

We find that while pristine graphene performs poorly as both a chemiresistive and
work-function-based sensor, r-GO in either mode is able to differentiate between four out
of six VOCs. It turns out that GO, on the other hand, performs at par with r-GO as a
work-function-based sensor but is not useful as a chemiresistive one. The analysis based
on electronic structures, structural parameters, and adsorption characteristics traces such
behavior back to the hybridization of molecular orbitals driven by the adsorption geom-
etry.

Subsequently, the sensing and electronic properties of silicene and F-silicene are ex-
plored. This study reveals how functionalization drastically changes the electronic prop-
erties of the material, which impacts the charge transfer and transport properties. Next,
we investigate the sensing properties of MXene and MXene/ TMDC heterostructures. We
show that sensitivity increases upon the formation of heterostructures. By forming het-
erostructures, a large charge transfer occurs across the interface compared to the case of
bare MXene. This, coupled with significant changes in the work function, leads to much
better sensitivities in heterostructure-based sensors.

Finally, we investigate the role of MXenes in sensing the food quality of papaya fruit.
MXene, a new class of 2D material, has drawn considerable attention due to its unique
structural properties. Different functional groups on the MXene surface behave differently
in sensing food quality by altering the electronic and optical properties of the sensor.

In summary, this thesis expands our understanding of how 2D materials and their
functionalization impact sensing properties toward volatile organic compounds emitted
from standard food products through changes in electronic structure, charge transfer,
and optical properties.
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Chapter 1

Introduction

1.1 Food Quality, Safety, Wastage and the Need for
Advanced Monitoring

In the modern era, the concept of food quality encompasses far more than flavour or ap-
pearance. It incorporates safety, freshness, nutritional integrity, and authenticity. Con-
sumers expect that the food they buy not only tastes good but is also free of harmful
contaminants (microbial, chemical, or physical), retains its intended nutrients, and has
been produced, handled, and transported in a way that preserves quality and authenticity.

At the same time, producers, processors, distributors, and retailers operate in a world
of ever-longer, more complex, and highly globalized supply chains. Food may travel
from farm to processor, to transporter, to storage facility, to retailer, and finally to the
consumer-often crossing continents, changing hands multiple times, and being stored un-
der widely varying conditions of temperature, humidity, light, and handling. At each
point in the chain, there exist possibilities of spoilage, contamination, nutrient degrada-
tion, or adulteration.

The World Health Organization (WHO) estimates that each year about 600 million
people-nearly one in ten globally-fall ill after consuming contaminated food, and around
420,000 people die as a result. Children under five are disproportionately affected, with
approximately 125,000 deaths annually in this age group from foodborne illnesses [1].

Beyond human health, the consequences of poor food quality and safety are also
economic and societal. Unsafe food undermines consumer trust in brands and supply
chains, triggers recalls and the destruction of product batches, imposes healthcare costs
and productivity losses, and reduces the effective value of food production. For example,
the World Health Organization (WHO) reports that unsafe food costs low and middle-
income countries up to US 110 billion dollar per year in productivity losses and medical
expenses. [2].

Parallel to these safety concerns is the challenge of food wastage (and loss) on a grand
scale. According to the United Nations Environment Programme (UNEP) Food Waste
Index Report, in 2022 the world wasted roughly 1.05 billion tonnes of food at retail and
consumption levels alone-amounting to nearly 19% of all food available to consumers |3].In
addition, about 13% of food is lost earlier in the supply chain (post-harvest, pre-retail)[4].
Breaking down the 1.05 billion tonnes figure, households generate approximately 60% of
the waste (~ 631 million tonnes).food services about 28%(~ 290 million tonnes) and
retail about 12% (& 131 million tonnes). On a per-person basis, the average household
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wastes around 79 kg of food each year globally.

The environmental and resource-use implications of such wastage are profound. Food
production is resource-intensive:land, water, energy, labour. When food is wasted, those
inputs are effectively squandered. Food loss and waste also account for an estimated
8-10% of global greenhouse-gas emissions, contributing to climate change and ecosystem
stress. Moreover, the data show that food waste is not exclusively a high-income coun-
try problem: the difference in per-capita household food waste between high-income,
upper-middle-income, and lower-middle-income countries is only about 7 kg per year.
These interlinked challenges-food safety risks, quality degradation, and large-scale food
wastage-underscore a compelling need for more sophisticated and pervasive monitoring
throughout the food supply chain.

Without such advanced monitoring capability, many quality failures will remain un-
detected until it is too late-resulting in spoilage, waste, recall, loss of nutritional value
or health hazard. For instance, early detection of spoilage-related volatile organic com-
pounds (VOCs), gases from microbial activity, contaminant ions or small-molecule mark-
ers could allow food producers or distributors to take corrective action (such as adjusting
storage conditions, diverting product, increasing inspection) well before a full failure oc-
curs.

1.2 Volitile Organic Compounds (VOCs) and their role
in food quality and degradation

Volatile organic compounds (VOCs) are low-molecular weight chemicals (typically <300
Da) that readily evaporate at ambient conditions and diffuse through the headspace
surrounding food. They include alcohols, aldehydes, ketones, esters, organic acids, sul-
fur compounds, terpenes, and hydrocarbons, each originating from specific biochemical
processes within the food matrix. Because VOC profiles change systematically during
ripening, fermentation, oxidation, and microbial spoilage, they serve as powerful chemi-
cal fingerprints of food quality and freshness.

1.2.1 Origin of VOCs in Food Products

VOCs arise from a variety of molecular pathways. In enzymatic reactions, enzymes such
as lipoxygenase, alcohol dehydrogenase, and esterases break down lipids, carbohydrates,
and amino acids, generating characteristic VOCs such as hexanal (from lipid oxidation)
and esters (associated with fruit ripening). Ethanol and organic acids (produced by
yeasts), amines (from protein decomposition), and sulfur-containing VOCs (associated
with rotting meat and dairy products) are produced during bacterial and fungal growth
in the food spoilage process |5, 6]. During cooking or processing, Maillard reactions
and caramelization form hundreds of new VOCs.Volatile organic compounds serve as
sensitive, reliable indicators of food quality and spoilage. Their origins-enzymatic activity,
microbial metabolism, and chemical oxidation-produce unique chemical signatures that
evolve as food progresses from freshness to degradation.
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1.2.2 VOCs as Indicators of Food Quality

1.2.2.1 Freshness Indicators

VOCs play a vital role in defining aroma, flavor, and consumer acceptance. Specific com-
pounds signify specific quality attributes. For example, Esters (e.g., ethyl acetate,methyl
butanoate) in food mainly indicate freshness by pleasant fruity aroma, which describes
the optimal ripeness of the food. Terpenes (limonene, 3-carene) provide the charac-
teristic aromas of citrus and herbs and are markers of fresh produce. Aldehydes like
trans-2-hexenal are associated with fresh-cut vegetables [7, 8|.

1.2.2.2 Quality Attributes

VOCs also play a key role in quality control. In cheese, wine, coffee, spices, VOCs
contribute to unique sensory profiles. VOC signatures distinguish species, cultivars, or
processing methods. Deviations in VOC profiles reveal adulteration of oils, honey, or
dairy products.

1.2.3 VOCs as Indicators of Food Degradation

As food degrades, its VOC emissions shift in predictable ways, making VOC moni-
toring a powerful freshness assessment tool. Lipid products such as hexanal(primary
marker of rancidity), Heptanal, nonanal(secondary oxidation markers) and 2-butanone,
2-pentanone(advanced-rancidity indicators) are produced mainly in meats, fish, dairy,
nuts, and oils [9, 10]. Microorganisms release distinct VOCs depending on species such
as amines (putrescine, cadaverine)produces protein degradation in meat and fish. Sulfur
VOCs (dimethyl sulfide, hydrogen sulfide) are strong markers of bacterial spoilage[11].
Short-chain organic acids (acetic, butyric acid) are responsible for sour odors from fermen-
tation. Aldehydes and alcohols are produced due to yeast metabolism. Besides,fermentation
produces ethanol, acetaldehyde in fruits during their over-ripening. Off-flavors from ex-
cessive lactic acid bacteria activity are seen in dairy products.

1.2.4 Reasons VOCs are Important for Food Monitoring

VOC detection allows sensing without cutting or chemically modifying the food. Con-
tinuous observation during storage, transport, and retail reduces the food waste. VOC
changes occur before visual or textural changes, allowing early intervention. In quality
control and safety assurance VOCs helps identifing the contamination, adulteration, im-
proper storage conditions and temperature abuse. VOC-sensing indicators on packaging
help consumers and distributors monitor freshness.

1.3 Techniques for VOC detection in food

In this section, we briefly discuss a conventional and an emerging advanced technique for
detection of VOCs, profiling and monitoring of them.
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1.3.1 Conventional Techniques for VOC Detection in Food: Gas
Chromatography-Mass Spectrometry (GC-MS)

The detection and quantification of volatile organic compounds (VOCs) in food have
long relied on a set of well-established, conventional analytical techniques. These meth-
ods remain the "gold standard" for comprehensive aroma profiling, freshness evaluation,
spoilage assessment, and food authentication. The standard workflow typically involves:
(i) sample preparation / VOC extraction, (ii) separation of components, (iii) identification
and /or quantification, and (iv) sensory or odor-impact analysis [12]. Among all analyti-
cal methods, gas chromatography coupled with mass spectrometry (GC-MS) remains the
most widely used and accepted technique for VOC analysis in foods, beverages, meats,
fruits, etc [13, 14]. GC-MS combines the separation power of gas chromatography (GC)-
which resolves complex mixtures into individual constituents - with the identification
and structural elucidation capability of mass spectrometry (MS), thereby allowing both
qualitative and quantitative analyses of VOCs [15]. Tt has high specificity and selectivity
which can identify and quantify individual VOCs even in complex mixtures. It can detect
a wide range of chemical classes (aldehydes, ketones, esters, alcohols, sulfur compounds,
terpenes, etc.). Detection limits in low ppb to ppt range are achievable in this technique.
However, the processes are time consuming; sample preparation along with chromato-
graphic run times make analysis slow,not suitable for real-time monitoring.Secondly, it
requires trained personnel, costly instrumentation and maintenance.Thus, it is not prac-
tical for in-field or on-packaging freshness monitoring.It only provides a “one-time” VOC
profile and does not allow continuous monitoring during storage or transport. As a result,
while GC-MS and its variants remain indispensable for detailed food VOC analysis, they
are not ideally suited for rapid, in-line, or consumer-level freshness monitoring.

1.3.2 Emerging technique: Sensors

Sensor-based techniques are highly advantageous over conventional techniques for food
sensing because they provide faster, more accurate, and non-destructive detection of
food quality and safety. Sensors can continuously monitor parameters such as freshness,
spoilage, contamination, moisture, temperature, and chemical composition in real time,
unlike traditional methods that often require laboratory analysis, long processing times, or
destructive sampling. They minimize human error, reduce the need for chemical reagents,
and allow on-site or in-line monitoring during food processing and storage. Sensors
play a crucial role in modern food quality monitoring due to their ability to rapidly
detect volatile organic compounds (VOCs) associated with freshness, ripeness, spoilage,
and adulteration. Gas-sensing technologies-including metal-oxide semiconductor (MOS)
sensors, conducting polymer sensors, electrochemical sensors, quartz crystal microbalance
(QCM) sensors, and integrated electronic nose (e-nose) systems-are increasingly being
adopted as fast, non-destructive, and cost-effective alternatives to traditional laboratory-
based analytical techniques [16, 17]. Additionally, sensor technologies integrate easily
with smart packaging and IoT-based food monitoring systems, enabling better traceability
and control throughout the supply chain. VOC (volatile organic compound) detection is
performed using several different sensor technologies, each based on a distinct physical
or chemical principle. Below is a complete, organized list of all major VOC sensor types,
from the most common commercial sensors to advanced research technologies.
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e Chemiresistive Sensors: These detect VOCs by measuring changes in electrical re-
sistance when molecules are adsorbed on the sensing layer. The materials used
generally are metal oxides (SnO,, ZnO, WO3, TiO,), 2D materials (graphene,
MoSs, h-BN, MXenes), conductive polymers (PANI, PEDOT:PSS, PPy), carbon
nanotubes[18, 19]. The advantages of this class of sensors is their high sensitivity,
simple, low cost and fast response time. However, they have limited selectivity and
often need high operating temperature[20, 21].

e Electrochemical Sensors: They mainly detect VOCs through redox reactions at
electrodes, measuring current or potential. The main advantages of electrochemical
sensor are that they can be operated in low power at room temperature and they
are highly selective for specific gases|[22, 23]. But they are not ideal for complex
VOC mixtures. The degradation of electrolyte over time also poses problem.

e Optical Sensors: They detect VOCs via changes in light absorption, emission, scat-
tering, or refractive index. There are different types of optical sensors: Colori-
metric, Fluorescence-based sensors, Infrared absorption (NDIR), Surface plasmon
resonance (SPR), Fiber-optic sensors, Photonic crystal and interference devices|24,
25, 26]. The main advantages are that they are higly selective, and real-time food
freshness monitoring can be achieved at room temperature with them. The draw-
backs are high cost and requirement of light sources or detectors.

e Calorimetric (Catalytic Heat) Sensors: This sensors detect VOCs by measuring the
heat released when VOCs oxidize on a catalytic surface. The main advantanges of
these sensor are their fast response and ability to detect VOCs at low ppb|27, 28|.
But they need a microheater and are less selective unless catalyst is tailored.

e Acoustic / Piezoelectric Sensors: VOC adsorption changes mass or elastic proper-
ties in this case which shifts the resonant frequency of the material, thus detect
VOCs.The main advantages of them are their nanogram-level sensitivity and good
selectivity upon using polymer coatings. However, they are sensitive to humidity
which can hamper the VOC detection|29, 30].

e Photoionization Detectors (PID): This kind of sensor is operated by using ultra-
violate(UV) lamps to ionize VOCs; ion current is then measured. They are very
sensitive and can detect VOC over a wide- spectrum|31, 32].

e Field-Effect Transistor (FET) Sensors: Here the VOC adsorption modulates the
channel current of a semiconductor [33, 34]. This kind of sensor can operate at
room-temperature with high sensitivity. But they have fabrication complexities
and drift issues.

e Metal-Organic Framework (MOF) Sensors: MOFs selectively adsorb specific VOCs
and produce signals via resistance change, mass change, fluorescence quenching and
optical interference. The main advantages are high selectivity and tunable chemical
affinity. But they often need hybridization with transducers|35, 36].

e Biosensors: They use enzymes or biological molecules to detect specific VOCs. An
example is the enzyme-based ethanol sensors. But they have stability issue at high
temperature or in long-term|37].
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Figure 1.1: Schematic diagram of gas sensors for food quality monitoring.(Used with
permission from [17])

One of the most significant applications of gas sensors is in the monitoring of meat and
fish freshness|38]. During spoilage, proteins degrade and produce VOCs such as ammonia,
trimethylamine, hydrogen sulfide, and various short-chain amines. These compounds are
strong indicators of microbial activity. Gas sensors, especially Metal Oxide Semiconduc-
tor(MOS) sensor arrays used in e-nose systems, can detect these spoilage gases at very
low concentrations. Studies have shown that e-noses, an array of sensors making up an
electronic machine consisting of a signal pre-processing module and a pattern recogni-
tion engine[39], can distinguish between fresh, semi-spoiled, and spoiled meat with high
accuracy by analyzing VOC patterns rather than single compounds|[40]. For fish, the
rapid detection of trimethylamine is particularly important, as it is a hallmark of ma-
rine fish spoilage. Gas sensors have thus enabled real-time assessment during processing,
transport, and storage, helping reduce waste and ensure food safety. Gas sensors are also
widely applied in the assessment of fruit ripeness and post-harvest quality. Fruits emit a
range of volatiles including ethanol, ethylene, acetaldehyde, and esters as they ripen or
deteriorate. Ethylene in particular is a critical hormone that regulates ripening processes
in climacteric fruits such as bananas, apples, and tomatoes. Sensors like chemiresistive
and piezoelectric sensors can detect ethylene and other VOCs at trace levels, enabling
accurate prediction of ripening stages . This is especially valuable in supply chains where
proper timing of distribution is essential to minimize losses. Additionally, e-noses have
shown strong abilities to classify different stages of fruit ripeness based on complex aroma
profiles, providing an advantage over chemical tests that focus on single indicators.
Another important area of application is the monitoring of dairy product quality.
Dairy products such as milk, cheese, and yoghurt are highly susceptible to chemical oxi-
dation and microbial spoilage, resulting in the release of aldehydes, ketones, alcohols, and
sulfur-based compounds. Gas sensors can detect these changes early, providing rapid indi-
cators of spoilage or contamination. Electronic nose systems have been successfully used
to differentiate between fresh and spoiled milk, evaluate fermentation levels in yoghurt,
and classify cheese varieties based on VOC emission patterns [41]. This capability is valu-
able not only for ensuring safety but also for supporting quality control during produc-
tion.Gas sensors also play a significant role in detecting food adulteration, a widespread
issue that affects consumer safety and market integrity. Many adulterated foods-such as
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diluted milk, impure honey, blended olive oils, or counterfeit spices-exhibit different VOC
profiles from authentic products. Sensor arrays can capture these subtle differences and
identify adulteration quickly. For instance, e-nose systems have demonstrated the ability
to distinguish pure olive oil from samples adulterated with cheaper oils, and to detect
fraudulent additives in honey or wine[42]. This enables fast screening, reducing reliance
on expensive chromatographic methods. In addition to product-level monitoring, gas
sensors are increasingly integrated into smart packaging systems. Modified atmosphere
packaging (MAP) and active packaging technologies aim to extend shelf life by control-
ling oxygen, carbon dioxide, humidity, and other environmental conditions. Embedded
gas sensors can monitor changes in these atmospheric gases or detect VOCs produced
during spoilage, offering real-time data to manufacturers and consumers[43]|. For exam-
ple, an oxygen sensor can detect seal failures, while VOC sensors warn of early spoilage.
When paired with wireless communication modules, such smart packaging solutions con-
tribute to Internet of Things (IoT)-based food monitoring, supporting traceability and
real-time supply chain management.The use of gas sensors in food quality monitoring
offers several advantages, including rapid results, portability, low cost, and the ability to
perform non-destructive testing. Their sensitivity to low concentrations of VOCs makes
them ideal for early detection of spoilage before it becomes visible or detectable through
smell. However, challenges remain. Sensor drift, cross-sensitivity to multiple gases, and
environmental influences such as humidity and temperature can reduce accuracy. These
limitations are being addressed through improved sensor materials, advanced calibration
methods, and the integration of artificial intelligence to enhance pattern recognition and
compensate for sensor variability|44].

Overall, gas sensors have become indispensable tools in modern food safety and quality
assurance. Sensors capable of detecting small changes in the food environment (volatile
organic compounds (VOCs) released during spoilage or ripening, gases emitted by mi-
crobial activity, small molecules or ions signalling contamination or degradation) are
emerging as key enablers for smarter food-quality systems. In particular, materials that
form the active sensing layer must meet demanding criteria: large accessible surface for
adsorption, strong interaction with target analytes, fast and measurable transduction
of that interaction (e.g., shift in electrical conductivity, optical signal, electrochemical
response), and stable operation in potentially harsh environments (moisture, humidity,
complex food matrices).

1.4 Three dominant approaches for VOC profiling and
monitoring: Chemiresistive, Work-function and Op-
tical Sensing

The development of gas sensing technologies has significantly advanced in recent years,
with each technology offering distinct advantages and challenges. The choice of sens-
ing technology depends on the specific application requirements, including sensitivity,
selectivity, cost, and environmental conditions.Volatile organic compound (VOC) sensing
technologies have evolved significantly to support real-time, non-destructive food quality
monitoring. Among these technologies, work-function (WF) sensors|45], chemiresistive
sensors|46], and optical sensors|47| represent the three dominant approaches, each offer-
ing distinct advantages and limitations in terms of sensitivity, selectivity, stability, and
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integration potential. Chemiresistive sensors provide a cost-effective and simple solution
for gas detection but suffer from cross-sensitivity and require high operating tempera-
tures. Work function-based sensors offer high selectivity and sensitivity, particularly for
specific gases, but are often more complex and expensive. Optical sensors, especially
NDIR sensors, provide excellent sensitivity and long-term stability, though they require
more sophisticated equipment and are typically costlier.In this thesis, we have explored
materials that can be utilized as one of these three sensors.

1.4.1 Chemiresistive VOC Sensors

Chemiresistive VOC sensors measure changes in electrical resistance of a semiconducting
layer (metal oxides, graphene, CNTs, polymers) upon VOC adsorption. Chemiresistive
sensors detect gas concentrations by measuring changes in the electrical resistance of
a sensing material upon exposure to the gas. The most widely used materials for these
sensors are semiconducting oxides, conductive polymers, and carbon-based nanomaterial.
The fundamental principle behind chemoresistive sensors is the alteration in the mate-
rial’s electrical resistance due to the adsorption of gas molecules onto the sensor surface.
When a gas interacts with the sensor material, it either donates or accepts electrons,
which modulates the charge carrier concentration in the material. This change in carrier
concentration leads to a measurable change in the electrical resistance of the material.
The resistance change (AR) can be described as: AR = Rgas — Ry Where, Ry, is the
resistance in the presence of the gas and R,;, is the resistance in ambient air. In many
cases, the change in resistance is exponential and can be modeled by an Arrhenius-type
equation, indicating that the temperature and energy required for gas adsorption play a
key role in the sensor’s sensitivity [48]. Chemoresistive sensors are widely used for air
quality monitoring, industrial gas detection, and wearable health monitors. Despite their
advantages, they suffer from cross-sensitivity to multiple gases and often require high
operating temperatures. Moreover, the sensors’ performance can degrade over time due
to material fatigue and poisoning. In the area of food technology, chemiresistive sensors
are widely used to detect hexanal, a primary marker of rancidity in meat, nuts, and oils;
Ethanol, acetaldehyde during fruit over-ripening; Ammonia and amines in fish spoilage.

1.4.2 Work-Function-Based VOC Sensors

Work-function VOC sensors operate by detecting changes in the work function ( A¢) of
a material when VOC molecules are adsorbed onto it. VOC adsorption modifies dipole
orientation, charge transfer, or surface states, leading to measurable changes in work
function [49]. The work function is the minimum energy required to remove an electron
from the surface of a material into the vacuum. The interaction of gas molecules with
the sensor surface causes either the donation or acceptance of electrons, leading to a shift
in the material’s work function. This shift is indicative of the gas concentration and can
be measured using techniques such as Kelvin Probe Force Microscopy (KPFM) or Sur-
face Potential Measurements (SPM)[50]. The relationship between work function change
(A¢) and gas concentration can be described by the equation: A¢ = @gas — Pvacuum;
|pgas| is the work function in the presence of the gas and |¢yacyum| is the work function
in the absence of it . Work function-based sensors are ideal for high-selectivity appli-
cations where precise detection of specific gases is needed. Capable of detecting even
weakly interacting VOCs (physisorption-dominated) and provide direct insight into sur-
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face electronic interactions with analytes.However, they are often more complex, requires
stable reference electrode or probe and costly compared to chemiresistive sensors. Work
function sensors are particularly effective in detecting aldehydes (hexanal, nonanal) and
esters that appear during lipid oxidation and fruit ripening, as these molecules strongly
perturb surface dipoles even at low concentrations.

1.4.3 Optical VOC Sensors

Optical sensors detect VOCs by measuring changes in light absorption, photolumines-
cence, colorimetry, surface plasmon resonance (SPR), or Raman scattering. Optical gas
sensors detect gases by measuring changes in the optical properties of a medium caused by
the interaction between gas molecules and light. These sensors typically use infrared (IR)
absorption or scattering to quantify gas concentrations. In optical gas sensors, gases ab-
sorb light at specific wavelengths, particularly in the infrared (IR) region. This absorption
is proportional to the gas concentration and can be quantified using techniques such as
Non-Dispersive Infrared (NDIR) spectroscopy. Optical sensors are particularly useful in
applications requiring high sensitivity and selectivity, such as environmental monitoring
of greenhouse gases and industrial emission monitoring. The strength of optical sensors
lie in their extremely high selectivity due to specific spectral signatures, non-destructive
nature (ideal for remote or inline sensing), high chemical stability and suitability for inte-
gration with smart packaging (colorimetric indicators)[51, 52]. However, they tend to be
more expensive and require more complex instrumentation compared to chemiresistive
sensors. Furthermore, optical sensors may be affected by environmental factors such as
humidity and dust. In the area of food technology, optical methods excel in detecting
carbonyl VOCs via colorimetric Schiff-base reactions, fruit ester VOCs via fluorescence
quenching, spoilage amines through pH-sensitive dyes or plasmonic shifts. Optical sensors
are widely used in intelligent packaging and real-time freshness labels.

1.5 Nanosensors for food detection

Nanomaterials are preferred for VOC detection because they provide more adsorption
sites due to high surface area, large electronic response to molecular adsorption, faster
reaction and diffusion kinetics, tunable chemical affinity for different VOCs, improved
selectivity through functionalization, lower operating temperature, higher sensitivity and
lower detection limits and compatibility with miniaturized, low-power devices. Together,
these advantages make nanomaterials the dominant choice for modern VOC sensors used
in food quality assessment|53|. Because of these advantages, nanosensors are particularly
well-suited to meet the stringent requirements of food VOC sensing: high sensitivity
to trace VOCs, selectivity amid complex mixtures, rapid response, stable operation in
humid/variable environments, and low-cost scalability. The evolution of nanosensors
for VOC detection in food can be traced through several “generations” of technological
development|54, 55|. Early gas sensors for food used metal-oxide semiconductors (MOS),
electrochemical cells, or colorimetric dyes. While useful, they suffered from relatively
poor sensitivity to low VOC concentrations typical of early-stage spoilage, limited se-
lectivity in complex food headspace, and requirement of high operating temperatures
or significant preprocessing steps. With advances in nanotechnology, researchers began
integrating nanomaterials - such as carbon nanotubes (CNTs), graphene, metal nanopar-
ticles, and nanowires - into sensor platforms. The high surface area and tunable surface
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chemistry permitted lower detection limits, faster response times, and somewhat im-
proved discrimination. Combining different nanomaterials (e.g., metal-oxide nanostruc-
tures with carbon nanomaterials, polymers, or MOFs) improves sensitivity and selectiv-
ity. For example, sensors based on ZnFe,O, spinel nanoparticles have shown promise for
VOC detection relevant to food spoilage. A 2023 review summarizes the performance of
spinel-ferrite nanosensors for VOC detection, emphasizing their sensitivity, applicability
to food industry VOCs (e.g., ethanol, acetone), and potential for real-time monitoring|[56].
A 2023 experimental study reported a 3D graphene film grown on a nano-porous SiC
backbone for aging/rancidity detection in hazelnuts. The large surface-to-volume ra-
tio and abundant edge/dangling bonds provided many active sites for VOC adsorption;
the chemiresistive sensor successfully discriminated between fresh and spoiled nuts[57].
Recent reviews consolidate the state-of-the-art in nanomaterial-based VOC sensing for
food /environment /health, highlighting the increasing maturity and broadening scope of
nanosensor technologies [55].

1.6 Two dimensional (2D) material based nanosensors
for food VOC detection: Graphene, Transition metal
dichalcogenides (TMDC) and MXenes.

Two-dimensional (2D) materials have generated significant interest lately. These atomi-
cally thin sheets have higher lateral dimensions than thickness, resulting in high surface-
to-volume ratios, active surface/edge locations, and tunable electronic, optical, and chem-
ical characteristics. Furthermore, 2D materials have been used in a variety of sensor
designs (chemiresistive, electrochemical, optical, and biosensing) for food quality moni-
toring. Most 2D materials have a greater specific surface area than zero-dimensional (0D),
one-dimensional (1D), and three-dimensional (3D) nanomaterials, allowing for easier an-
alyte loading and thereby improving the sensitivity of sensors based upon them. The
comparatively large lateral dimensions of 2D materials can be in close contact with elec-
trodes, thus gaining wide attention in applications as electrochemical sensors|58, 59, 60].
Graphene and its derivatives, transition metal dichalcogenides (TMDCs), and transition
metal-carbonitrides (MXene) are some of the prominent 2D materials. Particularly in the
areas of food safety and biomolecular detection, these two-dimensional (2D) materials has
caused a paradigm shift in the architecture and operation of electrochemical sensors and
biosensors. In the next subsection, we discuss some of the attributes of these 2D materials
with regard to their usage as sensors in food safety and biomolecular detection.

1.6.1 Graphene Based Sensors

Graphene exhibits exceptional properties, including high transparency (97.7% visible light
transmittance), high thermal conductivity (3 x 1037° x 10> W m~* K1), electrical con-
ductivity (10%w™!) at room temperature, high Young’s modulus (130.5 GPa), and high
specific surface area (2630 m? g=1)[61, 62, 63, 64]. In addition, graphene also has a spe-
cial m — 7* energy band structure, in which carbon atoms form a single-layer honeycomb
lattice through sp? hybridisation. Its bandgap and conductivity are correlated with the
number of layers; as the number of layers increases, these parameters get closer to those
of graphite[65]. These unusual structures offer exceptional electrochemical performance,
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as well as optical and medicinal applications. Graphene has considerable potential in
electrochemical sensing because of its huge specific surface area, strong electrical conduc-
tivity, plentiful surface atoms, high mechanical strength, and possibility for wide-scale
manufacture[66, 67|. First, graphene has unusually high carrier mobility and density at
room temperature, making it a desirable material for the fabrication of high-performance
electrical devices|68, 69]. Second,Graphene’s electronic characteristics, such as electrical
conductivity, are affected by transfer and covalent bonding|[70, 71]. The electron den-
sity within graphene-based materials can be concentrated at its edges. Combined with
structural defects, this results in quicker electron transfer rates than on the substrate
plane, highlighting graphene’s flexible capabilities as an electrocatalyst for electrochem-
ical sensing applications|72]. Third,Graphene has a high specific surface area, with each
carbon atom acting as a surface atom. As a result, charge transport in graphene is
highly sensitive to its chemical environment|73, 74|.Fourth,Graphene’s high mechanical
strength and flexibility make it ideal for wearable electronics|75, 76]. For all those reason
graphene’s unique features make it the most promising 2D material for sensors. Be-
cause the graphene surface is critical in intermolecular interactions, adjusting the surface
chemistry of graphene materials is the most important and direct way to improve sensing
performance. The graphene surface is typically altered by different doping techniques
to improve the interaction with the surrounding environment. To improve sensing per-
formance in sensing devices, functional groups or dopants can be added after synthesis.
Additionally, structural and defect control can be achieved by modifying the reactive sites
of adsorbed molecules. Gas sensors made from graphene oxide (GO) with defects and
oxygen-containing functional groups exhibit higher selectivity and sensitivity than pris-
tine graphene|77, 78, 79]. Graphene and its derivatives, such as graphene oxide (GO) and
reduced graphene oxide (rGO), are some of the most commonly employed 2D materials
in biosensors because of their excellent conductivity, large surface area, and the ability
to easily functionalise their surface for specific molecular interactions. In the following,
we list few usages of Graphene based systems as VOC sensors.

1. Chemiresistive Sensors: Graphene and its derivatives (graphene oxide - GO, re-
duced graphene oxide - rGO) function as high-sensitivity chemiresistors.Adsorption of
VOC molecules perturbs carrier concentration or mobility through charge transfer and
dipole scattering, producing measurable resistance shifts. Local doping or functionaliza-
tion (e.g., oxygen groups, metal nanoparticle decoration) enhances selective interaction
with classes of food VOCs such as ethanol, acetone and hexanal and lowers detection lim-
its to ppm-ppb ranges [80, 81]. Hybrid architectures (rGO -+ metal oxide or noble-metal
nanoparticles) combine catalytic activation and high conductivity to improve response
amplitude and recovery for food-related VOCs (e.g., rancidity markers).

2. Work-function (WF) sensors: Graphene’s WF is sensitive to physisorbed and
chemisorbed molecules. VOC adsorption shifts the local electrostatic potential and hence
the WF, which can be obtained using Kelvin probe or via contact potential difference
in diode/FET configurations. WF readout is advantageous in packaging or contact-type
sensors because it can be made highly surface-specific and exploited in differential (two-
sided) measurement geometries to reduce background drift [80, 82].

3. Optical Sensors: Graphene’s optical transduction modes include surface plasmon
enhancement (when coupled with metal films), fluorescence quenching of indicator dyes,
and change in Raman features upon adsorption. For food VOCs, graphene-based optical
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sensors often appear in hybrid colorimetric/graphene e-nose arrays where graphene im-
proves signal transport or dye immobilization but the primary chemical selectivity derives
from chromogenic indicators [83, 84].

1.6.2 TMDC-Based Sensors

TMDC have been favoured by researchers due to their superior electrical qualities and
architectures[85]. TMDCs physical properties are very different from graphene. TMDCs
have a layered structure (X-M-X) with transition metal atoms (M) sandwiched between
two layers of chalcogen atoms (X) in a stoichiometric ratio of MXs. These materials have
covalently bonded atoms in the same layer and weak Van der Waals interactions between
layers, which can lead to stacking or thinning.[86, 87]. TMDCs can exhibit a broad
spectrum of polymorphisms|[88, 89, 90]. As an example, MoSy has four distinct crystal
structures: 2H, 1T, 1T’, and 3R, depending on the coordination pattern of Mo and S
atoms, as well as the stacking order between layers|91]. The electrical conductivity of bulk
TMDCs also has diverse characteristics ranging from insulator (HfS; ) to semiconductor
(MoSs ) to conductor (NbS;y). The characteristics of TMDCs differ greatly from those of
the bulk because to the fracture of the interlayer coupling|92, 93]. Exfoliating TMDCs into
2D nanosheets exposes both basal planes and prism edges, revealing unique structural and
electrical features. TMDCs are mostly made up of chalcogenides on their basal surface,
with metal or chalcogen atoms present on the edges. These 2D materials are attractive
options for sensing applications because of the benefits of TMDs, such as their great
thermal /chemical stability and abundance of metal sites[94]. For instance, MoSs is a great
option for creating electronic devices due to its larger bandgap following exfoliation from
bulk materials into nanosheets[95]. MoS, undergoes a phase transition that turns it from a
semiconducting to a metallic material, which boosts its electrical conductivity, and further
optimizes its electrochemical properties|96, 97]. Furthermore, the vast surface area of the
single-layer TMD nanosheets allows them to adsorb gas molecules in significant amounts.
Among TMDCs, MoSy, WS,, and MoSe, have received substantial attention for their
significant sensitivities in adsorption of gas molecules. Their semiconducting properties
allow for easy functionalization with biorecognition molecules and enable effective signal
amplification upon the binding of target analytes. In the following, we list few usages of
TMDC based systems as gas sensors.

1. Chemiresistive Sensors: TMDC monolayers and few-layer films provide semicon-
ducting channels with bandgaps and strong surface reactivity at defect sites and edges.
Adsorption of polar VOCs (e.g., alcohols, aldehydes) modifies the carrier density and mo-
bility. In FET geometries this yields large ON/OFF or threshold-voltage shifts, enabling
room-temperature operation and low power. Surface treatments (UV-ozone, plasma,
metal nanoparticle decoration) are commonly used to tune selectivity for food VOCs
such as ethanol and toluene [98, 99|.

2. Work-function sensors: TMDCs exhibit surface dipoles and edge-dependent WEF.
Asymmetric functionalization or heterostructuring (e.g., Janus or vertically stacked lay-
ers) creates measurable WE contrasts upon adsorption. WF readout using scanning
Kelvin probe microscopy or contact work-function detectors has been demonstrated to
detect gas-induced potential shifts that correlate with VOC concentration and species

(98, 49].
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3. Optical Sensors: TMDCs have strong excitonic resonances in the visible region
that are sensitive to dielectric environment and charge transfer. Adsorption of VOC
molecules shifts exciton energy, linewidth and photoluminescence intensity, enabling op-
tical detection modalities for non-invasive sensing of headspace VOCs. Moreover, TMDCs
integrated into photonic cavities or on optical fibers amplify these changes for improved
sensitivity [100, 101].

1.6.3 MXene Based Sensors

MZXene is a recent discovered family of 2D transition metal-carbonitrides, with a quasi-
2D structure [102, 103, 104]. In 2011, Naguib et al. [105] successfully synthesised TizCs,
the first MXene nanosheets with layered morphology by selectively etching the Al atomic
layer in TigAlCy, a ternary layered cermet material.During the preparation process of
MZXene, functional groups like -OH, -F, and -O passivated its surface, resulting in an
unusual structure, excellent electrical conductivity, and environmental protection. This
has sparked interest in research and exploration of this materials family[106]. MXene is
typically made by using concentrated hydrofluoric acid to selectively etch its precursor
MAX phase [107, 108]. The standard formula for the MAX phase, a ceramic material with
a distinct ternary layered structure, is M,,.1AX,,, where M is a transition metal element,
A is a group III or group IV element (mostly Al or Si), and X is C or N;1 < n < 3[109].
The M atom and A atom form a metallic relationship in the MAX phase, whereas the M
atom and X atom form a mixed bond with a greater binding force that mostly consists of
covalent, ionic, and metallic bonds. MXene produced by the liquid etching approach has
a very high surface activity and can react quickly with oxygen, water, and fluoride ions
in the solution to lower the system’s overall energy. Consequently, functional groups like
-OH, -F, and -O are typically found on MXene surfaces[110, 111|. MXene materials can
be converted from conductors to semiconductors by altering the surface functional groups.
Theoretical simulations indicate that etching the A atomic layer in the MAX phase alters
the d-orbital electrons of the M atoms, leading to increased metallic conductivity in
MXene nanosheet materials. When functional groups like -OH and -F occupy the surface
of the MXene nanosheet, novel physical properties are observed. In the following, we list
few usages of MXene-based systems as VOC sensors.

1. Chemiresistive Sensor: MXenes (TizCyT,, NboCT,, etc.) combine metallic con-
ductivity and abundant surface terminations (-O, -OH, -F) that form specific interactions
with VOCs. Their layered, hydrophilic surfaces enable rapid adsorption of polar VOCs
and large resistance modulation, often at room temperature. MXene-polymer composites
and MXene-MOF hybrids have demonstrated sensitive detection of ammonia, alcohols
and other compounds relevant to food spoilage [112, 113].

2. Work-function sensors: Surface terminations and redox-active transition metals
make MXene WEF highly tunable. Adsorption or intercalation of VOCs alters surface
dipole and WF substantially, allowing WF-based readouts (Kelvin probe or contact po-
tential devices) to be used for selective sensing of certain food VOCs in humid conditions
[114, 113].

3. Optical Sensor: MXenes exhibit broadband optical absorption and plasmonic-like

behavior in the NIR. Functionalized MXene films can be used in optical transduction (ab-
sorbance /reflectance changes, fluorescence quenching) to detect VOC adsorption. Some
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works show MXene fluorescence quenching of indicator dyes for optical VOC sensing
[115, 116].

1.7 Need for computational modeling and the role of
first principles Electronic Structure Methods

There have been quite a few experimental studies to detect and profile VOCs from food
materials using nanosensors [117, 118, 119, 120] . A variety of issues like VOC profiling
in sugarcane juice, monitoring of fish freshness, evolution of VOCs during fermentation
process for products like vinegar, black tea and fruit drinks, meat and vegetables and
integration to smart packaging have been addressed in these works. On the other hand,
there are recent experiments that indentified the prominent VOCs that are bio-markers
for papaya, a fruit consumed worldwide due to its rich nutritional values[121]. Natu-
rally, appropriate nanosensors need to be discovered for efficient sensing of these VOCs
to monitor the ripening stages of this important fruit. In general, there has been a need
of discovering new sensors from the family of 2D materials due to the tunabilities offered
by them. Such discovery can not run on the basis of trial and error. Understanding of
the roles of surface chemistry, structure and composition of a 2D material are few of the
crucial parameters that need to be understood at the electronic level before putting it into
a device form in a laboratory. Computational modeling based upon parameter-free first
principles electronic structure methods can come out to be extemely useful in this context.
With the advent of Density Functional Theory [122] and its developments, understand-
ing materials properties at the microscopic level has become possible. Thus modeling a
complex system and performing extensive computational study at the electronic level to
assess sensing abilities of materials is the way to go. This powerful strategy can even
predict new sensors in a reliable way. In the area of sensor materials for food VOC de-
tection, there have been a few studies by adoptiong this strategy that provided impotant
insights [123, 124, 125, 126]. However, these studies lacked in modeling a real sensor de-
vice with the 2D material they investigated from electronic structure point of view. De-
vice modeling at nanoscale can be done using Non-Equilibrium Green’s function(NEGF)
method[127]. An integration of DFT and NEGF turned out to be immensely successful in
detecting VOCs as diverse as various hazaradous gases in the enviroment and biomarker
of lung cancer[128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141, 142].
However, no such device modeling following this route has been done in the area of food
quality assessment. Thus, the real potentials of 2D sensors in the area have not been
exploited. This leaves one with a huge scope of exploring materials from 2D families as
sensors for quality assessment of generic as well as specific items computationally such
that microscopic mechanism of gas-surface interaction and simulation of the nanodevice
can be done simultaneously. So, in gernerally we try to explore different type of 2D
materials like graphene and it’s derivative, metallins(Borophene, Silicene, Germanene),
MXene and MXene-TMDC heterostructure for food sensing application.

1.8 OQutline of the thesis

In this thesis, Density functional theory (DFT)[122] in conjunction with Non-Equillibrium
Green’s Function (NEGF) method [127] has been used to compute the sensing abilities of
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various 2D materials upon exposure to the VOCs emitted by different food products. Un-
derstanding of the molecular adsorption on different 2D surfaces and their consequences
on the sensing characteristics have been investigated in detail by analysing the electronic
structures, charge distributions, variations in work functions and optical absorbances of
the VOC-2D material complexes. This is followed up by modeling the sensor and com-
putations of sensitivities and selectivities, quantities that can be compared directly with
experiments. A comparative analysis on usefulness of a particular 2D material as chemire-
sistive and work function based sensor has been made in several cases. We have chosen
our systems carefully based upon the following criteria: a) systems that have been inves-
tigated experimentally such as Graphene and reduced Graphene oxide, b) systems which
have been investigated towards their sensing capabilities with regard to various gases
but have not been tried in the area of food quality assessment and c) the representative
systems for this study should include materials from different 2D families that satisfy
criteria b). Thus, we have chosen Graphene, and its oxides under criteria a), pristine and
functionalized silicene, MXene and its heterostructure with TMDC satisfying criteria b)
and ¢). The chapters in this thesis are organized as follows:

Chapter I begins with the overview of importance of VOCs from food in determining
it’s stages of degradation and corresponding significance in food technology. This is
followed by a detailed discussion on importance of nanotechnology towards food quality
and safety. Special emphasis is given on the role of 2D materials and their potential
application in sensing. This chapter also introduces different gas sensing technologies.

In Chapter II the computational methodologies adapted throughout the thesis are
described. Density Functional Theory (DFT) is used in the thesis to obtain the structural
and electronic properties of the isolated VOC molecules, isolated 2D materials considered
for sensing applications and the VOC-2D complexes upon adsorption of VOC on the 2D
material. The NEGF formalism as implemented in conjunction with DFT to simulate the
sensing device is discussed in detail next.Formalisms to evaluate the current-voltage (I-
V) characteristics curves of nanoscale devices and computations of sensitivity, selectivity
and relaxation times, the key parameters of a gas sensor are discussed thereafter.A short
overview of the procedures used to determine work-function, charge density difference
and optical characteristics are also included in this chapter.

In Chapter III results on a comparative assessment of pristine graphene and its two
derivatives, graphene oxide (GO) and reduced graphene oxide (r-GO) as chemiresistive
and work function based sensors to detect VOCs emitted by standard food products
are shown. The work is motivated by a recent experiment on assessing capabilities of
r-GO sensor in selecting six prominent VOCs emitted by standard food products like
meat, vegetables and fruit during various stages of their degradation. The experiment
inferred that unless r-GO is polymerized, discrimination of the VOCs is not possible. The
computational study presented in this chapter however finds that while pristine graphene
performs poorly as a chemiresistive and work function based sensor, r-GO in either mode
is able to differentiate between four, out of six VOCs. It turns out that GO, on the
other hand performs at par with r-GO as work function based sensor but is not useful as
chemiresistive one. The analysis based upon electronic structures, structural parameters
and adsorption characteristics trace such behavior back to the hybridisation of molecular
orbitals driven by the adsorption geometry. The discrepancy between the results of this
computation and the experiment in the context of the performance of r-GO sensor is
therefore, attributed to the limitations in the experimental method of reducing graphene.

In Chapter I'V in order to expand the database of 2D sensors in the current context of
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food technology, this chapter presents results of investigation into the sensing capabilities
of free-standing silicene and Fluorine passivated (F-Silicene) nanosheets with regard to
detection of the VOCs considered in the preceeding chapter. The results suggest that fluo-
rine passivated silicene has significantly better sensitivity towards all six VOC molecules
in comparison to pristine silicene. Like, r-GO, as chemiresistive sensor, F-silicene can
discriminate between four VOCs, out of six. The sensitivities computed with F-silicene,
in fact, turned out to be quantitatively better than r-GO. Here too,results are analysed
based upon the microscopic mechanism by looking at the variations in the adsorption
energy, charge transfer, and the electronic structures of the two systems considered.

MXenes with chemical formula M,,;1X,,T,, (M=a transition metal, X=carbon or ni-
trogen, T— a surface functional group such as -O,-F,-OH, chalcogens, halogens etc,
n=number of layers) constitute a new family of fascinating quasi-2D materials. The
tunability with respect to composition, number of layers, surface functional groups make
MXenes extremely flexible to make an in-depth study of structure-property relations.
Moreover, upon construction of van der Waals heterostructure with transition metal
dichalcogenides, class of materials where a stack of two or more different 2D materi-
als are held by weak van der Waals interaction across the interfaces, are found to have
enhanced transport across the interfaces. Motivated by these, in Chapter V, results
on sensing abilities of ScoCOy MXene and its heterostructure with monolayer transition
metal dichalcogenide WSe, towards four prominent VOCs considered in preceding two
chapters are presented. Investigations are done by considering them as chemiresistive,
work function and optical sensors. It is found that while ScoCOs is able to detect the
four VOCs separately like F-silicene and GO do, the sensitivities are lower. However, the
sensitivities increase substantially upon forming the heterostructure. Analyzing the DFT
results, it is found that upon forming heterostructure, a huge charge transfer across the
interface as compared to the case of bare MXene, happens. This coupled with significant
changes in the work functions leads to much better sensitivities of the heterostructure
based sensors.

Since the electronic properties of MXenes are controlled by the functional groups
passivating their surfaces, it is worthwhile to address this in the context of sensing abilities
of food material sensors. On the other hand, capability of sensors in the area of food
technology should be investigated going beyond generic food products. In a bid to address
both, in Chapter VI the capabilities of functionalized ScaCTy (T=-O,-F,-S) MXenes
towards distinctive detection of four important volatile organic compounds (VOC)-3-
carene, D-limonene, methylbutanoate, and methylhexanoate, emitted by papaya during
various stages of ripening, are investigated. Assessment of these materials with regard
to all three types of sensors is done in this chapter. It is found that out of the three,
only ScoCSs is able to detect and separate the VOCs. Such outcome is connected to the
geometry of molecular adsorption, electronic structure and charge transfer for the VOC-
MXene complexes. This work is the first one that proposes a 2D material as potential
nanosensor for detection of quality of papaya fruit. The results demonstrate a bigger
scope towards exploration of MXenes as potential sensors for detection of quality of food
products, something that has not been done yet.

The concluding Chapter VII summarises and proposes possible extensions of the
work presented in this thesis. In summary, the chapters of this thesis highlight two
aspects of 2D materials as potentials sensors for assessment of food quality: a) how
functionalization of pristine compounds or putting them into heterostructures enhance
their sensing abilities and b) comparative study of usefulness of a given material as sensors
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working on different principles. Chapters 3-5 deal with the same set of food VOCs while
the sensor material changes. These three chapters systematically show the similarities
and differences in three different classes of potential sensor materials, keeping the VOCs
same and generic. After building this tempo, chapter 6 focuses on a specific food item and
a specific 2D material and examine the role of different surface passivation in affecting
sensing capability of the material. This way the thesis covers a broader spectrum which
can be useful in designing new sensors in laboratories.
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Chapter 2

Methodology

This chapter describes the theoretical foundations employed in this thesis for the simu-
lation of material properties. The work presented in this thesis is carried out by Density
Functional Theory (DFT) based calculations. We provide a description of the Pseudopo-
tential method and the projected augmented wave (PAW) as these implementations of
DFT have been used in this thesis for evaluation of the ground state properties and elec-
tronic structure of the materials considered. A brief discussion on Non-Equillibrium Green
Function Method (NEGF), which is used for the calculation of transmission function in
nanoscale system. The chapter ends with a brief description of the ways to calculate
adsorbtion energy, charge transfer, Charge density difference, work-function and optical
properties.

2.1 The Many-Body Schrodinger Equation

Electrons in atoms, molecules, and solids interact to determine their physical and chemical
properties. Understanding the electrical structure, especially the ground state, is crucial
for determining material properties. Solving the many-body problem is hard due to the
necessity to account for all particle interactions, making it computationally costly. The
time-independent Schrédinger equation for a system of N electrons and Ny nuclei is as
follows:

H\If(l‘l, ro,...,I'n, Rl, RQ, '-RNS) = E\I’(I'l, ro,...,Tn, Rl, RQ, -'RNS) (21)

Here, H corresponds to the Hamiltonian operator, and £ is the total energy associ-
ated with the system. The system consist of N electrons and N, nuclei. The variables
ry, Iy, ...,ry corresponds to the the electronic coordinates while Ry, Ry, ..Ry, represents
nuclear coordinates . The form of the Hamiltonian is given as:

hQ Z[€ Z[ZJG
H = 242 A% —
2m Z‘I‘Z—I'| QMZ Z|I’—].:{,[| Z’R[_R]‘
(2.2)
The Hamiltonian above consists of five terms in total. The kinetic energy of the electrons
and nuclei is represented by the first and third terms, respectively. Here, m, and M,
denote the electrons and the nuclear mass, respectively. The columb interactions between

the electrons (nuclei) are represented by the second (fifth) term. The interaction between
electrons and nuclei is represented by the fourth term. Equation 2.2 for many electrons
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is too complicated to solve and possible only for small systems like hydrogen atoms and
molecules. Approximations are crucial for bigger systems, such as solids. Because of the
massive mass differential between nuclei and electrons (a proton is 1836 times heavier
than an electron), nuclei travel slower and are considered immobile in comparison to
electrons. The Born-Oppenheimer approximation is proposed by taking the dynamics of
electrons and nuclei independently [143].

2.2 The Born-Oppenheimer Approximation

In order to reduce the intricate many-body Hamiltonian regulating systems with both
electrons and nuclei, Max Born and Robert Oppenheimer developed the Born-Oppenheimer
approximation in 1927. The substantial mass difference between a system’s nuclei and
electrons is the basis of the approximation. Since the nuclei are substantially heavier than
the electrons, they move much more slowly. This means that, from the perspective of
the swiftly moving electrons, the nuclei appear almost motionless.As a result, the kinetic
energy of the nuclei can be discarded, but the Coulomb interactions between the nuclei
(which are independent of electronic motion) become constant. As a result, the situation
is simplified to one in which electrons are viewed as moving in a set potential provided
by immobile nuclei. Using this approximation, the electronic Hamiltonian has the form:

_hQ Z[@
ZmQXG:VQ Z|rz—1~]| Z|rZ R, (23)

The first term is the electron’s kinetic energy (7¢), the second term is the Coulomb
interaction between electrons (V..), and the last term is the potential energy due to
electron-nucleus interaction (Vegsernar)- The approach does not completely solve the dif-
ficulties associated with the many-body Schrodinger equation since the electronic wave
function is still a many body one. In next couple of section, we discuss methods to take
care of this.

2.3 Hartree and Hartee Fork Methods

The Hartree approach, invented by Douglas Hartree in 1928, is a first approximation
used to characterise the behaviour of many-electron systems [144]. Instead of explicitly
accounting for the complete many-body wave function, this approach treats each electron
as moving independently in an average electric field produced by the other electrons. The
approach approximates the electron wavefunctions as a product of single-particle wave-
functions, assuming that the electrons are uncorrelated. An average potential is used
in place of the electron interactions, resulting in a set of self-consistent equations that
describe how each electron moves in this effective field. For a system of N interacting
electrons, the Hartree method leads to a set of N single-particle Schrédinger equations,
which are given by:

S, Vi + Vi (r)¥(r;) = ¢¥(r;) (2.4)

Vi represents the effective potential, which includes both the Coulomb attraction to the
nucleus and the average electrostatic repulsion from other electrons. This approximation
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represents the system’s wavefunction as a product of single-particle wavefunctions for
each electron.:

U(r) = Uy(ry).Ya(rs)...... U, (1) (2.5)

The Hartree-Fock approach was created as a natural extension of the Hartree method,
which, although offering a good approximation for many-electron systems, overlooked
key physical consequences|145]. Specifically, the Hartree method sees electrons as in-
dependent particles moving in an average field formed by the other electrons, ignoring
the exchange interactions that occur as a result of the Pauli exclusion principle. This
indicates that the Hartree method does not account for the antisymmetry of the many-
electron wavefunction, which is required to describe electrons. The Hartree-Fock method
was developed to address this issue by enforcing the wavefunction’s antisymmetry via a
Slater determinant. Using this, the wave function of an N-electron system can be repre-
sented as:

glgrlg izgrlg gNEId;
1 1(r2 2(Ir2 N(T2
U(r) = — , (2.6)
v N! : : S :
\Ifl(I'N) \IJQ(I'N) cee \I/N(I'N)

While the approach allows for exchange interactions due to the Pauli exclusion principle, it
misses important effects like electron-electron correlations. Moreover, it is only applicable
to tiny systems with atoms on the order of tens as the method itself is computationaly
expensive. In the following section, we describe Kohn and Sham’s innovative approach,
known as the Density Functional Theory, which addresses the shortcomings of these wave
function based approaches and provide tracable solution.

2.4 Density Functional Theory

Density Functional Theory (DFT) is a sophisticated quantum mechanical technique for
investigating the electronic structure of atoms, molecules, and solids. The accuracy and
computational efficiency make it an excellent tool for studying electrical structures. The
technique focuses on single-particle electron density rather than the many-body wavefunc-
tion. Unlike previous methods that require solving the difficult many-body Schrédinger
equation to derive a system’s wavefunction, DF'T simplifies the issue by describing the
system’s energy as a function of electron density, which is far simpler to compute. Thomas
and Fermi presented an early model based upon this philosophy [146, 147]. However, this
model could not adequately explain electron interactions in multi-body systems. Kohn
and Hohenberg devised the contemporary DFT formalism. The Hohenberg-Kohn the-
orems provided an exact theoretical foundation for tractable solution of an interacting
many-body systems. The present form of DFT, known as Kohn-Sham DFT, emerged
from their work [148].
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2.4.1 Hohenberg-Kohn Theorem

Pierre Hohenberg and Walter Kohn proposed two theorems in 1964. These establish that
the electron density alone completely determines the ground-state features of a many-
electron system. They are as follows.:

(1) The external potential, Viyiernar, or the ground state energy E, is a unique functional
of density [149].

(2) The electron density that minimises the entire energy functional is the real ground-
state density of the system[149]. Consequently, the energy functional provides the ground
state of the interacting electrons at an external potential Vi, ;e nai:

Elp(@)] = Flo()] + / Visternat (F)p(x)dr 2.7

where F[p(r)] is a universal functional of electron density p(r). DFT aims to deter-
mine the electron density p(r) that minimises the total energy functional E[p(r)], which
corresponds to the system’s genuine ground-state density.

2.4.2 The Kohn-Sham Framework in Density Functional Theory

The Hohenberg-Kohn theorems implied that all attributes of the ground state of a many-
body system can be determined by p(r). Inspite of making this important connection,
the theorems do not provide information on how to explicitly formulate the universal
functional F[p(r)]. Kohn and Sham proposed a formalism that worked around this issue.
The Kohn-Sham (KS) approach provides a feasible method for applying DFT by using a
collection of fictitious, non-interacting particles [122]. The electron density of these hy-
pothetical particles is identical to that of the actual interacting system. By substituting
non-interacting particles that travel in a unique potential, the complicated many-electron
system is intended to be made simpler. This effective potential is produced to ensure that
the electron density and the consequences of interactions between electrons are appropri-
ately represented. Using an effective potential that follows a Schrédinger-like equation,
this method transforms the multi-electron systems into effective single-electron ones:

(Hys — €)i(r) =0 (2.8)

The Kohn-Sham Hamiltonian operator, denoted by Hpgg in this Kohn-Sham equation,
comprises the kinetic energy of the electrons as well as the effective potential that takes
into consideration the external potential and electron-electron interactions.e; represents
the energy eigenvalue of the i-th electron, and ®;(r) is the single-particle wavefunction
(also known as the Kohn-Sham orbital) for the i-th electron. The mathematical repre-
sentation of the Kohn-Sham Hamiltonian is given as:

—h?
Hgs = 5 V2+Veff (2.9)

m

The first term is the kinetic energy of the electron, and the second term is the effective
potential.
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Figure 2.1: Flowchart for solving self-consistent Kohn Sham (KS) equation.

V:?ff = ‘/external(r) + VH(I') + ch(r) (210)

The first term is the external potential; the second is the Hartree potential; and the third
is the exchange-correlation potential. The Hartree potential is expressed as:

1 [ p(r)p(r')drdr’
== 2.11
VH(r) 9 / | r-r’ | ( )
and the exchange-correlation potential is given as :
OE,.(r)
Vae(r) = 2.12
) =" (212)

The density is expressed as a summation over the individual Kohn-sham orbitals, i.e.,
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p(r) = Z | i(r) [ (2.13)

By integrating this density, the total number of electrons is obtained, i.e.:

N = /p(r)dr (2.14)

The Kohn-Sham energy functional is given as :

EKS = Ts(p) + / ‘/;xternal(r)p(r)dr + EH(P) + E:rc(p> (215)

The Kohn-Sham equation is iteratively solved by offering a starting estimate for the
electron density, p(r), and the exchange-correlation functional, E,.([p(r)]). Schematic for
a DF'T calculation is shown in Figure 2.1.

2.4.3 Exchange Correlation Energy Functional

In the aforementioned Kohn-Sham energy functional, the exact form of the exchange-
correlation energy functional E,. is unknown. To balance computing efficiency and ac-
curacy, approximations to the exchange-correlation (xc) functional have been made. The
correctness of DFT computations is solely dependent on the chosen form of F,.. In the
following, we briefly describe the two most widely used approximations to address the
exchange and correlation effects in DFT.

2.4.3.1 Local Density Approximation (LDA)

The simplest approximation to E,. is the local density approximation (LDA) [122].
Within LDA, the exchange-correlation energy at every point in space is only determined
by the local electron density at that point, as if the density of the system were uniform.
For a particular spatial point, the system is regarded as if it acts as a homogeneous elec-
tron gas with the same density as the local electron density at that place. Mathematically

BEPAp(e)) = [ p(e) L™ ple))d's .10

Ehom yepresents the exchange-correlation energy of a homogeneous electron gas with
density p(r). The E"™ can be separated into two parts: exchange F,. and correlation
E. terms. An analytical approach can be used to derive the exchange term FE,., but the
correlation term FE, remains unknown.Thus, F, can be derived from the entire spectrum
of Monte-Carlo (MC) simulations mixed with distinct interpolation methods[150]. The
LDA formalism is found to work effectively in a variety of model systems. Also, the
LDA formalism was expected to work for systems with slowly variable density, such as
free electrons in metallic systems[151]. Nonetheless, current research indicates that LDA
formalism is quite promising for other systems, such as semiconductors and insulators.
Many experimentally significant physical parameters can be calculated precisely [152,
153]. However, it has some serious drawbacks: (i) it overestimates the cohesive and
binding energy levels. (ii) Insufficient electron localisation in space, which is appropriate
for s and p orbital electrons but not for d and f orbital electrons. (iii) The LDA formalism’s
excessively local nature prevents long-range effects, such as van der Waals (vdW) bonding.
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2.4.3.2 Generalized-Gradient Approximation (GGA)

An attempt to improve the LDA is made by introducing both the electron density and
the gradient of the local electronic density, s7p(r)[148] in formulating F,.. The exchange-
correlation energy in the GGA formalism is primarily produced by adjusting the LDA
energy density and can be represented as shown below in equation.

B plw)) = [ ple) B2 (p(e), Tp(e)'x @17

Some of the well known Generalized Gradient Approximation (GGA) functionals are :
PBE (Perdew-Burke-Ernzerhof) [154] , PW91 (Perdew-Wang 1991) [155] , BLYP (Becke-
Lee-Yang-Parr) and PBEsol (PBE for solids) [156] . This thesis makes extensive use of
PBE functionals throughout.

Finding the optimal balance between numerical accuracy and efficiency while solving
the Kohn-Sham equations is one of the fundamental concerns in computational materials
research. This makes it difficult to build numerical approaches that are both accurate
and time efficient in modern computational material science, depending on the nature of
the problem. Nowadays, three types of approaches are commonly used: pseudopotential
(PP) methods, full potential (FP) methods, and Green’s function-based methods.

2.5 Pseudopotential (PP) method

Bloch’s theorem states that the wave function of an electron in a periodic potential can
be represented as a discrete series of plane waves. We require a large number of plane
waves to depict the strong core potential, which is marked by tightly bound core orbitals
and wiggles in the wave functions of the core’s valance electrons caused by the orthogo-
nality of core and valance states. In PP techniques, instead of a strong core potential, a
pseudopotential corresponding to a '"Pseudo-Hamiltonian" is employed, so that outside
of a cut-off radius, the ground state wave functions estimated in this manner approximate
that of the all electron wavefunction. This approach is computationally tractable because
it uses a smooth pseudo-wavefunction provided by a reasonable number of plane waves
to decrease wiggles in the core region. The plane wave-based pseudopotential methods,
which are commonly employed in electronic structure computations, are briefly presented
in the following subsections.

2.5.1 Norm-Conserving Pseudopotentials (NCPP)

While creating the pseudo potentials, the main objectives are to (i) keep it as soft as
possible, resulting in the use of fewer planewaves; (ii) keep it as transferable as possible,
so that a pseudopotential for a given element can easily be applied in various situa-
tions; and (iii) generate a pseudo-charge density that mimics the valance charge density
as accurately as possible.[157]. The earliest computationally tractable pseudopotentials
were norm conserving pseudopotentials (NCPP). The NCPPs are designed so that the
pseudo-wavefunctions (and potentials) resemble the genuine valance wavefunctions (and
potentials) outside of a cut-off radius, which corresponds to the core radius r.. Within
the cut-off radius, the pseudo-wavefunctions and the actual wavefunctions differ but are
forced to conserve the norm, i.e.
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/OTc o5 (1) pPS (r)r? dr = /07%- OB (1) o (r)r? dr (2.18)

oS and 4% represent the pseudo and all electron wavefunctions, respectively. This
technique is effective for sp elements, but transition metals and rare earth elements with

localised d and f states necessitate a very large plane wave basis set, making NCPP
difficult.

2.5.2 Ultrasoft Pseudopotentials (USPP)

The pseudo-wavefunctions produced by the NCPP technique are limited to matching all
electron wavefunctions outside of r.. The norm-conservation inside r. requires a huge
plane wave basis set, which contradicts the criteria for fast convergence in planewave-
based calculations. Vanderbilt et al. [158, 159, 160] proposed a new and radical approach
by allowing the pseudo wavefunctions to be as soft as possible inside ., while the NCPP
approach was maintained outside r.. This approach significantly reduces the number
of plane waves required to construct the basis set, but at the cost of introducing some
complications. Three inherent complications in the construction of ultasoft pseudopo-
tential are: (i) because the wavefunctions are not necessarily normalised, they present
a significant overlapping element in the secular equation, (ii) the pseudo charge density
can’t just be calculated using ) ¢*¢ as done in NCPP method. Nonetheless, USPPs
have demonstrated their dependability in condensed matter calculations and have been
employed in large-scale computations over the years. Most significantly, the cost of creat-
ing these pseudopotentials is low in comparison to the cost of the computations in which
they are employed.

2.5.3 Projector Augmented Wave (PAW) Method

While the pseudopotential approach has some advantages, including reduced memory
utilisation and processing needs, it also has some substantial downsides. One significant
concern is that this approach compromises the true all-electron wavefunction near atomic
nuclei by artificially smoothening the wavefunctions in the core region. This smoothening
can cause errors in computed characteristics that rely strongly on the electronic structure
near the nucleus, influencing quantities like hyperfine interactions, electric field gradients,
and core-level spectra.The pseudopotential technique’s dependence on numerous modifi-
able parameters throughout the generating process is another drawback. This means a
pseudopotential customised for one specific enviroment may not be produce trustworthy
in a different one, generating real questions over its transferability and consistency across
multiple systems.

In 1994, Peter Blochl proposed the Projector Augmented Wave (PAW) approach to
solve these hurdles [161]. This unique method effectively blends pseudopotential and all-
electron approaches. The PAW formalism employs a linear transformation to reconstruct
the whole all-electron wavefunction from a simpler pseudo-wavefunction. It accomplishes
this by separating the wavefunction into two different regions: a partial wave expansion
within atom-centered augmentation spheres, which accurately represent both core and
valence states, and smooth envelope functions in the interstitial space. A linear transfor-
mation connects these components at the spheres’ boundaries.
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Therefore, the PAW approach is particularly useful for determining desired material
properties since it combines the accuracy of all-electron computations with the comput-
ing efficiency of pseudopotentials. We present a quick synopsis of the PAW formalism in
this section.

The PAW approach represents the all-electron wavefunction |¢,,) as a smooth auxili-

nary wavefunction ‘zﬂn> following a linear transformation with the operator 7"

) =T @n> (2.19)

An augmentation sphere is built around each atom so that |[r — R%| < r%, where r?
is the cut-off radius, a is the atomic index, and R® represents the position of atom a. In
this approach, the linear transformation operator T can be represented as:

T=1+) T° (2.20)

where T'* only acts in the augmentation sphere. Inside this region, the smooth wave-
&)

é) (2.21)

function is represented as a linear combination of smooth partial waves denoted by

wn> = Z an‘
ia

The all-electron wavefunction in the same way can be written as:

[n) = chi 6% (2.22)

ia

The smooth partial wave, upon application of the linear transformation operator,
takes the form:

60) = T |62} = (1+ 7% |62) (2:23)
As T only acts inside the augmented sphere, at r > r¢
08 = |6%) (2.24)

Now the true wavefunction is expressed as :

G) = D cha |2+ 3 e lo) (2.25)

ia ia

!%) =

As the transformation operator T is linear, the coefficient ¢?; of the smooth partial
wave must be a scalar product. Thus,

Cni = <ﬁ? ¢n> =P, (2.26)

where p¢ are some smooth projector functions. So the transformation operator T
becomes

T=33 (I -

After the transformation in Eq. 2.27, the Kohn-Sham wavefunction is

o)) (@] (2.27)
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|7/)n> =

Go) + 2 (102 = |2 )) (5| n )
By X (S (e Gl - o) () ) e

i
From Eq. 2.28, the wavefunction can be broken down into the sum of the smooth wave-
functions (smooth everywhere) and the sum over the subtraction of the one-centered
pseudo portion and one-centered all electron contribution. By replacing Equation 2.28
into Equation 2.19, one may get a more succinct formulation for various quantities in the
PAW technique[162, 163, 164, 165]. Throughout the thesis, I have used PAW approach
implemented in Vienna Ab Initio Simulation Package (VASP) [166], for computation of
ground state properties and electronic structures of the systems considered.

2.6 Quantum Transport Theory

2.6.1 Quantum Transport System

Quantum transport theory outlines how electrons are transported via nanoscale struc-
tures. This thesis focusses on understanding electronic transport in nanodevices where
determining the transport regime for a system an issue is crucial before starting computa-
tions [167]. Transport regimes have two distinct length scales: (a) Momentum relaxation
length (L,,) and (b) Phase relaxation length (Ls). The momentum relaxation length (L,,)
measures the average distance an electron travels before losing its original momentum.
The phase relaxation length (L,) is the average distance an electron can travel before
its initial phase is eliminated. When the dimension of the conducting nanoscale device
(L) is substantially longer than both L., and L, the conductance that depends on the
device’s length in accordance with the traditional Ohm’s law, resulting in what is known
as the ‘Ohmic regime’. Advances in nanoscale device technologies at the single-molecule
level have broadened electronic transport theories. To incorporate the quantum nature of
electrons in nanoscale devices, in reference to these characteristic length scales, electron
transport can be divided into three separate regimes. :

2.6.1.1 Ballistic Transport Regime (L << L,,, L):

In the ballistic transport phase, electrons go from one lead to another without en-
countering considerable scattering. This implies that momentum and phase relaxation
are insignificant during the transfer process. Resistance is mostly caused by electron
backscattering in contact areas. Ballistic conduction is most typically seen in quasi-one-
dimensional (quasi-1D) structures like metallic nanowires and carbon nanotubes. In these
architectures, conductance is quantised: Go = %, where e represents the electron charge,
and h represents Planck’s constant. The conduction in this system remain independent
of device length.

2.6.1.2 Elastic and Coherent Transport Regime (L < L,,, Ly):

Electrons in this domain can undergo elastic scattering within the device, preserving
their energy and phase but changing their momentum. Elastic scattering reduces the
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Figure 2.2: Schematic diagram of a nanoscale device with ballistic left /right electrodes
connected to the central scattering region and reservoir

transmission function compared to ballistics, yet the electron wavefunction stays coherent
during transport.

2.6.1.3 Inelastic and Incoherent Transport Regime (L > L,,, Ly):

In this domain, the device length L surpasses the momentum and phase relaxation lengths,
causing considerable inelastic scattering with other electrons or phonons. These interac-
tions alter electron momentum and phase, leading to a loss of phase coherence. Incoherent
transport occurs during inelastic scattering and phase-breaking events.

2.6.2 Non-Equilibrium Green’s Function (NEGF) Formalism

The NEGF technique [127] is a generalised approach of calculating the electron transport
properties that is applicable for all three transport regimes. This section elaborates
explains the NEGF formalism for evaluating current-voltage curves in nanoscale devices.
The schematic of a nanoscale transport device is divided into three components as shown
in Figure 2.2. The system is made up of a centre scattering zone(C) with semi-infinite
left (L) and right (R) electrodes. The Hamiltonian (H) of the system can be represented

as:
HL N 0
H= |71 H: 7} (2.29)
0 TR HR

He , Hp g denotes the Hamiltonian matrices of the central zone and L/R electrodes,
respectively. 7;,/p indicates the matrix elements representing interactions among the L/R
electrodes and the central area. We assume that there is no close connection (tunnelling)
between the L/R electrodes. The retarded Green’s function (G) corresponding to the
Hamiltonian is given as

[E*S — HIG =1 (2.30)
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S corresponds to an overlap matrix,E" = lim,_,o+ £ + in and I the unit matrix. G can
be conveniently represented as:

Gr Ger O
G=|Ge Go Gra (2.31)
0 Ger Gr

To evaluate G, it’s easier to separate the system into different parts since the process isn’t
taking place inside the electrode. Therefore, the central scattering zone is only connected
to the electrode’s surface. The interaction term (7;,/z) is expected to be significantly small
compared to the diagonal elements in Equation 2.29. Putting 2.30 and 2.31 together, we

get
E+SL—HL —TI, 0 GL GCL 0 I 00
—Tz E+SC & HC —T;; GLC GC GRC = 0 1 0 =1
0 —TR E+SR—HR 0 GCR GR 0 0 I
(2.32)
Therefore,
9 (1 +7.Grr) 917Ge 0
G = GLR 0 GRC (233)
9rTrRGC 0 gr (1 + 7RG Rre)

here,g/r = m = (E+Sg — HC)_1 is the surface Green’s function of the L/R
electrode uncoupled to the central region.The final expression for retarded G of the central
region can be expressed as,

Go = [E*S. — Ho — S1(E) — Sr(E)] ™ (2.34)

where X1, (E) = 7} g, 77, and Bg(E) = 7)gr7r are called the ‘self-energies’. From, equation
2.34, we find that the infinite dimensional Hamiltonian is reduced to the dimension of
the central region, where the self-energies, > r(g) , includes all information on the semi-
infinite properties of the electrodes. The central region interacts only with the surface
region of the L/R electrodes [127]. As a result, we can solely focus on the G matrix of
the central region and effective Hamiltonian (H.y; ) can be described as

Hepp = He + (SL(E) + Zr(E)) (2.35)

2.6.3 The Schrodinger Equation

From equation 2.30 and because of self-adjoint Hamiltonian, we write retarded and ad-
vanced wave functions for the inhomogeneous Schrodinger equation as:

)" =—Gv) (2.36)

)" =G ) (2.37)
Thus, we can describe the Schrodinger equation as

[E" = H]|¢) = = v) (2.38)

TH-3944 206121020 29



Here, the difference [1) —[))* is the solution to the homogeneous Schrédinger equation.
Therefore, for any vector (|v)), the vector representing wave function can be found as,

) = Alv) (2.39)
where,
A=i(G -GN =—-2Im(G) (2.40)

A is the spectral function, which used to solve the homogeneous Schré dinger equation
and the G can be described in terms of the eigen basis:

Wk ) (Wi
G = 2.41
Z E+in—E, (241)

After substituting the equation 2.41 into the equation 2.40, we obtain
; 1 1
A(E) =132 (Vi) (Wi <E+infE,’c = Efme,;>

AE) = Y [0 (W ( b ;;2 . n2> (2.42)

k

Now let us assume 7 to be zero, then

A(B) =21 3" 6(E — By) )y (B (243

By using the spectral function (equation 2.40), we get,
Ac(B) =i(Ge — GL) = iGo(GL — GghGL, (2.44)
Further expanding, we get the following identity
Ac(E) = iGo(E — Ho — BY(B) — Zh(E) — E + Ho + 31 (B) + Sr(E))GL,  (2.45)

Ac(E) = i Go (T4 (E) + Tr(E)) G = Au(E) + Ar(E) (2.46)

2.6.4 Solution to Electronic Transport Problem

Here, we will explain the transport problems through analysing the L to R transport.
With the conventional screened approximate technique, the Schrodinger equation can be

recast as,
HL TL 0 ‘\IJL> ‘\IJL>
71 He 7 | [[Ye) | =E||Ve) | = EIV) (2.47)
0 7r Hg |UR) [V R)

where )¢ >, |1, >, and [ > represent the incoming wave function in each region.
We first consider the solitary L electrode, which reflects incoming waves at its end. This
vields the interaction term for the L electrode (7, = 0). If |v) is the solution wave
function, then,

H; 0 0 V) V)
0 He o | 100 =E"[]0)|=E) (2.48)
0 71r Hrg 0) 0)
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After connecting the L electrode to the central region, we can evaluate the wave function
of the whole system. The simple ansatz |¢)) + |v) is placed into the Schrédinger equation
as shown below,

H, 7 0 Wy, +v) W, +v)
7 He Tt W) | =B |9 (2.49)
0 7tr Hg |Ur) )

From equation 2.48 and 2.49,

Hy, 7 0 0 7 O V) V)
T He 5 | @)+ |7 0 0] [10)]=E¥Y)+(E-FE)|]0) (2.50)

The form of Schrédinger equation is the following:

Hp " 7700 (B~ E)v)
i Hy 1h | |¥) = E|¥) - 1) (2.51)
0 7r Hp |0)

By solving equations 2.33 and 2.51 we obtain the wave functions for the electrodes and
central region due to incoming wave as,

L) = gpr.Get] + 1) Ue) = Gerl + 1) WR) = grrrGer] +1|v) (2.52)

Each one of these equation has some physical significance. Therefore, once we get the
incoming solution for the electrode, we can obtain the total solution. Furthermore, after
knowing the electron population in the contact regions, we can fill the system’s different
transport states.

2.6.5 The Charge Density
The charge density (p) can be described as,

p = e(Sef (B, 1)) (vr]) (2.53)

f is the occupation of the states at energy F and with chemical potential p of the
electrode. The induced charge density (pz) from the L electrode is given as,

pr = e(Skf(Ex, i) Gor} lve) (vl 7L GL) (2.54)

In terms of d-functions,

= e / AE(Sef (B, ui) Gorl ) 8(E — By) (] 71.GL) (2.55)

In equation 2.55, we can identify the spectral function from equation 2.43 for the L
electrode as

ar, =2 (3 [v) 6(E — E})(v|) (2.56)
Using the identity (Equation 2.46)

TzaLTL = iTz(gL - gz)TL =i(3 — ZE) =I; (2.57)
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By substituting equations 2.56 and 2.57 into equation 2.55, we get,

e
PL = Gy /dE J(E, pur) GcFLGTC (2.58)

The total charge density is the sum over the L and R electrodes:

(&

p=r | dE Y f(B. ) GeliGyy (2.59)
i=L,R

2.6.6 Calculation of electric current I

The flow of electric current through nanoscale devices depends on the difference in the
chemical potentials (1) of the electrodes/leads. In the steady state, the current probability
does not change over time. Therefore, the probability of finding an electron in the system
is conserved, as derived in equation 2.61:

OWe|Ve)
et =0 (2.60)
oHVe|Ve)  9|¥¢) NVe|
ot = <\Ifc| = |\Ifc> o 0 (2.61)

Under experimental conditions, electrons flow continuously from one electrode to an-
other. Hence, we assume that the electrodes are large enough to maintain a continuous
electron flow. The time-dependent Schrodinger equation is:

. O|¥)
h—— = H|¥ 2.62
it = H|v) (2.62)
Using equations 2.47, we obtain
L O|v
%ol _ THUL) + He|Ue) + 75| Ug) (2.63)

ot

After inserting equation 2.63 into 2.62, we obtain

ih[ = ((Welme| o) — (Wolrf W) + ((Ye|Th|Ur) — (Va|mr|Ve))] =0 (2.64)
In the above equation, the first term represents the incoming probability current from
electrode L. The second term corresponds to the same but for electrode R. Now, we can

write the electric current from an arbitrary contact j into the central scattering region
as the charge times the probability current:

5= (Weln|e,) - (glrlee)) (2.65)
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where j represents the L or R electrode, and I; stands for the electric current from
the j-th contact to the central region.

Further, to evaluate the electric current, we insert the wave functions of the contacts
(|W;)) and the central region (|¥¢)) from equation 2.52 into equation 2.65. Therefore,
the current through the system due to an incoming wave is given as

1€
lior = 7 |VInGhrhgrmaGeriv) — (vinGlrhghmaGorlIv)| (2.66)
e
lion =7 |WInGhrhion — gh)maGerv)| (2.67)
I, g = = (W|rGhriTaGor] 2.68
1/—>R—£<V|TL cTrRL R C’TL|V> (2.68)

To obtain the total current through the device, we sum over the incoming states |v,,),
(where n is a quantum number) and integrate over the energy F. Thus, the total current
through the device is

+o0
I r= 2_7: i Z DOS(E) (va|rLGET RG] ) (2.69)
2e [T i t
Inn="7 dE Y DOS(E){vy|rr|m)(m|GLT rGer}|vn) (2.70)
i VA
Iop= dE Y (m|GLTrGet] (Z DOS(E)an><Vn|> 71|m) (2.71)

2¢ [T

—00

(& M & T
lnon=— /_ BTy (GCFRGCFL) (2.73)

Here, DOS(E) represents the densities of states. A spin factor of 2 is also included.
When the reservoirs are connected to the electrodes, the electrode states are filled ac-
cording to the Fermi distribution. Thus, the total current through the device connected
to two electrodes at py and pg is

I p= % / :O dE Tr (GQPRGCPL) [F(E — pr) — F(E - pp)] (2.74)
=2 ) B ) - E ) 27
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where, T(E) = Tr (GTCFRGCFL> is obtained from Landauer formalism|[168, 169, 170].

In this thesis, electrical transport via the VOC-nanosheet complexes is examined using
the NEGF approach in conjunction with DFT as implemented in the TRANSIESTA[171|
package. The electrical current through the device with two metal electrodes under a
finite bias voltage V, is calculated as:

2e

1) = / T(E,Vs) (fu(E — ) — fr (E — i) (2.76)

e represents the electronic charge, h is Planck’s constant,T'(E, V) the electronic transmis-
sion function calculated using Landauer formalism, f,(E — pz) and fr(E — pug) are the
Fermi functions in the left (L) and right (R) electrodes, respectively. py and pg are the
chemical potentials of the left and right electrodes, respectively. The bias energy window
is between pj, = Ey —eV,/2 and up = Ef + €V, /2; Ey, the average Fermi energy, is given
by (ur + pr) /2.

2.7 Computation of physical quantities

In the following we briefly present the key quantities computed to understand the VOC-
nanosensor interactions.

2.7.1 Adsorbtion Energy

Adsorption energy is a fundamental parameter governing the interaction between gas
molecules and the sensing surface. It plays a decisive role in determining the sensitivity,
selectivity, and response characteristics of a gas sensor. The adsorption energy ((Faq)) is
calculated using the relation

Ead = [EnanomaterialJrVOC - Enanomaterial - EVOC] (277)

Eranomateriaicvocs Enanomateriar @nd Eyoc are the total energies of nanomaterial-VOC
complex, isolated nanomaterial and isolated VOC molecule, respectively. A negative F.q
value indicates an exothermic and thermodynamically favorable adsorption process. Gen-
erally, weaker interactions (-0.05 to -0.5 eV) correspond to physisorption, dominated by
van der Waals forces, enable rapid desorption and fast recovery times. Stronger interac-
tions (-0.5 to -2.5 V) indicate chemisorption, resulting in enhanced charge transfer and
improved sensitivity, although sometimes at the cost of slower recovery. Adsorption ener-
gies that are excessively high (< -3 eV) may trap gas molecules on the surface and degrade
sensor reversibility. Therefore, an optimal adsorption energy range of approximately -0.3
to -1.0 eV is often considered desirable for practical gas sensing, as it provides a balance
between strong enough interaction for high sensitivity and sufficiently weak binding to
maintain good recoverability. This parameter, therefore, serves as a reliable indicator for
evaluating and comparing the gas-sensing performance of different materials.

2.7.2 Work-function

In order to assess the utility of a sensing material to be used as a work function based
sensor, the work function of the sensor is to be calculated before and after adsorption of
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a VOC. The work function is defined as
=V (0)— Ep (2.78)

V (00), Er are the electrostatic potential to bring an electron from vaccum to the sur-
face and the Fermi level, respectively. In order to evaluate V' (o0), the planar-averaged
electrostatic potential along the surface normal (z) is calculated using

V(z) = %ff Viz,y,z)dedy (2.79)

cell

A is the surface area of the 2D slab. V(z) at a large distance from the surface where it
is essentially flat is considered as V' (00), and subsequently used to determine ¢.

2.7.3 Total Charge and Charge Density Difference

For a chemiresistive sensor, in paticular, charge transfer between VOC and 2D material
is an useful indicator. An accurate calculation of total charge associated with each con-
stituent is therefore necessary. In this thesis, we have used Bader formalism to compute
the total charges[172]. In Bader formalism, the space is divided into regions of zero-flux
surfaces in the gradient of electron densities, that is surfaces defined by ﬁp (7). (7) = 0;
p (7),n (7) are the charlge density and the unit vector normal to the zero-flux surface,
respectively. In this construction, atoms are separated by regions defined through such
surfaces. Once p (1) in the volume associated with such a surface is obtained, the atomic
charge ¢ is obtained as ¢ = [, p (') dr; V the volume associated with the zero-flux surface
defining the atom in space.The charge transfer Q between the 2D sensor material and a
VOC molecule adsorbed on it, is obtained as,

07— = ¢ (2.80)

where, ¢?P is the Bader atomic charge associated with constituent i of the 2D sensor,
q;/OC is the Bader atomic charge associated with constituent 7 of the VOC. Thus,a neg-
ative charge transfer () indicates a charge transfer from the molecule to the monolayer
sheet, while a positive () indicates that the molecule withdraws electrons from the sheet.
To understand the details of charge transfer between VOC molecules and 2D system,

isosurface plots of charge density differential dp are also presented.

610 = Pranomaterial+VOC — Pnanomaterial — PVOC (281)
where y Pnanomaterial+VOC; Pnanomaterial and pPvoc are the total Charge density of the VOC-

adsorbed nanomaterial, pristine nanomaterial and isolated molecule, respectively.

2.7.4 Optical Properties

In optical sensors, absorption coefficient is one of the decisive quantities as it implies how
strongly light is absorbed by the sensor material when an adsorbate interacts with it. The
sensitivity and selectivity of a sensor working on optical excitation, therefore, depends on
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the absorption coefficient. This, in turn, directly depends upon €®), the imaginary part
of the dielectric constant e. ¢ is obtained by Kubo formalism [173]:

Ar2e? 1
8(2) (w) = Q }11—% q_ Z 2wk 6(Ec,k — Ev,k - hw) <uc,k+q ‘ uv,k) <uv,k ’ uc,k+q) (282)

e is the electronic charge, {2 is the volume of the supercell, ¢ and v denote the conduction
and valance band states, respectively, w is the frequency of the incident light. u. is the
cell-periodic part of the orbitals at the point k. The excitation is represented in terms of
Dirac 6. The absorption coefficient can be obtained using €?)(w) and it’s real counterpart

1) = V2@ D (@) + e (w)? — ) (w)] 2 (2.83)

¢M(w) and €®(w) are real and imaginary part of the dielectric function, respectively.
These are calculated using the Kramers-Kronig transformation [174]. Further, the re-
flectance can be computed as,

_ VeEw -1,

2.7.5 Response/Recovery time

The re-usability of a sensor is dependent on how fast the desorption of a gas molecule
takes place. This is quantified by sensor recovery time. Using Transition state theory
and Arrhenius equation [175, 176], the expression for recovery time is given as

T = l/o_lexp(—Ead/kBT), (2.85)

vy is the operating frequency, T' the temperature, and kg the Boltzmann constant. In
order for a gas sensor to be reusable 7 < 10°s[177].

TH-3944 206121020 36



Chapter 3

Investigations into the efficiencies of
Graphene based gas sensors towards

food VOCs

In this chapter we explore the sensing efficiencies of Graphene and Graphene derivatives

towards sensing VOCs emitted from standard food products. Graphene, the prototype
2D material has been thoroughly investigated for use in biosensing and gas sensing ap-
plications [178, 179, 180, 181, 182, 183|. Graphene based nanomaterials have also been
exploited to detect and differentiate various VOCs for breath analysis where they act as
bio-markers for several terminal diseases [184] and to remove pollutants like NO, and SO,
from atmosphere [185|. Nevertheless, the pristine graphene-based sensors are not very
sensitive or selective to different VOCs[184]. One option to overcome this limitation is
through its functionalisation with organic compounds, molecules, conducting polymers,
introduction of dopants or through defect engineering [186, 187, 188, 189, 190]. The
results obtained have been promising.

Graphene based nanocomposites have recently started to be used in food industry for
variety of purposes associated with food safety|191]. However, there is limited work on ex-
ploration of Graphene based nanomaterials as sensors to detect stages of food degradation
by detection of VOCs. Only recently, chemiresistive responses of reduced Graphene oxide
(r-GO) and it’s nanocomposites with polythiopene have been experimentally measured
upon exposure to flows of VOCs[192]. Methanol (CH30H), Ethanol (CoH50H), Ace-
tone ((CHj3)20OC), Methyl acetate ((CH3)2OCO), Dimethylsulfide ((CH3)2S) and Toluene
(Ce¢H5CHj3) vapours were tested since they are the prominent VOCs released from meat
[193], fruits[194] and vegetables|195], making them markers of food quality. The sensitiv-
ity against a paticular VOC in this experiment was obtained from the resistance relative
amplitude A, = R;ifo, where R(Ry) is the resistance of the sensor in presence of a partic-
ular gas(Ny gas) vapour.The experimental results suggest that r-GO has poor selectivity
that is it is unable to distinguish between the six VOCs.

Motivated by this result, in this chapter we have explored the changes in electronic
structure and transport properties of pristine Graphene, Graphene oxide (GO) and re-
duced Graphene oxide(r-GO) upon adsorption of the above mentioned six VOCs released
by standard food materials. Comparative study of sensing capabilities of these three
compounds when used as both chemiresistive sensor and work function based sensor is

The contents of this chapter are published in 2025, THE EUROPEAN PHYSICAL JOURNAL
B,(2025)98:208, DOI: 10.1140/epjb/s10051-025-01054-6.
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being carried out in detail. Contrary to the experimental result, we find that rGO can
distinguish between at least four VOCs when used as a chemiresistive sensor. We also find
that Graphene, as either type of sensor shows poor selectivity while GO can distinguish
several VOCs when used as a work function based sensor.

3.1 Methodology

3.1.1 Modeling GO and r-GO

While Graphene structure is made up of flat hexagonal network of sp? bonded Carbons
(Figure 3.1(a)), the structure of Graphene oxide (GO) is made up of a carbon network
with a large fraction (up to 67 %) of them sp* hybridized and covalently bonded with oxy-
gen in the form of epoxy (-O-) and hydroxyl (-OH) groups|[196, 197, 198, 199, 200].Based
on a number of experimental and theoretical investigations[201, 202, 203, 204],several
model structures of GO have been proposed since its discovery[205]. However, in a recent
work|206], systematic first-principles calculations determined the energy diagram of GO
as a function of oxygen and hydrogen chemical potentials and established that thermo-
dynamically stable GOs can exist only under stringent growth conditions in the form of
hydroxyl, epoxy or a mixture of these phases and that there is no mixed phase involving
sp? carbons. It was also shown that these groups prefer to cluster along armchair direc-
tion and form one-dimensional chain configurations on the basal plane. The most stable
GO structures, thus obtained, are later found to be the ones where -OH to -O ratio is
2:1[207]. A coverage percentage for such a structure can be defined as

R = 100%N,,3-c /N¢ (3.1)

where N3¢ is the number of sp3 C atoms bonded to -OH and -O, N¢ the total number of
Carbon atoms. In this work, we have used such a stable structure for GO with R = 41.6%
(Figure 3.1(c),(f)). The reason behind considering a GO structure with this value of R is
the following : in the experiment|[192| on sensing abilities of r-GO towards standard food,
the GO sample is first prepared by Hummers method [208]. In the Hummers method of
preparing GO, the ratio of C and O is typically in the range of 2-3. This translates to a R
value between 33.3 and 50 %. We have chosen a R value in between these two extremes.

Upon reduction of GO prepared by Hummers method to obtain r-GO, the C:O can
increase between 6 and 13.5. Thus consideration of a C:0O ratio of 10:1 is a reasonable
estimate. Accordingly, we have considered such a model of r-GO [209] (Figure 3.1(b),(e))
where the surface contains only epoxy groups. In this structure all pairs of C atoms
attached to the epoxy groups are aligned in parallel and the functionalised C atoms form
a cluster. This is the appropriate structure considered for earlier studies of using it as a
molecular sensor [209] as r-GO can be in multilayer forms and only one side of the surface
is, therefore, of interest.

3.1.2 Computational Details

The structural models of the 2D nanosheets are constructed using a 5 x 5(4 x 3), su-
percell for G and r-GO(GO).This resulted in 50(48) C atoms for G and r-GO(GO)
sheets. The ground state structures and associated electronic properties of VOC adsorbed
nanosheets are calculated using Density Functional Theory (DFT)[210] based Projec-
tor Augmented Wave (PAW)[161] method implemented in Vienna ab initio simulation
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Figure 3.1: (a-c) Top View and (d-f) side view of Pristine Graphene, r-GO,and GO
respectively.

package (VASP)[162, 211, 212]. The exchange and correlation part of the Hamiltonian
is approximated using the generalized gradient approach (GGA)in the Perdew-Burke-
Ernzerhof (PBE) parameterization[154]. A vacuum space of 30 A, perpendicular to the
2D sheets, is incorporated to prevent unintended interactions between periodic images. To
achieve the ground-state configurations while maintaining fixed cell volume and shape,
we allow the ionic positions to relax without symmetry constraints. Full relaxation is
done until the residual force on individual atoms and per-atom energy change converged
to values smaller than 0.01 eV/A and 0.1 x 107% eV, respectively. For optimizing the
ground-state structure, a 5 x 5 x 1 k-point mesh is used to sample the Brillouin zone[213].
For the calculation of the densities of states, a 17 x 17 x 1 k-grid is used. Plane waves
with energy upto 550 eV are considered. Throughout the calculations, Grimme’s van der
Waals (vdW)-corrected (DFT-D3) technique|214] is used.

For the electron wave function, a double-z polarised (DZP) basis set was employed.
For electronic transport calculations, a mesh cutoff energy of 300 Hartree and a 10x1x 100
k-point mesh are used.

3.2 Results and Discussions

3.2.1 Structural properties

In Figure 3.1 we show the top and side views of optimised structures corresponding to
pristine Graphene, r-GO and GO sheets constructed as described in the previous section.
For pristine Graphene, the calculated lattice constants and C-C bond distance are found
to be 2.46 Aand 1.42 A, respectively. These values are fairly close to the experimental
results [215]. Tn case of r-GO, we find the C-O bond distances to be 1.45 A. In case of
GO, the lattice constants a and b are 2.46 Aand 4.27 Arespectively. The calculated C-C
and C-O bond distances are 1.40 Aand 1.44 A, respectively. Thus, across the compounds
C-C and C-O bond distances remain almost same.

TH-3944 206121020 39



The optimized configurations of the VOC-nanosheet complexes upon adsorption of
VOC molecules on the nanosheets are computed by minimizing the total energies of
the complexes with respect to the distances between surfaces of the 2D sheets and the
molecules as well as their orientations. The optimized configurations are shown in Figures
3.2,3.3 and 3.4 for cases where Graphene, r-GO and GO is the 2D sheet, respectively.
We find that in case of Graphene as the adsorbent, only Methylacetate is adsorped in a
parallel orientation. Moreover,the hydrogen atoms are the closest ones to the surface for
all cases. In case of adsorption at GO surface, the orientations of more VOCs are parallel
to the surface with hydrogen closest to the oxygen atoms of GO. The trend remains same
in case of r-GO as the adsorbent.

In order to validate our calculations regarding structural properties of VOC-nanosheet
complexes, in Table 3.1, we report adsorption energies F,4,the equilibrium distance D
between the adsorbate and the 2D sheets and compare them with existing results. Out of
the three 2D systems, results on structural parameters are available for a few VOCs ad-
sorbed on pristine Graphene only [216, 217, 218, 219]. We find that in Reference [216], the
orientation of Acetone adsorbed on Graphene is similar to ours with D = 2.86 A, slightly
higher than ours. Accordingly, E,; in Reference [216] is significantly smaller (-0.136
eV) in comparison with ours (-0.39 eV). Substantially good agreement is obtained with
results from Ab initio molecular dynamics (AIMD) calculations and experiments [217].
E.q obtained by the AIMD(the experiment) are -0.37(-0.34)eV,-0.31(-0.31)eV and -0.61(-
0.58)eV for Acetone, Ethanol and Toluene adsorbed on pristine Graphene, respectively.
In Reference [218], E,q(D) obtained by DFT total energy calculation are -0.31eV(2.80 A)
and -0.57eV(2.65 A) for Ethanol and Toluene-adsorped pristine Graphene sheets. While
the E,4 obtained in this work agree closely with our results, D for Toluene differ more
than that in case of Ethanol. E,; obtained from another DFT total energy calculation
[219] are -0.29¢eV for Ethanol and -0.5 eV for Toluene adsorped on pristine Graphene.
The approach taken in this work and Reference [219] differ from that taken in References
[217, 218] is in approximation of the Exchange-correlation part of the Hamiltonian. While
this work (and Reference [219]) incorporate the non-local van Der waals corrections in
a semi-empirical, non self-consistent way, they were introduced in References [217, 218|
self-consistently. The differences in the geometric configurations of the adsorped VOCs
are probably due to this. In References [217, 218|the molecules were adsorped in near-
parallel orientation with respect to Graphene. The agreement in E,; between this work
and the ones reported in References [217, 218],inspite of such differences indicates accu-
racy of our calculations and that the details of adsorption orientations of the molecules
do not play a significant role in deciding the strengths of the interactions.

Due to lack of available results, we cannot compare our calculations with GO and
r-GO as the adsorbents. However, the benchmark test of our results with Graphene
indicate that results with GO and r-GO can be considered accurate and robust. Our
results do not indicate any pattern in the variations of the F,; as the 2D nano-sheet is
changed. The common trend across the three adsorbents is that F,; with Toluene is the
strongest. This happens due to predominant m — 7w stacking in Toluene. Across the three
systems, equilibrium distance D varies between 2.31-3.05 A, with the only exception of
Ethanol on r-GO where D is 1.94 A. This happens due to significant bending of the
molecule in comparison with cases of other two surfaces. Neverthelss, the values of D
indicate that the molecules are physisorped on all three surfaces.
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Figure 3.2: (a-c) Top and (d-f) side views of optimised geometries after (a,d) Acetone,
(b,e) Dimethylsulfide, and (c,f)Ethanol physisorbed on Graphene nanosheet. (g-i)Top
and (j-1) side views of optimised geometries after (g,j) Methanol, (h,k) Methylacetate
and (i,]) Toluene physisorbed on Graphene nanosheet. Red, brown, white and yellow
balls stand for O,C,H and S atoms respectively.

3.2.2 Electronic structure, charge transfer and work function

Better insights into the adsorption of VOCs on different nanosheets and their possible
impacts on the electrical transport properties of the 2D materials when they are put into
device forms to sense and separate different VOCs, can be obtained by analysing the
electronic structures of the VOC adsorbed nanosheets. In Figures 3.5-3.7 we show the
total and component projected densities of states (DOS) of the systems considered in this
work. In each case, comparison is made with the DOS of isolated nanosheet and isolated
VOC molecule.

In Figure 3.5, we show the DOS corresponding to different VOCs adsorbed on pristine
Graphene sheet. We find the following general trends : (a) there is no remarkable change
in the total DOS after VOC adsorption when compared with that of isolated Graphene
(b) due to presence of the molecular states, the total DOS have additional peaks in the
occupied parts of the spectra. However these modifications happen mostly away from the
Fermi levels (c)only in case of Dimethylsulfide adsorption, additional peak occurs within
an energy range of 1 eV below Fermi level (d)the DOS of the adsorbed molecules resemble
closely to those of the isolated ones, that is the adsorbed molecular DOS are made up
of isolated peaks only. The states are, however, lie deeper in the occupied parts of the
spectra. This suggests weak interactions between the VOCs and the Graphene sheet.
Smaller charge transfer and consequently insignificant differences in transport properties
upon adsorption of different VOCs when Graphene is put into a sensing device form are
expected. Our results for Ethannol and Toluene adsorbed Graphene agree very well with
the results of Reference [218].
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Figure 3.3: (a-c) Top and (d-f) side views of optimised geometries after (a,d) Acetone,
(b,e) Dimethylsulfide, and (c,f)Ethanol physisorbed on r-GO nanosheet. (g-i)Top and
(j-1) side views of optimised geometries after (g,j) Methanol, (h,k) Methylacetate and
(i,]) Toluene physisorbed on 1-GO nanosheet. Red, brown, white and yellow balls stand
for O,C,H and S atoms respectively.

Significant changes in the electronic structures are observed when Graphene as the
adsorbent is replaced with r-GO (Figure 3.6). First of all, like Graphene, r-GO too is a
zero-gap semi-metal. Upon adsorption of these six VOCs, the electronic ground state of
the composite systems change. The changes are, however, noteworthy for three VOCs-
Acetone, Dimethylsulfide and Methanol. While the ground state is still a zero-gap one
for the other three VOC adsorbed r-GO, the gap vanishes for these three. This difference
is solely due to the frontier molecular orbitals of the concerned VOCs. Although, like
the case of Graphene-VOC systems, the structures of the DOS are like those of isolated
molecules, the frontier molecular orbitals are closer to the Fermi level. The positions of
the molecular states close near the Fermi levels are responsible for the noticeable changes
in the electronic ground states of the composite systems. Consequently, larger charge
transfers between r-GO and VOCs, as well as charge transfers of different magnitudes
with different VOCs are expected. From the point of view of sensing different VOCs and
separating them out, r-GO is expected to perform better than Graphene.

Monolayer GO, unlike the other two nanosheets considered in this work, is a semi-
conductor. The DOS of VOC adsorbed GO along with isolated GO and isolated VOCs
are presented in Figure 3.7. Our calculations show isolated GO a semiconductor with a
band gap of 0.9 eV. The semiconducting nature is retained upon adsorption of the six
VOC molecules. However, the band gaps change considerably. While the band gap of
Dimethylsulfide adsorped GO (0.89 eV) remains nearly same as that of the isolated GO,
it changes to 1.1 eV for Acetone-GO system and to 1.02 eV for the rest four. A detailed
inspection of the DOS shows that upon adsorption of Ethanol, Methanol, Methylacetate
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Figure 3.4: (a-c) Top and (d-f) side views of optimized geometries after (a,d) Acetone,
(b,e) Dimethylsulfide, and (¢,f)Ethanol physisorbed on GO nanosheet. (g-i)Top and (j-1)
side views of optimised geometries after (g,j) Methanol, (h,k) Methylacetate and (i,1)
Toluene physisorbed on GO nanosheet. Red, brown, white and yellow balls stand for
0O,C,H and S atoms respectively.

and Toluene, the DOS near Fermi level in the occupied part of the spectra hardly changes
from that of isolated GO. This is due to the fact that the molecular states lie deeper in
energy and thus the states near Fermi level are dominated by GO. For Acetone and
Methylacetate, the molecular states are closer to the Fermi level and hybridise with the
states of the 2D sheet. The valence band maxima in case of Methylacetate adsorbed GO
is due to the molecular states. We expect a reflection of this in the charge transfer and
work functions.

The features in the DOS are reflected in the quantitative values of charge transfer
between the molecules and the 2D materials (Table 3.1). Our results agree well with re-
sults from other DFT based calculations using the same approximation for the Exchange
correlation [219]. The value of @) obtained in Reference [219] for Ethanol(Toluene) is
0.01e(0.007e). The largest value of @ calculated in this work is for Dimethylsulfide. This
is consistent with the largest change in the electronic structure observed in case of ad-
sorption of Dimethylsulfide. However, the magnitudes of charge transfer in all cases are
small, indicating weak interactions between the molecules and Graphene. Virtually no
charge transfer happens in case of adsorption of Acetone, Ethanol and Toluene. This
also is consistent with the deep lying molecular states as observed in their densities of
states. In case of Dimethylsulfide adsorption on both r-GO and GO, @ is one order of
magnitude larger than all other cases. This, once again is consistent with the differences
in the features of DOS. In general, larger charge transfers are observed when the adsorb-
ing surface is r-GO. This suggests that among the three 2D materials, r-GO will produce
the best sensing performance. Though conventional wisdom suggests a linear correlation
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Table 3.1: Adsorption Energy (E,q), equilibrium distance D (A) between VOC and
nano-sheet, charge transfer Q(e) between the sheet and the VOC molecule, recovery time
7(s) of the nano-sensors and Work function ¢(eV) of differnt VOC-nanosheet complexes
considered here.

2D material Molecule E.(eV) | D (A) | Qe) 7(s) P(eV)
Graphene Acetone -0.39 2.54 0.003 | 6.8 x 107 4.13
Dimethylsulfide | -0.40 2.68 |-0.040 | 1.2x107° | 4.26

Ethanol -0.35 2.89 | 0.006 | 1.4x107% | 4.29

Methanol -0.28 3.05 | 0.018 [ 9.04x 1078 | 4.48

Methylacetate -0.48 249 | 0.014 | 25x107* | 4.26

Toluene -0.60 290 | 0.004 | 2.8 x 1072 | 4.26

r-GO Acetone -0.35 247 |-0.033 | 1.62x107%| 5.19
Dimethylsulfide | -0.31 2.53 | -0.190 | 3.03 x 1077 | 4.75

Ethanol -0.47 1.94 |-0.045 | 2.07 x 107* | 5.02

Methanol HFsT 232 |-0.021 | 242x 1077 | 5.34

Methylacetate -0.33 258 | -0.015 | 5.98 x 1077 | 5.21

Toluene -0.46 2.70 | -0.059 | 1.02 x 107* | 5.06

GO Acetone -0.31 250 | -0.01 [3.23x107*| 5.26
Dimethylsulfide | -0.39 283 | -0.67 | 7.94x 1076 | 4.94

Ethanol -0.27 2.76 | -0.05 | 4.88x107% | 5.17

Methanol -0.28 231 | -0.01 |6.94x107% | 5.06

Methylacetate -0.31 2.68 | -0.009 | 1.48 x 107° | 5.03

Toluene -0.62 234 | -0.03 | 7.00x 1072 | 5.19

between E,; and (), we find a stark contradiction in this case. The best example is that of
Dimethylsulfide. Irrespective of the adsorbent, it transfers the maximum charge. But the
adsorption energies of Dimethylsulfide-2D complexes are similar to the systems where the
adsorbate is different.The same pattern is observed when Dimethylsulfide is adsorbed on
three different surfaces. To understand this apparent counter-intuitive result, we show, in
Figure 3.8, the charge density difference isosurfaces when Dimethylsulfide is adsorbed on
three different 2D adsorbent.We find good correlations between the natures of the isosur-
faces and associated value of (). The isosurface of Dimethylsulfide-Graphene shows small
charge depletion(charge accumulation) around the molecule(the 7 states of Graphene).
This suggests a small charge transfer from the molecule to the delocalised orbitals of
Graphene.This is consistent with a small amount of (). In case of Dimethylsulfide-r-GO,
we find accumulation of electrons near the surface more pronounced and localised in
comparison with the case of Graphene adsorbent. The depletion on the molecule in this
case is clearly much larger than the case of Graphene adsorbent. This is due to the O
atoms on the r-Go surface which act as localised acceptors. A greater () in compari-
son with Dimethylsulfide-Graphene case is thus consistent. The largest charge transfer
happens in case of Dimethylsulfide-GO compound. The isosurfaces in this case indicates
stronger localised accumulation at O sites of GO, in comparison to those of r-GO.Larger
depletion of charge density on the molecule corroborates this. Such large donation of
electron density on to the acceptor sites on GO correlates well with the comparatively
large (). The strength of adsorption of molecules on surfaces, however, depend on energy
costs due to factors like Coulomb interaction, structural relaxations, re-hybridisation and
vdW interaction. Though all three surfaces in our case accept electrons from the ad-
sorbate molecule, the nature of the acceptor states and the corresponding energy costs
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Figure 3.5: Total and component projected DOS for (a)Acetone, (b)Dimethylsulfide,
(c)Ethanol, (d)Methanol, (e)Methylacetate and (f)Toluene) adsorbed Graphene mono-
layer. In each case, isolated Graphene (Graphene) stands for DOS of Graphene before
(after) molecular adsorption. In the panels showing molecular DOS, isolated molecule
(molecule) stands for DOS of molecule before(after)adsorption.

are responsible for absence of correlation between E,; and Q. GO receives maximum
charge but its E,4 is almost same as that of Graphene surface which receives one order of
magnitude less charge. The difference lies in the following two factors: (a)the geometry
of adsorption on Graphene suggests larger vdW contact and (b)the delocalised acceptor
states of Graphene as opposed to the localised states of GO. Strong accumulation of elec-
trons into highly localised acceptor sites give rise to possible re-hybridisation (as is clear
from the densities of states) and strong Coulomb screening, both of which cost energy
that reduces the stabilization per accepted electron. The favorable vdW contact and the
delocalised states of the acceptors, on the other hand, is the reason for Graphene to bind
the molecule with same strength, despite much smaller charge transfer. The situation of
r-GO is somewhat in between these two extremes. The geometry of adsorption in this
case probably produces the minimal vdW interaction. This along with the accumula-
tion of large charge in localised orbitals producing an energy penalty causes reduction in
strength of adsorption.

The changes in work function ¢ of the 2D nanosheet upon molecular adsorption is
another measure of the substrates responses to the molecules that can be indicative of
the sensing performance of the 2D material under consideration. The calculated work
function ¢q is 4.35 eV, 5.25 €V and 5.14 eV for isolated Graphene, r-Go and GO, respec-
tively. For Graphene adsorbent, our result has reasonable agreement with calculations
using self-consistent non-local corrections|218]; the calculated ¢ is 4.56eV. Agreements in

= |¢ — ¢o| between our results and those in [218, 219]are close too. After Ethanol
adsorption, A¢ is 0.22 ¢V in this work while it is 0.21 eV (0.29¢V) in [218]([|219]). However,
in case of Toluene adsorption, our results are in better agreement with Reference [218];
A¢p—0.09 eV in our case while it is 0.16 eV using non-local van Der waals correction in a
self-consistent manner. On the other hand, despite use of same approximation in treating
the van Der waals corrections reported A¢ in Reference [219] is only 0.01eV.

TH-3944 206121020 45



(8)30 —total (b) 30 —total (C) 30 —total
15 15 W 15
< 0 = 0 = 0
= => >
8 20 —isolated rGO g 20 —isolated rGO % 20 —isolated rGO
310 ] ==1GO Y10} ) =GO 210 =+1GO
E 0 [T NN A AL TS T - ‘E 0 VTememe s N e NI AN e 4&; T ANVAINS AN e ddp ™\ cne o, |
f :II g \ —isolated acetone o :II g —Fisolated dimethylsulfide ] &y }8 —isolated ethanol
8 5 A AA (x3)acetone 8 5 A (x3) dimethylsulfide 8 5 A /\ (x3) ethanol
\ 1\
-4 2 0 2 4 -4 2 0 2 4 -4 -2 0 2
Energy (eV) Energy (eV) Energy (eV)
(d)30 —total (e) 30 —total (f) 30 —total
15 15 15 W
— — < 0
S S >
g 20 —isolated rGO 220 —isolated rGO % 20 —isolated rGO
310 =+1GO 310 .. N ==1GO g0t N ==1GO
T 9 [Tt RN N eena e E o A - _g o L SN\ AW At
% 15 —isolated methanol ;‘n’ :II (5) ! A “T—isolated methylacetate ; 20 ) —isolated toluene
o 1(5) j\ /\ (x10) methanol @) 5 A /\ (x3) methylacetate Q10 ,\ [\ /\A (%3) toluene
a) { _— a L’HM I & W) . = AW I L ¥
= 0 = £ 0
-4 - 2 4 -4 - 2 4 -4 - 2 4

2 0 2 0 2 0
Energy (eV) Energy (eV) Energy (eV)

Figure 3.6: Total and component projected DOS for (a)Acetone, (b)Dimethylsulfide,
(c)Ethanol, (d)Methanol, (e)Methylacetate and (f)Toluene) adsorbed r-GO monolayer.
In each case, isolated rGO (rGO) stands for DOS of r-GO before (after) molecular ad-
sorption. In the panels showing molecular DOS, isolated molecule (molecule) stands for
DOS of molecule before(after)adsorption.

From the results of ¢ in Table 3.1, we find good correlation between variations in )
and ¢ across adsorped molecule-substrate systems. For Graphene substrate, ¢ changes
little across the systems. For GO and r-GO substrates, the changes are significant; the
maximum change happens in case of Dimethylsulfide. Since Dimethylsulfide donates
maximum amount of charge, the work functions of the substrates are considerably differ-
ent upon its adsorption in comparison to cases when other VOCs are adsorped. These
imply that if sensing is based upon changes in work function, GO and r-GO will perform
better in terms of discriminating different VOCs.

3.2.3 Sensing performances

A comparative assessment on sensing abilities of the three 2D materials under consid-
eration is a validation of the insights obtained so far. We have computed the sensing
properties of these materials when used both as a chemiresistive and a work function
based sensor.

The chemiresistive nano-sensor is simulated by considering a two-probe model consist-
ing of a central scattering region and two electrodes on either side of it. These electrodes
act as source and drain of electrons. The adsorption of VOC molecules happen in the
central scattering region. In Figure 3.9, such a setup is shown where the central scattering
region made up of r-GO is joined smoothly to the Graphene electrodes in the transport
direction z. Screening out the perturbations in the sensing region is taken care of by
extending the electrodes into the central region.

In Figure 3.11(a) and (b), we present I — V' characteristics of Graphene and r-GO
with and without adsorped VOCs, respectively. In case of Graphene sensor, we find
I — V characteristic curve is Ohmic. From Figure 3.10(a), we find that the maximum
current is obtained when no VOC is adsorped. Upon adsorption of Ethanol, there is no
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Figure 3.7: Total and component projected DOS for (a)Acetone, (b)Dimethylsulfide,
(c)Ethanol, (d)Methanol, (e)Methylacetate and (f)Toluene) adsorbed GO monolayer. In
each case, isolated GO (GO) stands for DOS of GO before (after) molecular adsorption.
In the panels showing molecular DOS, isolated molecule (molecule) stands for DOS of
molecule before(after)adsorption.

change in the current. Maximum change is obtained upon adsorption of Dimethylsulfide,
followed by Methylacetate. For the other three VOCs, changes are nearly same. The
I — V relationship for r-GO based device is almost linear on the other hand. Like the
Graphene based device, the I—V curves corresponding to adsorption of different VOCs are
separable around 0.2V and onward. Unlike Graphene, in this case the current increases
upon adsorption of VOC except in cases of Ethanol and Methanol. Moreover, responses
for each case can be identified separately. This suggests better sensing prospects with
r-GO chemiresistive sensor.

Direct estimate of sensing capability and one-to-one correspondence to the experimen-
tal measurements can be done by calculation of differential conductances. The sensitivity
S595(%) is given by

S9as — |g;—9°| % 100 (3.2)
0

g(go) is the zero-bias conductance of the sensor material when the VOC molecule is
adsorbed(before the molecular adsorption). With a finite bias V}, the conductance can
be expressed as g (V;) = 22 =T (n = Ep — eV,); T is the transmission coefficient, Er the
Fermi energy, h the Planck s constant and e the electronic charge. Conductance is a better
measure than current because (i) the result is directly comparable to experiments where
they measure differential resistance and (ii) it allows a better distinction of signal change
as the conductance through sensor material changes by a quantum unit of 2¢?/h in its
interaction with the VOC. Quantitative estimation of the sensor’s ability to discriminate
between the VOCs is done through selectivity. The selectivity towards molecule x is
computed as Sy, /S,, where Sy, is the highest sensitivity obtained in the group of molecules
considered.

In Figure 3.11, we present the sensing parameters for Graphene and r-GO chemire-
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Figure 3.8: Charge density differential isosurfaces for Dimethylsulfide adsorbed on
(a)Graphene, (b)r-GO, and (c)GO. Isosurface value is 0.0003 e/A%. Yellow(cyan) in-
dicates charge accumulation(depletion).

i Eas Central Scattering Region Right Lead

Figure 3.9: Schematic structural model of a gas sensor based on r-GO with two semi-
infinite electrodes . The areas marked by square boxes represent semi-infinite elec-
trodes.The central part of the figure where the molecule is physisorbed (Toluene is shown
here) is the scattering region.

sistive sensors. As is expected from the DOS, the charge transfer and the I — V re-
sults, Ethanol has almost zero sensitivity while maximum sensitivity is seen in sensing
Dimethylsulfide (Figure 3.11(a)). The sensitivities corresponding to Toluene, Acetone
and Methanol are comparable while sensitivity is slightly distinguishable for Methylac-
etate adsorption. This is reflected in the selectivity shown in Figure 3.11(b). Clearly
Graphene sensor would be hardly able to distinguish signals due to adsorption of dif-
ferent molecules. Though it appears that it can sense Ethanol clearly as the selectivity
value is distinct with respect to others, near zero sensitivity of Ethanol implies that it
wouldn’t be sensed at all. Thus, Graphene as chemiresistive sensor to assess the qual-
ity of deterioration of standard food items is undesirable. Results of Figure 3.11(c)-(d)
on the other hand shows that r-GO sensor can distinguish between at least four VOCs:
Toluene, Dimethylsulfide,Ethanol and Methylacetate. Maximum sensitivity is obtained
for Toluene while that of Acetone and Methanol are same. As a result, r-GO sensor will
not be able to distinguish between signals corresponding to adsorption of Acetone and
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Figure 3.10: I-V characteristics for (a) Graphene (b) r-GO monolayer with and without
adsorption of six VOCs separately.

Methanol. This result is in contrast with the experimental one [193] where the r-GO
sensor could not distinguish between any of the six VOCs.

A quicker and easier qualitative estimation of the sensing parameters of a chemire-
sistive sensor can be done if the sensing material is a semiconductor. In this case, the
sensitivity S9%*(%) is given as [220]

g99s — |w| x 100%, (3.3)

Opure

where oy oc(0pure) represent the electrical conductivity of sensor material with(without)
adsorbed VOC molecule. Since electrical conductivity (o) of a semiconductor material
correlates with its band gap [59]

o x exp(—FE,/2kgT)

where E; is the electronic band gap, kg the Boltzmann constant, and 7" is the temperature
(in K), the changes in its band gap upon adsorption of different VOC can be exploited to
assess its sensing parameters. We use this approach to estimate sensing ability of a GO
chemiresistive sensor at room temperature. The results are presented in Figure 3.12. As
expected from the results of the DOS, GO has poor sensing ability in the present context.
Sensitivity and consequently selectivity towards Ethanol, Methanol, Methylacetate and
Toluene are same. Therefore, GO when used as chemiresistive sensor to detect VOCs
from standard food,will be able to distinguish at most two out of the six VOCs.

In Figure 3.13, we show the sensing parameters of the three systems when used as
a work function based sensor. The sensitivity S? of a work-function based sensor is
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Figure 3.12: (a) Sensitivity and (b) Selectivity of GO Chemiresistive Sensor.

calculated as: S?® = ¢’*—§50 where ¢(¢g) is the Work function of the surface after(before)
VOC adsorption. In this case, we find that Graphene can distinguish at most three VOCs
while both GO and r-GO can distinguish four different VOCs : Acetone, Ethanol and
Methanol in case of Graphene, Acetone, Dimethylsulfide, Methanol and Methylacetate
in case of r-GO and Dimethylsulfide, Ethanol, Methanol and Toluene in case of GO. The
relative sensitivities reflect the trends in the variations in ¢ and is consistent with the
changes in the electronic structures as reflected in the DOS. We can, therefore, infer that
Graphene and its two derivatives will function better in sensing the quality of food if used
as work function sensors.

Finally, we investigate the recovery time of these sensors. In Table 3.1, we present
results of sensor recovery time 7 for Graphene, r-GO and GO. The results suggest that
all three qualify to be reusable sensors for sensing VOCs from standard food materials.
To further assess the capabilities as sensors, a comparison of 7 obtained in case of other
2D materials in the context of sensing same VOCs is necessary. To this end, we focus
particularly on r-GO since its sensing ability turns out to be consistent when used as
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Figure 3.13: (a,b) Sensitivity and Selectivity of pristine Graphene (c,d) Sensitivity and
Selectivity of r-GO and (e,f) Sensitivity and Selectivity GO work function based sensor.

either chemiresistive or as work function based sensor. We find that 7 for r-GO in case
of each VOC compare very well with F-silicene[221]. We also find that calculated values
of 7 for r-GO are orders of magnitude smaller compared to pristine and defected BCgN
[222] in case of Acetone, Ethanol, Methanol and Toluene desorption. This suggests that
r-GO sensor will be as efficient or better in comparison to many other 2D material based

Sensor.

3.3 Conclusions

Motivated by a recent experiment on sensing capabilities of bare and polymerized r-GO
for detection of stage of deterioration of standard food products, we have investigated
monolayers of Graphene, r-GO and GO to assess their abilities in sensing the VOCs
emerging from standard food components that are markers of stage of degradation. Using
a combination of DFT and non-equilibrium Green’s function technique, we have analyzed
in detail the structural properties, the electronic structures, the transport properties and
the sensing parameters associated with VOC-2D material complexes. Our results suggest
that pristine Graphene is the worst performer among the three substrates considered
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while r-GO perform reasonably well as both chemiresistive and work function based
sensor. GO, on the other hand, can be used only as a work function based sensor. Such
differences among the three materials can be attributed to the geometry of adsorption
and the nature of the surface states that participate in the charge transfer with the VOC
molecules.Our results suggest that, we could not find any trends in the adsorbtion energy
among the molecules except that toluene shows maximum adsorbtion energy due to it’s
large size and parallel adsorbtion with the 2D material. The charge transfer value also
indicate that only dimethylsulfide molecule shows maximum charge transfer due to it’s
localized charge distribution. We find that the sensing related performance of r-GO is
comparable to those of other 2D materials like F-Silicene and BCgN. However, in contrast
with the experiment [192], we find r-GO to be able to discriminate between four of the six
VOCs. The origin of this discrepancy can be in the differences between the model of r-GO
used here and the experimental sample. During the reduction of GO to obtain r-GO by
standard chemical route, the r-GO sheets tend to generate irreversible agglomerates that
can decrease the effective surface area for adsorption, leading to lowering of sensitivity and
selectivity. Such effects are not considered in the computational modeling. This might
be the reason in obtaining better sensitivity and selectivity in our calculations. This
work, thus may trigger attempts to obtain samples that are devoid of such limitations.
Therefore, the results hold immense importance in future exploration of nano-materials
in the area of food technology.
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Chapter 4

Sensing Food Quality by Free-Standing
Silicene Nanosheets

Due to the limitations posed by pure graphene and the structural complications associ-
ated with its various composites, researchers, particularly ones performing modeling and
simulations, have explored other materials from the 2D family as potential gas sensors
applicable to a wide spectrum of VOCs. A plethora of first-principles Density Functional
Theory [210] based simulations have been carried out in recent times with pristine com-
pounds like MoS, [137], phosphorene [223, 139, 140], black phosphorous [141], Hf Te, [224]
and BCgN |222] as sensors for VOC and hazardous gas detection.

As an alternative to Graphene, silicene, among the single-component 2D materials, has
shown substantial promise. In contrast to sp>-hybridised Graphene, silicene has a mixture
of sp? and sp® hybridisation and hence exhibits a buckled structure. The buckling turns
out to be advantageous over the planar structure of Graphene as it provides tunability
in the band gap upon application of an external electric field. Accordingly, silicene-based
Field Effect Transistors (FETs) have been explored. It turns out that they demonstrate
better efficiency than Graphene-based FETs [225]. Although unlike Graphene, majority of
the work on Silicene are with Silicene grown on a substrate due to challenges in growing
free-standing silicene, of late there has been some success in growth of free-standing
silicene. Subsequently, The material has been extensively investigated with regard to bio-
sensing applications through computational modeling. To this end, silicene nanosheets
and nanoribbons as bio-sensors have been investigated for DNA sequencing [226, 227, 228,
229| and sensing of important bio-molecules like uric acid [230], paracetamol [231] and
pyrazinamide, the organic molecule used to treat tuberculosis [232]. Silicene nanosheets
have also been used for sensing hazardous gases [233]. The band structure of silicene
changes significantly upon surface passivation by functional groups. Hydrogenation is the
passivation of surface dangling bonds by hydrogen, changes the zero gap semiconductor to
an insulator [234] while fluorine functionalization yields a moderate band gap of 0.45 eV
[235, 236]. This poses a possibility of band gap modulation upon adsorption of different
VOCs and its connection to differential responses, giving rise to discrimination between
VOCs, which is the desired goal. This certainly is an advantage over Graphene or r-GO
as a sensing material.

In what follows, in this work, using DF'T and non-equilibrium Green’s function (NEGF)
[237| technique, we have investigated the changes in the structural and electronic prop-

The contents of this chapter are published in 2025, Phys. Status Solidi B 2025, 262, 2400578 DOI:
10.1002/pssb.202400578.
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Figure 4.1: Relaxed structure of silicene: (a)top view, (c¢)side view. Relaxed structure
of F-silicene: (b) top view and (d) side view. Sites of adsorption for (e) silicene and
(f)F-silicene are shown.

erties as well as sensing capabilities of pristine and Fluorine (-F) functionalized free-
standingsilicene (F-silicene) nanosheets upon adsorption of six prominent VOCs (men-
tioned in the previous chapter)that are indicators of degradation of food products. Our
modeling simulates the situation for either a free-standing silicene or where the interac-
tions with the substrates are weak so that the effect of the substrate on the properties of
silicene can be ignored. The modifications in the electronic structures, associated charge
transfers, and work functions of the gas-adsorbed nanosheets, as well as the differences
in these properties/parameters between bare and functionalized nanosheets, provide nec-
essary insights into their comparative capabilities as sensors to ascertain the degree of
deterioration of food. The ideas obtained are tested by simulating the sensing device and
calculating transport parameters that are directly related to the experimental quantities,
like sensitivity and selectivity. We find that both sensitivity and selectivity of silicene
increase upon -F functionalization at a moderate bias voltage. This demonstrates that
functionalized silicene can be a sensor, an alternative to Graphene-based ones, that ad-
dresses the quality of food products.

4.1 Computational Details

Long-range van der Waals (vdW) interactions are considered by employing corrections
proposed by Grimme|238]. 4 x 4 x 1 fully relaxed supercells are used for the pristine
and -F functionalized silicene nanosheets (Figure 4.1). In order to avoid interaction
between two layers along z-direction, a vacuum of 30 Ais used. The geometry optimization
of the composite system of a molecule adsorbed on the nanosheet is carried out using
the conjugate gradient method. A plane wave basis set up to 550 eV is considered.
Convergence criteria for total energy and force are kept at 107¢ €V and 0.04 eV/ A,
respectively. A 4 x4 x 1 Monkhorst-Pack [213] k-point grid is used to sample the Brillouin
zone for self-consistent calculations. A 17 x 17 x 1 k-mesh is used for calculations of
electronic structures.

Nanosheets of size 5 x 3 x 1 and k-point grids of size 10 x 1 x 100 are used for all
transport calculations.
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Figure 4.2: (a-c) Top and (d-f) side views of optimised geometries after (a,d) Acetone,
(b,e) Dimethylsulfide, and (c¢,f)Ethanol physisorbed on silicene nanosheet. (g-i)Top and

(j-1) side views of optimised geometries after (g,j) Methanol, (h,k) Methylacetate and (i,1)
Toluene physisorbed on silicene nanosheet.
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Figure 4.3: (a-c) Top and (d-f) side views of optimised geometries after (a,d) Acetone,
(b,e) Dimethylsulfide, and (c,f)Ethanol physisorbed on F-silicene nanosheet. (g-i)Top

and (j-1) side views of optimised geometries after (g,j) Methanol, (h,k) Methylacetate
and (i,]) Toluene physisorbed on F-silicene nanosheet.
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Table 4.1: Site of adsorption, Adsorption Energy (F,q) and equilibrium distance between
2D sheet and VOC Molecule(D) for the systems considered in this work.

Adsorped 2D Adsorption E.4 D
molecule sheet site (eV) (A)
silicene 1 -0.34 3.43
Acetone
F-silicene 1 -0.32 3.97
silicene 2 -0.42 3.55
Dimethylsulfide
F-silicene 2 -0.35 3.09
silicene 2 -0.32 2.76
Ethanol
F-silicene 3 -0.24 2.6
silicene 2 -0.25 2.89
Methanol
F-silicene 3 -0.17 2.3
silicene 2 -0.39 2.92
Methylacetate
F-silicene 3 -0.35 3.36
silicene 3 -0.64 3.18
Toluene
F-silicene 3 -0.48 3.91

4.2 Results and Discussions

4.2.1 Structural properties

In Figure 4.1 (a) and (c), the top and side views of the optimized pristine silicene sheet
are shown. Corresponding structures for F-silicene are shown in Fig 4.1 (b) and (d).
The calculated lattice constant (Si-Si bond length) of pristine silicene sheet is 3.84(2.27)
A, in good agreement with existing results [239, 236]. In the case of F-silicene, the
optimized Si-Si bond length doesn’t change much; the optimized Si-F bond length is 1.6
A, in agreement with other works [236, 240]. The buckling parameter, in either case, is
0.47 A, in excellent agreement with the existing result of 0.4 A[241]. There are three
sites of adsorption, marked as 1-3 in Figure 4.1 (e) in a pristine silicene sheet. For F-
silicene, there is one extra site available due to the -F functional site (Figure 4.1(f)).
For each of the six VOC molecules, we optimize the geometry of the nanosheet-VOC
complex and obtain the preferred site of binding and the orientation of the gas molecule
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Methanol (e) Methylacetate (f) Toluene molecules. The energies are in eV.

with respect to the nanosheet. The sites of adsorption and the orientations of the six
VOC molecules with respect to the pristine silicene(F-silicene) sheet are shown in Figure
4.2(Figured.3). Associated binding energies, sites of adsorption as numbered in Figure
4.1, and the distances of the molecules from the sheets are tabulated in Table 4.1.

Upon inspecting the calculated E,4, the adsorption energy, we find the following
trends: first, the interaction strength for all six VOCs is weaker with F-silicene as the sen-
sor material, and second, irrespective of the 2D sensor material, the interaction strength
in the ascending order is Methanol, Ethanol, Acetone, Methylacetate, Dimethylsulfide,
Toluene. The adsorption energy varies over a wide range: from -0.17 eV for Methanol on
F-silicene to -0.64 eV for Toluene on silicene. The values suggest that except Toluene,
all other molecules are moderately physisorbed on the silicene and F-silicene nanosheets.
The adsorption energies compare well with existing results obtained for different 2D ad-
sorbent materials. Our results on Acetone are either better in the case of adsorbent
being MoS,(-0.14 €V)[137], blue phosphorene (-0.25 €V)[140] or agree closely when the
adsorbent is black phosphorous(-0.32 eV)[141] and BCgN (-0.3 €V)[222]. For Ethanol,
our results agree closely too (-0.21 eV for MoS, [137], -0.2 €V for blue phosphorene [140],
-0.24 eV for black phosphorous |141] and -0.38 ¢V for BCgN |222]). In the case of Toluene
and Methanol, our results differ substantially when compared with results with BCgN
adsorbent (-0.91 eV for Toluene and -0.31 eV for Methanol) [222]. However, with black
phosphorous as the nanosheet, our results are in good agreement for Toluene (-0.5 eV)
[141]. Tt is, therefore, expected that the performance of silicene and F-silicene as sensors
will be comparable to the standard 2D gas sensors.

In order to understand the trends in the adsorption energies, we look at the optimized
structures of the VOC molecules on two different nanosheets. From Table 4.1, we find
that except for Methanol and Methyl acetate, the molecules prefer the same adsorption
site, irrespective of the adsorbent. Acetone prefers one of the Si-sites of the hexagon.
Dimethylsulfide prefers the center of the hexagon, while Toluene prefers a bridge site.
Ethanol, Methanol, and Methyl acetate prefer the center of the hexagon(bridge site)
when the sensing material is pristine silicene (F-silicene). When physisorbed on pristine
silicene, the acetone molecule prefers an orientation almost parallel to the nanosheet, with
the oxygen atom closest to the sheet and at a distance of 3.43 A. When the adsorbent
is F-silicene, the molecule prefers the same orientation but is at a greater distance of
3.97 Afrom the nanosheet. The interaction distance D increases substantially when the
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nanosheet is F-silicene, which is also observed in the case of Methylacetate and Toluene.
For the other three, the trend is the opposite. While Toluene molecules are adsorbed in
an orientation parallel to the sheet for both nanomaterials, with the H atom closest to
the adsorbent, Methylacetate is adsorbed with a tilted orientation with respect to the
nanosheets. When the nanomaterial is pristine silicene, the O atom is the closest to it.
The orientation changes in the case of F-silicene, bringing H closest to the adsorbent. The
other three molecules prefer tilted orientations with respect to both adsorbents. While
the H atom remains the closest to the nanosheet in the case of Ethanol and Methanol, it
is the S atom in the case of Dimethylsulfide.

Among the six molecules, Toluene has the highest adsorption energy when physisorped
on Silicene. Toluene consists of a Benzene ring where the electron density is distributed
throughout. The highest occupied molecular orbital (HOMO) of bare Toluene molecule
shown in Figure 4.4(f) demonstrates this. Such delocalisation of electron density gives rise
to m—m stacking. Since the Toluene molecule is adsorped almost parallel to the nanosheet,
the strong m — 7 interactions with electron cloud of Silicene becomes the strongest due
to large adsorption area. On the other hand, the weakest adsorption strength is in
case of Methanol. From Figure 4.2(j), we see that Methanol, the smallest molecule is
adsorped such that the interaction area with the surface is the smallest. Methanol has
an asymmetric charge distribution where the presence of hydroxyl group gives rise to
accumulation of electron density on it in the C-(OH) bond. The other three C-H bond
do not give rise to such asymmetry. We see this clearly from it’s HOMO (Figure 4.4(d)).
Among these, the H atom having the least electron density is closest to the interface.
The non-polar bond being in the proximity of the non-polar Silicene surface coupled
with smallest interaction area gives rise to the weakest interaction among the group.
Comparing with Ethanol, we find that the interaction area of Ethanol with Silicene is
greater than that of Methanol. Moreover the hydroxyl group is closest to the surface.
The greater concentration of electron density on it (HOMO of Ethanol is shown in Figure
4.4(c)) makes the interaction stronger in comparison with that in case of Methanol. Thus,
the interaction area and the asymmetric charge distribution are responsible for greater
adsorption energy in case of Ethanol. The presence of Carbonyl groups in Acetone and
Methylacetate make these two molecules more polar than the others. HOMO of these
two molecules (Figure 4.4(a),(e)) show accumulation of electrons around the O atom in
the carbonyl group. This may give rise to an attaractive dipole-dipole interaction with
the Silicene surface, making their physisorptions stronger than FEthanol and Methanol.
This, coupled with their orientations when adsorped on Silicene (Figure 4.2) where the
O in the carbonyl group is the closest to the surface,thus leading to a possible large
interaction of charge densities of molecule and nanosheet, can be correlated with their
larger energies of adsorption. In case of dimethylsulfide, there is substantial asymmetric
charge distribution among the constituents of the molecule. The HOMO of this molecule
(Figure 4.4(b)) show accumulation of electron density on the S atom. This atom being
closest to the surface would make the interaction between the adsorbate and adsorbant
very strong. This explains higher adsorption energy of this molecule as compared to the
four others. We find the same trend in adsorption energies when the nanosheet is -F
passivated Silicene. However, the adsoption in case of -F passivated silicene is weaker.
This can be understood the following ways: when the silicene surface is functionalized
with -F, very strong Si-F covalent bonds are formed. Since -F is highly electronegative,
a protective layer is created on the silicene surface that prevents silicene from reacting
with VOC molecules. The strong Si-F bonds, too, make it difficult for VOC molecules to
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react. Thus, the binding of VOCs is relatively weak when the nanosheet is -F passivated
silicene.
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Figure 4.5: i) Total DOS (ii) DOS of silicene and (iii) DOS of VOC molecule in
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(e)Methylacetate-silicene and (f)Toluene-silicene systems.
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silicene (d)Methanol-F-silicene (e)Methylacetate-F-silicene and (f) Toluene-F-silicene sys-
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4.2.2 FElectronic Structure

A more profound understanding of VOC adsorption on the nanosheets and their possible
consequences with regard to the sensing abilities of these 2D materials can be obtained
by analyzing the electronic structures of the VOC-nanomaterial complexes.In Figures 4.5
and 4.6 we show the total and component-projected densities of states(DOS) of the sys-
tems considered in this work.Comparison with DOS of isolated VOC molecules (Figure
4.7(a)) and bare Silicene molecules (Figure 4.8(a)) show that upon formation of adsorbate-
adsorbent complexes, only the electronic structure of the VOC molecules change consid-
erably. The noticeable effect in all cases is that the DOS consisting of sharp peaks as seen
in the cases of isolated molecules, give way to broader peaks that are less in number. The
states as a whole are pushed towards lower energies. The Total densities of states of the
VOC complexes with silicene as the adsorbent (Figure 4.5) show that there is very little
change in the electronic structure, particularly close to the Fermi level, upon adsorption
of different VOCs. The significant difference in the total DOS occurs around -1 eV to -2
eV and between -3 eV to -4 eV due to the states of the VOC molecules. For all cases, the
VOC states are contributed by the valence states of all constituent atoms (Figure 4.9).
The structure around -1 eV for the Acetone-silicene complex (Figure 4.5(a)) is due to the
hybridization of Si, C, and O p and C and H s states. The presence of two -CHj3 functional
groups symmetrically networked with the C-O bond leads to near-equal contributions of
all atoms of the molecule. In the case of adsorbed Dimethylsulfide, its states near -1 eV
are contributed largely by the 3p states of S and s states of the two H atoms connected to
the two C atoms and are closer to the surface of the nanosheet. The deeper states around
-4 eV have contributions from valence orbitals of all atoms in the molecule. For Ethanol,
upon adsorbed in silicene, the states around -2 eV are contributed by p orbitals of O, p
orbitals of C, and the s orbitals of two H attached to them, situated closer to the sheet
after relaxation (Figure 4.2(c) and (f)). For the adsorbed Methanol, the states around -2
eV are similarly contributed by the O p and s states from the two H atoms attached to
the C atom (Figure 4.2(g) and (j)) while p states of O closer to silicene surface and those
of two C atoms connected (Figure 4.2(h) and (k)) are the major contributors to the states
near -2 eV for Methylacetate-silicene complex. The DOS of toluene-adsorbed silicene is
somewhat different from the rest. This is due to weak contributions from toluene around
-2 ¢V. The major contributions from the constituents of the Toluene molecule are located
deeper in the valence band. The features in the densities of states imply that the charge
transfer between the VOC and the nanosheet will be maximum for Acetone and least for
Toluene VOC. Also, since there are no noteworthy changes in the electronic structures
upon adsorption of different VOCs, the selectivity of the silicene sensor may be poor.

The electronic structure of F-Silicene undergoes considerable changes in comparison
with bare Silicene (Figure 4.8(b)). The presence of -F functional groups modify Silicene
electronic structure near the Fermi level, leading to opening of an energy gap. Hybridi-
sation with p orbitals of F pushes the unoccupied states of Silicene to higher energies
resulting in the energy gap. Consequently, the adsorption of VOCs on the F-silicene
sheet produces remarkable changes in the DOS of the adsorbate-adsorbent complexes
(Figure 4.6). A common feature found in all six cases is that the projected DOS of the
molecules displays features of an isolated molecule. The molecular DOS now consists of
sharp, discrete peaks. This is an artifact of the weak reactivity with the nanosheet due
to the protective layer formed by the -F functional group, as discussed in the previous
subsection. However, in this case, we find significant changes in the DOS of the systems.
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Table 4.2: Energies of the Highest Occupied Molecular Orbital (HOMO), and the Low-
est Unoccupied Molecular Orbital (LUMO) along with HOMO-LUMO gap for different
adsorbate-adsorbant complexes considered in this work are shown.

Adsorped 2D EHO]WO ELU]\/[O AE
molecule sheet (eV) (eV) (eV)
silicene -3.34 -2.54 0.80
F-silicene -4.16 -3.22 0.93
silicene -3.29 -2.44 0.85

Acetone
F-silicene -3.38 -3.08 0.29
silicene -3.20 -2.44 0.75

Dimethylsulfide

F-silicene -3.28 -3.16 0.12
silicene -3.38 -2.49 0.89

Ethanol
F-silicene -3.72 -3.35 0.36
silicene -3.29 -2.46 0.83

Methanol
F-silicene -3.72 -3.44 0.27
silicene -3.07 -2.15 0.83
Methylacetate

F-silicene -3.78 -3.38 0.39
silicene -3.16 -2.31 0.85

Toluene
F-silicene -3.46 -3.29 0.16
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Table 4.3: Charge Transfer(Q)) and Work function(¢) for different VOC-2D sheet com-
bination considered in this work.

Adsorped 2D Q(e) 1)
molecule sheet (eV)
silicene 0.055 4.58
Acetone
F-silicene -0.058 5.81
silicene -0.042 4.51
Dimethylsulfide
F-silicene -0.192 5.73
silicene 0.047 4.59
Ethanol
F-silicene -0.020 6.12
silicene 0.043 4.60
Methanol
F-silicene -0.012 6.15
silicene 0.046 4.58
Methylacetate
F-silicene -0.016 6.23
silicene 0.006 4.57
Toluene
F-silicene -0.055 5.96
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Figure 4.7: Total, atom and orbital projected densities of states of isolated (a) Acetone
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Bare F-Silicene.

As mentioned earlier, functionalization by -F opens up a semiconducting gap. The ad-
sorption of different VOC molecules produces discrete molecular states (contributed by
the valence states of the constituents aligned closer to the surface of the nano-material)
that are very close to the Fermi levels of the systems (Figure 4.10). The position of this
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Figure 4.9: Total, atom and orbital projected densities of states of (a) Acetone (b)
Dimethylsulfide (c) Ethanol (d) Methanol (e) Methylacetate (f) Toluene molecule ad-
sorped on the Silicene nanosheet.

isolated state creates a noticeable difference between the electronic structures of different
VOC-F-silicene complexes. This feature can be quite useful from the perspective of dif-
ferences in charge transfers and sensitivity when F-silicene is used as a sensor material.
The band structures of the six compounds presented in Figure 4.11 demonstrate this
more clearly. In all cases, an isolated flat band appears below the Fermi level. This band
represents the highest occupied molecular orbital (HOMO) of a given complex. This acts
as a shallow donor state |[139], reducing the band gap of the systems substantially, ren-
dering the systems like an n-type semiconductor. The new band gap FE,, calculated as
the energy difference between the conduction band minimum and the HOMO, is 0.055,
0.053, 0.281, 0.195, 0.346, and 0.137 eV for Acetone, Dimethylsulfide, Ethanol, Methanol,
Methyl acetate, and Toluene adsorbed F-silicene, respectively. Such considerable reduc-
tions in the band gap imply lower activation energies required for the electrons in the
shallow donor states for charge transport.

More understanding of the changes in the electronic states after molecular adsorption
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Figure 4.10: Total, atom and orbital projected densities of states of (a) Acetone (b)
Dimethylsulfide (¢) Ethanol (d) Methanol (e) Methylacetate (f) Toluene molecule adsor-
ped on the F-Silicene nanosheet.

can be obtained from HOMO and LUMO of the adsorped systems. In Figures 4.12 and
4.13, we show the HOMO and LUMO of the VOC-nanosheet complexes for F-Silicene
and Silicene substrates, respectively. The numerical values are presented in Table 4.2.
The major observations are : (a)the positions of HOMO, LUMO when molecules are
adsorped on Silicene do not change substantially. As a result, HOMO-LUMO gap varies
between 0.75-0.89 eV while the gap for Silicene before molecular adsorption is 0.8 eV.
This implies greater stability for these adsorbate-adsorbent complexes, (b) in contrast,
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Figure 4.12: HOMO-LUMO orbitals of pristine F-Silicene is shown in (a). Same are
shown after adsorption of (b) Acetone (¢) Dimethylsulfide (d) Ethanol (e) Methanol (f)
Methylacetate (g) Toluene molecule. The energies are in eV.
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Figure 4.13: HOMO-LUMO orbitals of pristine Silicene is shown in (a). Same are shown
after adsorption of (b) Acetone (c¢) Dimethylsulfide (d) Ethanol (e) Methanol (f) Methy-
lacetate (g) Toluene molecule. The energies are in eV.

the positions of HOMO,LUMO and the size of the HOMO-LUMO gap undergoes large
change and variation across molecules when the substrate for adsorption is F-Silicene.
Largest variation in HOMO-LUMO gap occurs for Toluene and Dimethylsulfide. This
implies that among the six molecules, the interaction strength of these two with F-Silicene
are the highest. This agrees perfectly with the trends in the adsorption energies. (c¢)In
case of F-Silicene-VOC complexes, larger variation occurs in HOMO as compared with
variation in LUMO. This indicates the electron donating character of the molecules. This
is consistent with the donor states seen in the band structures (Figure 4.11). The opposite
is observed for cases when substrate is Silicene, though the degree of variation is less. This
implies the electron accepting character of the molecules. In both cases it agrees with
the directions of charge transfer, discussed later, (d)For F-Silicene-VOC complexes, the
HOMO of all are completely form the molecular states while the LUMO are completely
from the states of the nanosheet. This is in perfect agreement with the DOS discussed
above. This also indicates that the charge transfer in this case will be from the molecule to
the nanosheet. For Silicene-VOC complexes, both HOMO and LUMO are contributed by
the Silicene and the molecules. However, the states are mostly concentrated on Silicene.
This is in agreement with the features in the DOS discussed above that is across the
molecules, there is very little changes in the electronic structures.
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Figure 4.14: (a-c)Top and (d-f)side view of iso-surface charge density plots of acetone,
dimethylsulfide, ethanol adsorped in Silicene nanosheet, respectively. (g-i) Top and (j-
)side view of iso-surface charge density plots of methanol, methylacetate and toluene
adsorbed on Silicene nanosheet, respectively. Isosurface value is 0.0003 e/3 . Yellow and
cyan colors represent charge accumulation and depletion regions, respectively.

4.2.3 Charge transfer and Work function

In order to substantiate the inferences drawn from analysis of the electronic structures
of the VOC-nanosheet complexes, we first present, in Fig 4.14 and 4.15, the differential
charge densities for VOC-Silicene and VOC-F-Silicene complexes, respectively. In both
cases, the natures of differential charge densities imply physisorption as no signature of
strong bond formation is observed. In case of Silicene as the nanosheet, there are more
depletion than accumulation on the sheet. This indicates a charge transfer from the
nanosheet to the molecule. In case of Toluene adsorption, there are accumulation and
depletion regions of equal intensity in and around Silicene. The charge density on the
molecule is accumulated(depleted) on the aromatic ring (outer bonds). This implies very
little charge transfer. Larger charge transfers are expected in cases of Ethanol, Methanol
and Methylacetate. The accumulation pattern in these three cases indicate a possibility of
hydrogen bond formation in them. With F-Silicene as the nanosheet, the nature of charge
transfer changes drastically. The figures in 4.15, indicate that the magnitude of charge
transfer is much less compared to the case when Silicene is the substrate for adsorption.
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Figure 4.15: (a-c)Top and (d-f)side view of iso-surface charge density plots of acetone,
dimethylsulfide, ethanol adsorped on F-Silicene nanosheet, respectively. (g-i) Top and
(j-1)side view of iso-surface charge density plots methanol, methylacetate and toluene
adsorbed on F-Silicene nanosheet, respectively. Isosurface value is 0.0003 e/? . Yellow
and cyan colors represent, charge accumulation and depletion regions, respectively.

Significant accumulation on the -F functional group indicates that in this case, charge is
transferred from the molecule. To substantiate the observations from differential charge
densities, in Figure 4.16, we present the results of charge transfer () and work function
¢ for VOCs adsorbed on both silicene and F-silicene nanosheets. @ < (>)0 indicates
charge transfer from the molecule(nanosheet) to the nanosheet (molecule). Analyzing
the trends in @), we find that the charge transfers, in general, are small, irrespective of
the nanosheet. This is consistent with the observations made from differential charge
densities and the fact that the adsorption in the present context is physisorption only.
The other noticeable features are the following: (a) @ < 0 when the nanosheet is F-
silicene. This corroborates the donor levels obtained in the band structures and the
inferences from Figure 4.15. (b)With silicene as the nanosheet, @ > 0 for all cases except
the adsorption of Dimethylsulfide. Dimethylsulfide has two lone pairs coming from S. As
a result, it acts as a donor instead of the acceptor. This is consistent with the HOMO
and LUMO for this system. (c) @ is greater in magnitude when the nanosheet is F-
silicene. This is consistent with the fact that the molecular electronic states lie deeper
in energies (Figure 4.4) when molecules are adsorbed in pristine silicene. The greater
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Figure 4.16: Charge Transfer and Work functions before and after adsorption of different
VOCs on silicene and F-silicene.
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Figure 4.17: (a) Top and (b) side views of the schematic structural model of a gas sensor
based on silicene with two semi-infinite electrodes . The areas marked by square boxes
represent semi-infinite electrodes.The central part of the figure where the molecule is
physisorped (Dimethylsulfide is shown here) is the scattering region. (c¢) and (d) represent
the same but for F-silicene gas sensor. The physisorbed molecule shown in the schematics
is Acetone.

charge transfer for F-silicene is also an artifact of the presence of highly electronegative
-F on the surface of the 2D material. (d) With silicene as the adsorbent, there is hardly
any charge transfer between Toluene and silicene (@ = 0.006¢), while it is maximum
in the case of Acetone adsorbate (@ = 0.055¢). For the other four molecules, @) varies
between 0.042 and 0.047. This corroborates the implications stated by the analysis of
the DOS. (e) For both adsorbents, Dimethylsulfide enforces the largest charge transfer.
(f) In the case of the F-silicene nanosheet, charge transfer amounts are almost identical
when Acetone and Toluene are adsorbed (@ = —0.058e, —0.055¢ for Acetone and Toluene,
respectively). Qualitatively, the same is seen when the other three VOCs are adsorbed.
However, @ is less in their cases: -0.012e, -0.020e, and -0.016e for Methanol, Ethanol,
and Methylacetate, respectively. Once again, such qualitative behavior validates the
conclusions from the electronic structures. It is to be noted that the appreciable changes in
the charge transfers upon adsorption of different molecules on an adsorbate are supposed
to affect its resistance, which can be experimentally measured and is directly connected
to the sensitivity when used as a sensor.

In an adsorbate-adsorbent complex, if the absorbate is an acceptor (donor), the Fermi
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Figure 4.18: I-V characteristic of (a)silicene and (b)F-silicene sensors with and without
adsorption of the six VOCs separately.

energy of the system is lowered( elevated), increasing (decreasing) the work function as
a consequence. The work function ¢ of pristine silicene (F-silicene) is 4.56 eV (6.17 eV).
Higher ¢ of F-silicene is due to strong Si-F bonds as opposed to an unpassivated silicene
surface. From Figure 4.16 and Table 4.3, we find that ¢ of the compounds after adsorption
of VOCs on pristine silicene increase only slightly (4.57 eV for Toluene adsorped to 4.61
for Methanol adsorped silicene); the only exception is Dimethylsulfide where ¢p—=4.51 eV.
This is understandable as the molecule is a donor. Large changes in ¢ are observed when
the adsorbent is F-silicene. The changes are hardly noticeable (with respect to ¢ of F-
silicene before adsorption) for Methyl acetate, Ethanol, and Methanol. Large changes
are observed in the case of the other three molecules: ¢=5.73 eV, 5.82 eV, and 5.96 eV
for Dimethylsulfide, Acetone, and Toluene, respectively. This trend of ¢ correlates with
Q; the larger the (), the lower the work function. The results, therefore, indicate the
possible selectivity of these three molecules when F-silicene is used as a sensing material.
On the other hand, the results imply that silicene, when used as a sensor for these VOCs,
may not be able to discriminate between them as has been inferred from the electronic
structure.

4.2.4 Sensing performances

In Figure 4.17 (a) and (b), we show the device setup with pristine and F-silicene, respec-
tively. The central region is smoothly joined to the periodic electrodes in the transport
direction (z in this case). To screen out the perturbations in the sensing regions, the elec-
trode regions are extended into the central scattering region. The I — V characteristics
with and without gas adsorptions by silicene and F-silicene are shown in Figure 4.18 (a)
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Figure 4.19: (a) Sensitivity of silicene and F-silicene towards the six VOCs considered in
this work (b) Selectivity of silicene and F-silicene for detection of Acetone.

and (b), respectively. Application of a bias voltage Vj to the device elevates the Fermi
level of the left electrode with respect to the right electrode. When V} supersedes the
threshold voltage at which the conduction band minimum of the right electrode matches
with the valence band maximum of the left electrode, the current starts to flow. As seen
in Figure 4.18, this threshold is 0V(0.5 V) for pristine silicene (F-silicene). The values
are consistent with the electronic band gaps of the bare materials. I — V characteristics
curves for VOC adsorped silicene are linear, while those for F-silicene are parabolic. In a
pristine silicene device, the curves are barely separable from one another. The current for
VOC-adsorbed silicene is always higher than that of bare silicene. The current reaches
a maximum of 10 A at 1.5 V when Dimethylsulfide is adsorbed. The lowest current is
observed in the case of Toluene adsorption.

For the F-silicene device, the current curves corresponding to each VOC-complex start
to get separated from each other around a bias voltage of 0.75V. For each VOC-F-silicene
complex, the maximum current is higher than the one corresponding to the pristine
silicene device. This suggests a better sensing capability of F-silicene, as predicted in
earlier sub-sections. Here, the highest current is observed for the Acetone-F-silicene
system with a maximum of 19.4 pA at 2V. Toluene and Dimethylsulfide are the two
recording the next highest currents. The I —V curves for the other three VOC complexes
are barely separable from one another and the bare F-silicene. This behavior is consistent
with the qualitative trends in charge transfer and work functions.

In Figure 4.19(a), we compare the sensitivities of silicene and F-silicene sensors with
regard to the six food VOC molecules. The results presented are for V, = 1.23 V. For the
silicene gas sensor, the maximum sensitivity of only about 5 % is obtained for Dimethyl-
sulfide. The lowest sensitivity is obtained for Toluene (~ 1 %). The sensitivities for
Acetone, Methanol, and Methylacetate are almost the same. The sensitivity of Ethanol
is slightly higher. The trend is consistent with the behavior of charge transfer and DOS
of VOC-silicene complexes. Low and near identical sensitivity for all six systems can
be correlated to the near identical DOS with respect to each other and in comparison
with bare Silicene. A remarkable improvement is obtained in the case of the F-silicene
sensor. The sensitivity for Acetone increases nearly 16 times, reaching nearly 30%. The
sensitivities of Toluene and Dimethylsulfide, too, improved significantly, reaching nearly
14 % and 10 %, respectively. For the other three VOCs, too, sensitivities improve to
near 5%. Here too, the sensitivities can be directly correlated to the qualitative nature of
variations in charge transfer which in turn can be connected to the features of their DOS.
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Table 4.4: Recovery time 7 (in s)of silicene and F-silicene gas sensors to sense food
VOCs. The calculations are done at room temperature (7" = 300K) and under visible
light (g = 10'2 s71).

Molecule silicene F-silicene
Acetone 1.15x 1077 3.89 x 1077
Dimethylsulfide | 2.29 x 107 7.57 x 1077
Ethanol 438 x 1077 1.58 x 1078
Methanol 3.27x107% 1.13 x 107°
Methylacetate | 5.95 x 107 1.2 x 107¢
Toluene 0.18 2.85 x 1074

For example, larger charge transfers in Toluene and Acetone lead to greater sensitivities
compared to the other four as the relative conductances (with respect to bare F-Silicene)
are greater.Our results with F-silicene as the sensor compare well the experimental re-
sult with r-GO where the sensitivities are found to vary between 5 and 25 % [192].The
sensitivities with regard to Acetone and Toluene, obtained in our calculations, are either
better or comparable with respect to DET+NEGF results obtained with other 2D sen-
sors. For example, sensitivity for Acetone and Toluene with BCgN sensor are 6.1 % and
14.7 % while those with defective-BCgN are 1.7 % and 8.8 % only [222]. For Ethanol
and methanol, the sensitivity of the F-silicene sensor is somewhat poor compared to the
sensitivity obtained by DFT-+NEGF calculations on other 2D materials. With BCgN,
the sensitivity for Ethanol and Methanol are 14.7 % and 9.5 %, respectively. It is 61 %
and 8.8 % with defective BCgN, 21 % for both with MoSes [242], 52 % for both with
Graphyne [243], 5% for both with Green phosphorene [244] and 9 % for Ethanol with
Black Phosphorene[141].

In Figure 4.19(b), we show the comparative abilities of silicene and F-silicene sen-
sors in discriminating the molecules. The sensitivity of Acetone has been considered the
reference, and the ratio of its sensitivity to that of another molecule is considered a quan-
titative measure of the selectivity of that molecule. The selectivity using a silicene sensor
is poor in comparison with F-silicene. In fact, silicene sensors cannot separate Methanol
and Methyl acetate at all. On the contrary, F-silicene can clearly distinguish between
Acetone, Dimethylsulfide, Toluene, and Methylacetate. The selectivities of Ethanol and
Methanol are very close, 4.6 and 4.9, respectively. Therefore, we can conclude that F-
silicene can separate out at least four VOCs emitted by food products. The performance
is significantly better than r-GO sensors [193|, which could not discriminate between any
of the six VOCs.

In Table 4.4, we present calculated values of sensor recovery time 7 for both silicene
and F-silicene sensors. The results suggest that both silicene and F-silicene can work as
reusable sensors for sensing the VOCs from food materials. Calculated recovery times
for silicene-based sensors turn out to be smaller than those for pristine and defected-
BCgN [222]. 7 of pristine(defected) BCgN sensors in case of Acetone, Ethanol, Methanol
and Toluene desorption are 2.6 x 1075(740) s, 2.3 x 107%(4.9) s, 2.1 x 1077(4.2) s and
2 x 103(6.8 x 10%) s, respectively, orders of magnitude higher than silicene based sensors.
Thus, the silicene and F-silicene nanosheets will function more efficiently as sensors than
many other 2D materials.
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4.3 Conclusions

Using a combination of the based first-principles method and non-equilibrium Green’s
function technique, we have investigated in detail the sensing abilities of two-dimensional
silicene and -F functionalized silicene nanosheets for standard VOCs emitted by canonical
food products like meat, fruits, and vegetables. We have systematically analyzed the
structural parameters, the energetics, the electronic structures, and charge transfers when
silicene-based 2D materials are used to adsorb the VOC molecules. Based on these, we
have concluded that F-silicene is a better candidate as a sensor. Our insights from such
analysis of microscopic physics are then put to the test by modeling sensor devices and
making a direct comparison with the experimental quantities. We find that F-silicene
indeed has a much better sensitivity than pristine silicene as far as VOCs from food
products are concerned. This is due to the presence of highly electronegative -F atoms
on the surfaces makes it highly reactive, enabling greater electron trasfer between the
substrate and the molecules. The sensitivities for select molecules obtained by using F-
silicene as the sensing material compare well with the available results using other 2D
materials as sensors. Moreover, silicene-F is able to clearly discriminate between at least
four molecules: Acetone, Dimethylsulfide, Methyl acetate, and Toluene. The selectivity
is comparable to the other two. Finally, we establish the re-usability of silicene-based
sensors to detect these VOCs by computing the desorption time under excitation by
visible light. We find that the physisorption of the adsorbates actually helps in faster
desorption of molecules. This, in turn, should enhance the sensor’s re-usability [245].
The results with F-Silicene, upon comparison with Graphene based ones presented in the
pervious chapter, demonstrates greater sensitivities when used as chemiresistive sensor.
So, F-Silicene could be used as a chemiresistive sensor due to it’s charge trasfer property,
work-function difference, large shifting of HOMO-LUMO shifts makes it a good sensing
material. Thus F-Silicene can be considered as an alternative to Graphene based sensors
in the context of monitoring food degradation.
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Chapter 5

Understanding the sensing potentials of
MXene ScoCO9 and ScoCO9/ W Ses
MXene/TMDC heterostructure

towards VOCs of standard food
products

In this chapter we explore sensing capabilities of ScoCOs and ScoCO,/WSes heterostruc-
ture towards VOCs of standard food products, the markers of their stages of degra-
dation, considered in the previous two chapters. Among the family of 2D materials,
MXenes, the class of materials with the general formula M, X, T,, (M an early tran-
sition metal, X is C or N, T a surface passivating group, n > 0,an integer) offer excel-
lent metallic conductivity, hydrophilicity, and large interlayer spacing that make them
ideal for surface interactions and rapid electron transfer.The flexibility in their structure
and composition make them explorable towards improvements in sensing applications.
Subsequently,several MXenes have turned out to be significantly sensitive towards dif-
ferent VOCs [246, 247, 38, 248, 249, 220, 250, 38, 251, 252|. Transition metal dichalco-
genides(TMDCs) is another family of materials found to be useful as chemiresistive sen-
sors for VOC sensing|253, 254, 142, 255, 256, 137, 257, 258, 259, 260, 261].

Van der Waals(vdW) heterostructures built out of 2D materials from different fami-
lies can have a quick transition between their building blocks with an abrupt inclination
of carrier concentration over the interface [262|. The possibility of synergistic contribu-
tion from the constituents having different electronic attributes (band structures, Work
functions) can lead to a regulated band alignment of the heterostructure enabling easy
transport of carriers and efficient separation of electrons and holes [263]. This would lead
to improved sensing and selectivity towards VOCs when adsorbed on them [264, 265].

Differences in surface activities, Work functions and electronic properties of a MXene
and a TMDC can be exploited in an advantageous way by building a heterostructure with
these two as constituents. The differences in their properties can induce new features at
the interface and give rise to novel properties. This has been observed in the context of
memory device applications, for example in ScoCOq/VSes heterostructure[266]. Improved
sensing properties with regard to gas molecules including VOCs in MXene/TMDC het-
erostructures have also been observed both computationally and experimentally [267,
268, 269|. For example, TizCyT,/WSey shows significantly improved NO sensitivity
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[270], attributable to optimized Work-function alignment, efficient charge transfer at
the heterointerface, and suppression of metal-induced gap states. MoS,/TizCyT, het-
erostructures deliver rapid carrier transport via conductive MXene channels and abun-
dant adsorption sites on MoS,, leading to heightened sensitivity and fast response to
different gases [271].Due to presence of WSes in WSey/VoC heterostructure,the sensing
performance towards detection of ammonia is found to improve considerably [272]. A re-
cent computational study of ScaCO,, ScaCOy/WSey and ScaCOy/MoSes TMDs demon-
strated improved sensitivity towards detecting phosgene (COCly) due to formation of
MXene/TMDC heterostructure [273].

Exploration of potentials of MXene, TMDC and their heterostructure as sensors to-
wards applications in the area of food quality assessment is practically absent. Apart from
a recent computational study [38] that investigated the efficiencies of several MoCT, MX-
ene sensors in detecting the VOCs associated with spoilage of meat, there is no other work
available. Using Density Functional Theory(DFT) based calculations, in this work, we
perform a detailed study into the sensing abilities of MXene ScyCO, and its heterostruc-
ture with TMDC WSe, towards the VOCs that are markers of degradation of generic
fruit, meat and vegetables [193, 194, 195].A total of six VOCs - Acetone, Dimethylsul-
fide, Ethanol, Methonol, Methylacetate and Toluene, are the ones that make distinction
between different stages of spoilage of these food products possible. Results from previous
two chapters show that r-GO and F-Silicene can clearly distinguish Acetone, Dimethyl-
sulfide, Ethanol and Toluene from a mixture of these six [274, 275|. We, therefore, choose
these four for the present study. ScoCOs MXene is chosen for the following reasons: (a)
among all MXenes, it possesses highest surface area per unit weight making it attractive
for gas sensor applications [220], (b)it is among a handful of Mxenes that are synthesised
[276] and (c)it is one of the rare semiconductors in the MXene family having a large
electronic band gap. As major changes in its electronic structure, most notably in the
electronic band gap, are anticipated upon interactions with VOCs, this opens the door
for microscopic comprehension of the expected variations in its response following adsorp-
tion of various VOCs. The reasons for choosing WSe, for making heterostructure with
SceCOy are its complimentary electronic properties, compatible 2D layered structure,
possibility to form a type-II heterojunction facilitating the charge separation enabling
improved sensing performance. This uniqueness of WSes; has already been exploited in
sensing applications [277, 278|.

Subsequently, in this chapter, we explore the impacts on structural, electronic, op-
tical and adsorption characteristics of ScoCO5 and its heterostructure with WSe, upon
interaction with the four VOCs mentioned above. By analyzing the variations in adsorp-
tion energy, charge transfer, electronic structure, Work function and optical properties
due to VOC exposure, we provide insights into the fundamental mechanisms governing
VOC sensing and identify key descriptors for sensor optimization. The findings of our
study highlight the outstanding suitability of the ScoCOy/WSes heterostructure for VOC
sensing applications. This study offers theoretical guidance for the development of high-
performance VOC sensors based on 2D MXene-TMD heterostructures, and underscore
the critical role of interfacial engineering in enhancing the sensitivity and selectivity of
VOC sensors.
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(d)

Figure 5.1: Top and side views of optimized structures of (a)ScoCO5 and (b)WSey; mono-
layer Top and side views of optimized ScaCOy/WSes heterostructure in (¢)AA,(d)BB,and
(e)CC arrangements.

5.1 Methodology

The structural relaxations are done using the Conjugate-gradient method by setting the
energy and force convergence limits as 107% eV and 1072 ev A~!, respectively. The
systems are modeled by 3 x 3 x 1 supercells where a vacuum of 15 Aalong z-direction
is kept throughout so that interactions between periodic images can be avoided. Plane
waves upto energy of 450 eV are considered to ensure convergences in computed quantities.
During self-consistent calculations, Brillouin zone is sampled with a ['-centered 3 x 3 x 1
k-point mesh. A denser mesh of 17x17x 1 is used for computation of electronic structures.

5.2 Results and Discussions

5.2.1 Structural and electronic properties of MXene and TMDC
/MXene heterostructure

Optimized ground state structure of ScoCOo MXene monolayer is shown in Figure 5.1(a).
The inversion symmetry is broken in the structure due to asymmetric nature of surface
functionalization: the O-atom on one of the surfaces occupies the hollow site associated
with the Sc atom while on the other surface, it occupies the hollow site associated with
the C-atom. Consequently, Sc®| the Sc atom on the lower surface in Figure 5.1(a) is in
an octahedral crystal field, while Sc™™, the Sc atom on the top surface is in a trigonal
prismatic crystal field. The calculated lattice parameter is 3.43 A, in excellent agreement
with the reported results [279]. The ground state structure of WSey is shown in Figure
5.1(b). WSey crystallizes in a honeycomb-like structure where each W atom is in a
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Figure 5.3: Total, atom-projected and orbital-projected densities of states (DOS) of
(2)ScaCO4,(b)YWSe;y and (¢)ScoCO2/WSey heterostructure in CC arrangement.

trigonal prismatic crystal field formed by surrounding Se atoms. The calculated lattice
constant of WSe, is 3.31 A, in good agreement with existing results [280).

Since the mismatch between computed lattice parameters of ScoCOs and WSe, mono-
layers is only 3.6%, they can be stacked vertically to create a 2D vdW heterostruc-
ture. In Figure 5.1(c), we show three possible arrangements: AA where the O atom of
ScoCOg,closest to WSes is directly above the W atom, BB where the O atom closest to
WSe, is directly above the Se atom and CC where the O atom closest to WSes is above
a W-Se bond in WSe,. The stability of the heterostructures is assessed by calculating
their binding energies

Eb - [Ehetero Ead ESczCOQ - EWSEQ] (51)

Eletero 15 the total energy of the heterostructure. Eywg., and Eg.,co, are the energies
of pristine monolayers of WSe; and ScoCO», respectively. The results are presented in
Table 5.1. Significant negative values in each stacking arrangement implies that this
heterostructure can be grown. We find that the binding is strongest in case of CC
arrangement. This is consistent with earlier findings [273]. The interlayer distance also
matches exactly to the results of Reference [273]. We,therefore,use the CC arrangement
only for further investigations into the heterostructure.

In Figure 5.2 and 5.3, respectively, we present the electronic band structures and the
densities of states(DOS) of the MXene, the TMDC and the heterostructure formed by
them. We find excellent agreement with the existing results. Our calculated band gaps
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Figure 5.4: Optimized geometries of (a) acetone, (b) dimethylsulfide, (c¢) ethanol and
(d)toluene adsorbed on ScoCO,. The top(bottom) row of the figure stand for top(side)
views of the adsorption configurations. Purple,brown,red,white and yellow balls represent
Sc,C,0,H and S atoms.

X 0 XX XX

Figure 5.5: Optimized geometries of (a) acetone, (b) dimethylsulfide, (¢) ethanol and
(d)toluene adsorbed on ScaCOy/WSey heterostructure. The top(bottom) row of the fig-
ure stand for top(side) views of the adsorption configurations. Purple,brown,grey, sil-
ver,red,white and yellow balls represent Sc,C,W,Se,O,H and S atoms.

of ScoCO2 and WSey monolayers are 1.85 eV and 1.63 eV respectively. They match well
with the existing values [279, 280]. The band structure of the heterostructure(Figure
5.2)(c) shows that it is essentially a superposition of bands from the constituents, typical
characteristic of 2D vdW heterostructures with weak coupling between layers. It is a
direct band semiconductor with gap of 1.35 eV. The reduction in band gap with it being
transformed from indirect (in ScoCOs) to direct is due to the WSe, layer.The valence
band maxima of the heterostructure is totally contributed by WSe, while the conduction
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Figure 5.6: Band structures of (a) acetone, (b) dimethylsulfide, (c¢) ethanol, and (d)
toluene -adsorbed ScyCO4 surface. In each case, the green(orange) lines correspond to
the contribution from ScoCOq(molecules).

Table 5.1: Interlayer distance d(A), binding Energy Ej (eV) and band gap (éV) in case
of different arrangements of constituents in ScaCO5/WSes heterostructure.

Arrangement | d Ey Band gap
AA 3.39 | -63.95 1.45
BB 3.41 | -63.99 1.43
cc 3.55 | -64.04 1.35

band minima is due to ScoCO,. This enables efficient separation of electron-hole pairs at
the heterointerface. The sensory response is expected to be enhanced as a consequence.

Total, atom-projected and orbital-projected electronic densities of states correspond-
ing to ScoCOy, WSey and the heterostructure are shown in Figure 5.3(a)-(c),respectively.
In ScoCO,, d-states of Sc(!) contribute substantially to the band edges. While there is
strong hybridisation of Sc(Y) —d,0—p and C—p orbitals making up the valence band max-
ima, the conduction band minima is contributed by Sc™") only. In WSe,, strong hybridi-
sation of W—d and Se—p make up both band edges. Upon formation of heterostructure,
the contributions from the constituents do not mix near the top of the valence band. It is
d-orbitals of W and p-orbitals of Se that fill up the states available near Fermi level in the
occupied part of the spectrum. The opposite happens at the bottom of the conduction
band. Exactly like pristine ScoCOs, the states at the bottom of the conduction band are
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due to Sc(M) alone. This implies the transport of carriers across the interface.

5.2.2 Adsorption of VOCs on surfaces

5.2.2.1 Structural and electronic Properties

The optimized geometries of VOC-nanosheet complexes after adsorption are shown in
Figures 5.4(for ScoCO4 surface) and 5.5(for WSey/ScaCO4 surface). The adsorption en-
ergy E,q and D, the distance between surface and VOC, are presented in Table 5.2. The
results suggest physisorption of VOCs. Analyzing them together, we find that there is
a correlation between them. Acetone adapts the closest approach to the ScoCOq sur-
face positioning its strongly polar C=0O group directly above electronegative surface O
atoms. This gives rise to strong electrostatic coupling between molecular dipole and sur-
face, producing highest adsorption energy among the four. In case of physisorption on
different surfaces like r-GO [275] and F-Silicene [274], Toluene had the largest adsorption
energy among the same molecules considered in this work.In those cases, the molecule
was adsorbed almost parallel to the surfaces leading to the strongest interactions between
7 electrons of the molecule and surfaces. In contrary, the Toluene molecule on ScoCO4
is adsorbed in a near perpendicular manner. Despite this, the adsorption energy in this
case is next to that of Acetone adsorption. Upon inspecting the geometry, we find that
the origin of large E,4 is the strong interaction between hydrogen atoms on the benzene
ring of toluene and O atoms on the surface of ScoCO;y. The electron rich benzene ring
polarizes the surface electrons as the molecular polarizability of toluene is substantial;
this promotes stronger vdW attraction, compared to the other two molecules, etahnol
and dimethylsulfide. Thus, even without a favorable 7-surface contact with ScoCOs, the
large polarizable 7 electron cloud of Toluene contributes to strong binding via dispersion
and multipole interactions. Among Ethanol and Dimethylsulfide, the former binds at
a shorter distance from the surface, yet the adsorption energy is lower. In comparison
to Acetone and Toluene, E,4 of Dimethylsulfide is less because of its weaker molecular
dipole and less effective overlap of the S lone pair with the surface atoms. The weakest
adsorption seen in case of Ethanol is due to its orientation during adsorption. Figure
5.4(c) shows that the optimized configuration is where the -OH group is closest to the
surface. This limits strong hybridisation and restricts interactions to moderate hydrogen
bond-like electrostatic forces.

Table 5.2: Adsorption Energy E,q (eV), distance between VOC and surface D (A), chrage
transfer AQ(e) of VOC-nanosheet complexes

Nanosheet vVOC E.q D AQ
ScaCOy/WSey Acetone -0.688 | 2.28 | -0.738
Dimethylsulfide | -0.580 | 2.20 | -0.330
Ethanol -0.361 | 2.64 | -0.178

Toluene -0.637 | 2.53 | -0.361
ScoCOq Acetone -0.587 | 2.38 | -0.040
Dimethylsulfide | -0.518 | 2.88 | -0.057

Ethanol -0.340 | 2.73 | -0.101
Toluene -0.579 | 2.40 | -0.004

The same trend is observed in case of WSey/ScoCOy heterostructure. The only dif-
ference is that the E,4 in each case is larger in comparison with cases of adsorption on
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ScoCOs. This indicates that the presence of WSey; makes the binding stronger. From
Table 5.2, we find that the largest change is E,; happens in case of Acetone, followed
by Dimethylsulfide. The adsorption geometries shown in Figure 5.5 explain this. For
both cases, the molecules are adsorbed perpendicularly on the surface, reducing their
distances. This makes the interactions, same as when the surface was pristine ScoCOs,
stronger. The orientations for the other two cases are hardly different from the respective
cases of adsorption on pristine ScoCO», explaining the trends in E,; completely. More-
over, presence of WSe, produces an internal electric field which makes the polarization
stronger leading to higher binding energies.

,\
)

Energy(eV)
Energy(eV)

~
O
~

Energy(eV)
Energy(eV)

Figure 5.7: Band structures of (a) acetone, (b) dimethylsulfide, (c¢) ethanol, and (d)
toluene-adsorbed ScoCOy/WSes heterostructure. The blue (green)lines are contributions
from WSey (SceCOs2). The orange lines are contributions from the molecules.

The changes in electronic structures upon adsorption of VOC molecules in pristine
ScoCO4 and its heterostructure are important to investigate as it can provide insights into
sensing characteristics of the surfaces qualitatively. In Figures 5.6 and 5.7, we show the
band structures of VOC-adsorbed ScaCOy and WSe;y /ScoCO», respectively. We find that
molecular adsorption brings in noticeable change in the band structure of the ScoCOs.
Irrespective of the molecule adsorbed, the valence band maxima and conduction band
minima both shift to the I' point. Moreover, the valence bands near Fermi energy are
flatter along M-K direction. We find significant contributions from the molecular states
along this direction. The band structures are very similar across different VOC-ScoCOs
complexes; only in case of Acetone, a flat band, completely due to the molecule, appears
in the conduction region. This reduces the electronic band gap of this system significantly

TH-3944 206121020 82



— Total

T T T
I — el 1
selllp
— scl@d 1
| sc)p ]
<)
— Olp) .
Dimethylsuide_C(p)
I —— Dimethylsulfide_S(p) 1
Dimethylsulfide_H(s)
) /\/\J\
AN A P 2
4

Energy (eV) Energy (eV)

—~
O
~
=)
o

[o}
o

[}
o

DOS (states/eV)
5

DOS (states/eV)

; . -
(C) w— Total 1 (d ) 100 ‘ ‘ _‘ Total
— Sclt)d L sl d
100 |- s 1 Yy
sl p
— | — Sc(2)d <y
> Scl2)p > 75 — s |
(0] 751 cp) T Q .
B O(p) g o
a) | — P} Of
-o(-“' Ethanol_C(p) :(§ 50 - T::ene C(p) T
:‘U)/ 50 H Ethanol_O(p) - ) Tuluene:H{s)
Ethanol_H(s)
) (7))
o (]
S 25 n 25 1
/ Y
0_4 2 0 2 4 0 6 2 = 4
Energy (eV
gy (eV) Energy (eV)

Figure 5.8: The total,atom-projected and orbital-projected densities of states (DOS) of
(a) acetone-, (b) dimethylsulfide-, (¢) ethanol- and (d) toluene- adsorbed ScyCOs.

in comparison with other three VOC-MXene complexes. In case of these three, the band
gap decreases by 1.5-2.6 % only. This happens due to shift of the conduction band edge
towards lower energies. Similar changes in the band gaps occur when the adsorbent is the
heterostructure of WSey and ScoCO4 (Figure 5.7). However, contrary to the case when
ScoCOs is the adsorbent, the band gap increases for all cases except adsorption of Acetone
(Table 5.3). Like the case of ScoCO5 adsorbent, a flat band due to molecular states, appear
in the conduction part when Acetone is adsorbed on the heterostructure surface (Figure
5.7(a)) leading to reduction in the band gap. The increase in the band gaps in other
three cases (in comparison to that in pristine heterostructure) is due to shifting of both
valence band maxima and conduction band minima to I' point; the contributions to them
still coming from same components of the heterostructure as is seen in case of pristine
surface. This suggests that except for the case of Acetone, adsorption does not affect the
band structures drastically upon changing the adsorbate, implying physisorption in all
cases.

To understand features observed in the band structures in a finer and comprehensive
way, we present the total, atom-projected and orbital-projected densities of states (DOS)
of VOC adsorbed ScoCOy and WSes /ScoCOo monolayers in Figure 5.8 and 5.9, respec-
tively. From Figure 5.8, we find that in the occupied part, the states at the band edges
are mostly contributed by the C-p of the VOC, Sc(V) — d,0-p and C-p states of ScoCOs
monolayer. The O-p of Acetone, S-p of Dimethylsulfide, O-p and H-s of Ethanol and H-s
states of Toluene lie deeper into the valence band signifying strong adsorption. The con-
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Figure 5.9: The total, atom-projected and orbital-projected densities of states (DOS) of
(a) acetone-, (b) dimethylsulfide-, (¢) ethanol- and (d) toluene-adsorbed ScoCOq/WSes
heterostructure.

duction band edge in all cases are made up of Sc(M-d orbitals. In case of Acetone-ScoCOs,
however, we find impurity-like states due to C-p and O-p orbitals of Acetone in the gap,
corroborating the band structure (Figure 5.6(a)). The positions of the band edges in the
other three cases are near identical to that observed in pristine ScaCOy monolayer (Figure
5.3(a)),consistent with the reductions in the band gaps reported in Table 5.3.The densi-
ties of states of VOC-heterostructures show that the states near the valence band edges
are contributed by W-d and Se-p orbitals alone. The contributions of MXene and molec-
ular orbitals contribute at lower energy values. In the unoccupied part of the spectrum,
though the band edge is from Sc(!), the states near show strong hybridisation with WSe,
and the molecular orbitals.The band edge positions for Ethanol and Toluene adsorbed
systems are identical while they shift slightly to lower energies in case Dimethylsulfide
adsorbed heterostructure. The band gap values reported in Table 5.3 are consistent with
this. In case of Acetone adsorption,an isolated molecular state, like the one observed in
case of only ScoCOs being the adsorbent, is found which corroborates the band structure
(Figure 5.7(a)).

5.2.2.2 Charge transfer and charge density difference

Charge re-distribution and subsequent transfer due to adsorption of VOCs are directly
related to the sensing abilities of adsorbent 2D materials when proposed as chemiresis-
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Figure 5.10: Isosurface charge density plots of (a)acetone-, (b)dimethylsulfide-,
(c)ethanol- and (d)toluene-adsorbed ScyCO,. Yellow and cyan represent charge accu-
mulation and depletion,respectively. The isosurface value is taken to be 0.0004 e/3 .

Figure 5.11: Isosurface charge density plots of (a)acetone-, (b)dimethylsulfide-,
(c)ethanol- and (d)toluene-adsorbed ScoCOs/WSey heterostructure. Yellow and cyan
represent charge accumulation and depletion,respectively. The isosurface value is taken
to be 0.0004 ¢/3 .

tive sensors. These can be correlated with the changes in the electronic structures and
the strength of adsorption. In Figures 5.10 and 5.11 we present the isosurface plots
of charge density differentials for VOC-adsorbed ScoCOy and ScoCOy/WSes, reespec-
tively. These plots show the pattern of charge distribution with change in VOC and the
adsorbent.(),the amount of total charge transfers between surface and VOC are shown
in Table 5.2. CDD for Acetone on ScoCOy shows small localised depletion around the
O of C=0 bond of the molecule and weak accumulation on the surface. This suggests
weak dipole-induced physisorption,that is, mainly electrostatic polarisation between the
two. This is supported by small amount of charge transfer from molecule to the surface.
In case of Dimethylsulfide on ScoCOs4, we find small charge patches around the S atom
of the VOC and the closest Sc atom, suggesting interaction between the lone pair of S
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Figure 5.12: Calculated (a)sensitivity (59%°) and (b)selectivity of ScyCO, and
ScaCO2/WSey Chemiresistive sensors. Calculated (c)sensitivity (S¢) and (d)Selectivity
of them when used as Work-function based sensor.

and the surface. () value of only -0.06e indicates weak physisorption in this case too. In
case of Toluene adsorption on ScoCO4, we find minimal charge re-distribution suggested
by isosurfaces confined mostly on the surface. This is supported by almost no charge
transfer as seen in the computed value of ). The largest ) found in case of Ethanol
adsorption on ScoCO5 can be understood from more visible depletion around the -OH
group of the molecule facing the surface. The isosurface structure suggests a hydrogen
bonding like interaction with a noticeable electron polarisation.

Heterostructure of ScoCOy and WSe, as the adsorbent surface brings in substan-
tial changes in the charge-redistribution and amount of charge transferred to the sur-
face.Highlights of the isosurfaces for Acetone-heterostructure system are massive deple-
tion around the molecule along with patches of accumulation on C and O of the surface,
suggesting strong charge transfer to the surface. The largest () in this case supports this.
Larger accumulation around the S atom ,vanishing of depletion regions from the surface
and an order of magnitude larger (), in comparison with those in case of adsorption on
ScoCO4y,when Dimethylsulfide is adsorbed on the heterostructure, indicates a stronger
donation through the S lone pair. Substantial re-distribution of charges can be seen in
case of Toluene. Larger accumulation in the contact region of VOC and the surface along
with vanishing depletion on the surface indicate larger charge transfer enabled by the
heterostructure in comparison to MXene surface.Computed @) value of -0.361e justifies
this. () in case of Ethanol adsorbed on the heterostructure, like others, though increase
with respect to adsorption on pristine ScoCO,, the increment is not as substantial. Accu-
mulation of depletion around -OH of the VOC, with moderate depletion on the surface O
atoms suggests that the moderate increase in () is solely due to heterostructure induced
polarisation.
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The results provide us with an overall picture regarding the influence of WSes in the
heterostructure. The formation of an interface by bringing in WSe,, introduces an in-
built electric field which is responsible for strong polarisation. Due to this, molecules can
transfer charge more efficiently. WSey provides additional scope of orbital hybridisation,
the effect of which is seen in case of significant changes in the band gap for Dimethyl-
sulfide adsorbed surface. The charge—density difference isosurfaces and corresponding
Bader charge analysis reveal a clear correlation between interfacial charge redistribution
and molecular adsorption strength for VOCs on both surfaces. On pristine ScoCOs, only
small amounts of charge transfer occur (—0.004e to —0.10e), consistent with weak to mod-
erate adsorption energies and predominantly physisorptive interactions driven by dipole
polarization (Acetone, Ethanol) or polarization induced van der Waals forces (Toluene).
In contrast, the heterostructure induces substantially larger charge transfer (—0.18e to
—0.74e), accompanied by significantly enhanced and spatially extended charge accumula-
tion /depletion at the adsorption interface, indicating stronger orbital hybridization and
stronger bonding. This heterostructure-enabled charge-transfer amplification is expected
to improve the sensitivity, particularly towards Acetone and Toluene.

Table 5.3: Band gap E,(eV), Workfunction ¢(eV) and recovery time 7(s) of differnt VOC-
nanosheet complex.

Nanosheet vVOocC E, ¢ T

ScaCO2/WSey Acetone 1.138 | 3.573 | 6.01 x 1078

Dimethylsulfide | 1.436 | 4.238 | 7.44 x 107

Ethanol 1.400 | 5.082 | 1.07 x 10710

Toluene 1.407 | 3.361 | 2.24 x 1078

ScoCOy Acetone 1.446 | 5.550 | 8.52 x 10~

Dimethylsulfide | 1.824 | 5.445 | 2.24 x 107°

Ethanol 1.835 | 5.447 | 7.15 x 10~

Toluene 1.827 | 5.428 | 7.30 x 107?
(a) (b)
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Figure 5.13: Sensitivity (a)S9* and (b)S? of various 2D materials. The results are pre-
sented for comparison.
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5.2.3 Sensing abilities of Sc,CO, and its heterostructure with
WSez

As discussed in chapter 3, a qualitative estimate of relative sensitivities of a sensor ma-
terial can be obtained if it is a semiconductor. In this case one can exploit the relation
o x exp(E,/2kgT); o, E,, kg, T the conductivity, electronic band gap, Boltzmann con-
stant and temperature, to compute the sensitivity from changes in £, due to adsorption
of VOC. An appropriate normalized expression for sensitivity S9** is given as|281]

§oas (%) = | TYOC — Tpure | o 100%, (5.2)
ovoc + Opure

ovoc(Opure) is the estimated conductivity of the surface after(before) VOC-adsorption.

In Figure 5.12(a),we compare S9%° of ScoCOy and ScoCOy/WSey monolayers towards
the four VOCs considered. We find that for both cases, S9%° is highest for Acetone.
This is understandable from the variations in electronic band gaps. Strong polarization
induced by Acetone makes charge transport easier leading to the highest sensitivity. For
ScoCO9 monolayer, the sensitivities towards Dimethylsulfide and Toluene are the same.
The system has least sensitivity towards Etahnol. This can be attributed to weakest
adsorption strength in this case. Sensitivities in all cases are amplified when the sensing
material is the TMDC/MXene heterostructure, as was expected from the charge density
distributions and adsorption energies. Moreover, all four sensitivities are distinctly dif-
ferent. This is reflected in the selectivity presented in Figure 5.12(b). While Ethanol and
Toluene can not be separately recognized by ScoCOs sensor, the heterostructure makes
it possible.Thus, formation of the heterostructure with WSe, makes the performance of
ScoCO4 sensor improved.

In Figure 5.12(c), we compare S?, the sensitivity when these two 2D materials are
used as Work function based sensor.Computed ¢y for ScoCOy and ScoCO2/WSes het-
erostructure is 5.35 eV and 4.84 eV, respectively. In Table 5.3, we show the ¢ values after
adsorption of different VOCs. While ¢ increases irrespective of the VOC when they are
adsorbed on ScyCOs, opposite trend is observed when the adsorbent is the heterostruc-
ture. In this case, except for Ethanol, adsorption reduces ¢ substantially with Acetone
and Toluene adsorption registering large changes. Accordingly, we find low and compa-
rable S? for all molecules adsorbed on ScoCO, while distinguishible S? across VOCs is
obtained for adsorption on the heterostructure. This is aptly reflected in the associated
selectivity (Figure 5.12(d)). While ScoCOo Work function sensor cannot discriminate be-
tween Dimethylsulfide and Ethanol, the heterostructure one distinguishes all four VOCs
considered. Like the chemiresistive one, this result too demonstrates the superior perfor-
mance of ScoCO4 sensor when it is put into a heterostructure form with WSes,.

In Figure 5.13(a) and (b), respectively, we compare S9° and S? of the two 2D sys-
tems considered here with those of two other materials, F-Silicene and GO, ones that
have been investigated with regard to sensing these four VOCs [274, 275] in the previous
chapters. We find that as chemiresistive sensor, ScaCOy/WSes heterostructure perfor-
mance is comparable to that of F-Silicene, the best performer, with regard to sensing
Acetone. Overall, it is the only one, other than F-Silicene, that can discriminate between
the four VOCs clearly. As a Work function based sensor, it performs far better than the
other three with substantial sensitivities towards Ethanol and Acetone. Therefore, this
heterostructure, in comparison to other sensors considered for assessing their potentials
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in detecting these four VOCs, can be considered as a potentially useful sensor material
in all counts.

In Table 5.3, we present the results of 7 for the two sensors.The results suggest that
both can be used as reusable sensor since re-usability requires 7 < 10°s [177]. Moreover,
the shorter recovery time in both cases, in comparison with GO and F-Silicene [274, 275],
suggest faster desorption of the gas molecules, enhancing its utility.

(a Z | | | | ( b ) | ‘ ‘ Pr‘istine 802062
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Figure 5.14: Variations in the imaginary part of the dielectric function ¢ with photon
energy for pristine and VOC-adsorbed (a) ScaCO2/WSey and (b) ScaCOs.

Finally, we examine the potential of these two 2D materials as optical sensors in the
context of sensing these four molecules. Unlike the gas sensors,direct calculation of sensi-
tivity is not possible with optical sensors.Only qualitative understanding of sensitivity is
possible through computation of the imaginary part of the dielectric function [282, 283],as
is discussed earlier. In Figure 5.14, we, therefore, present results on €, the imaginary
part of the dielectric constant. We show the changes in €?, upon adsorption of the
four VOC molecules on a given surface. We find that with either adsorbent, the energy
range of 3.5-7 eV can be considered relevant. We find that in case of ScoCOq better
distinguishibility is obtained in the range of 3.75-5 eV, where curves corresponding to
pristine and different VOC-adsorbed ScoCO4 can be identified. This is not so in case of
the heterostructure.Therefore, as optical sensor in the UV region of the electromagnetic
spectrum, performance of ScoCO, trumps its heterostructure counterpart. .

5.3 Conclusions

MXenes are a relatively new class of 2D materials that have shown their immense po-
tential in many applications including sensing of environmental gases, and biomolecules
that are markers of terminal disease. In comparison, exploration of MXenes as sensors
to detect the state of deterioration of food products remain untouched. On the other
hand, heterostructures of MXenes with other 2D materials like TMDCs have been found
to enhance functinalities in various applications. In this work, we have investigated
the sensing abilities of semiconducting MXene ScoCO, and its heterostructure with well
known TMDC WSe, towards four important VOC molecules emitted by standard food
products during various stages of their degradation. Using DFT, we have studied in
detail the nature of microscopic interactions at the adsorbate-adsorbent interfaces and
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subsequent impacts on properties associated with sensing. We find that the incorporation
of the TMDC layer significantly enhances the sensing ability of the MXene by amplifying
the adsorption strength through making available the scope for more orbital hybridisation
and the charge transport through the interface due to an internal electric field arising out
of substantially different Work functions of the constituents of the heterostructure.The
results suggest the heterostructure performs better than the bare MXene in sensing and
distinguishing the VOCs when it is considered a chemiresistive as well as a Work function
based sensor. The bare MXene works better as an UV optical sensor. We also find that
this MXene-TMDC Work function sensor outperforms F-Silicene and GO, two other 2D
semiconductors investigated as sensors for the same purpose. As a chemiresistive sensor
t00, its performance in comparison to these two are reasonably well. The full potential of
this MXene and its heterostructure in the context of food technology can be explored in
future by computing the transport properties in a model device setup as has been done
recently [274, 275]. This work is the first that explores a MXene and its heterostructure
in the area of food quality assessment. The encouraging results make way for future in-
vestigations with different MXenes, their heterostructures and different VOCs associated
with specific food products, a field of materials research,hitherto uncharted.
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Chapter 6

ScoCTy (T = O, S, F ) MXenes as
nanosensors for detection of biomarkers
of papaya fruit

6.1 Introduction

One of the most widely consumed and significant tropical fruits in terms of commerce is
papaya which is a member of the Caricaceae family. They are commonly utilised to make
a variety of food products, or they can be eaten raw as a vegetable or matured fresh for
table use [284, 285|.Papaya contains health-promoting phytochemicals like carotenoids
[286], phenolics [287], sugars [288], vitamins A, C, E, and B complex [289], minerals like
magnesium and potassium [285], and the enzyme papain (especially in green papaya)
[289]. They also contain anticancer glucosinolates and cyanogenic glucosides [290]. Their
distinct color and flavor are due to emission of a complex variety of volatile organic
compounds (VOCs). Over 300 VOCs|284] consisting of esters, alcohols, and aldehydes,
contributing significantly towards its aroma [291|. Out of these, six biomarker VOCs
that can efficiently distinguish between the ripening stages, have been identified in a
recent work [292]. As VOCs are being used as a non-invasive identifier to identify plant
phenotypes, cultivar kinds, and fruit sensory qualities [293, 294|,the VOCs released by
papaya fruits during their ripening process may be utilised as a real-time, non-invasive
marker to describe their nutritional content and the stage of maturity. However, no gas
sensor, working on the principles of electronic nose [295] that can exploit these biomarkers
for non-evasive monitoring of ripening stages and the nutritional values of papaya, is yet
realized.

In this chapter, we seize this opportunity and perform a computational study on
interaction between Papaya VOCs and a 2D material to assess its performance as a mon-
itoring device for Papaya degradation. The 2D material of our choice for this work is
ScoCTy MXenes where T is the functional group that passivates the surface of ScyC
MXene while exfoliated from it’s precursor MAX phase, an inevitable phenomenon, dis-
cussed in chapter 1. Since MXene surfaces can be passivated with different T(depending

The contents of this chapter are published in 2026, Phys. Scr. 101 (2026) 115903 DOI: 10.1088/1402-
4896 /aeddc8
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upon the synthesis), this offers a lot of flexibility in its composition which can be used
to our advantage by exploiting structure-property variations. In the previous chapter,
we have observed the potential of ScoCOy Mxene in sensing and discriminating among
standard VOCs associated with generic food materials. Therefore, while investigating a
specific food product like Papaya fruit, we are motivated to explore this particular MXene
and its compositional flexibility.

In what follows, we have investigated the utility of ScoCTy (T=0,F,S) MXenes in
detection and separation of prominent VOCs emitted by Papaya fruit during its stages of
maturing. Out of the six biomarker VOCs (Methyl hexanoate, ethyl butanoate, methyl
butanoate,3-carene, longifolene and D-limonene), methyl hexanoate, 3-carene and longi-
folene were found to display a valid correlation with the ripening associated changes
in select fruit nutritional parameters as their concentrations increased [292|.Therefore,
in this study we have considered two out of these three VOCs (methyl hexanoate and
3-carene) and two from the rest three (methyl butanoate and D-limonene) for our inves-
tigation. By computing the electronic structure, charge transfer, work function changes,
optical and electronic transport properties with the help of first-principles Density Func-
tional Theory (DFT) [210] and non-equilibrium Green’s function method (NEGF)|[237],
we have estimated the efficacy of ScoCTy MXenes as chemiresistive, work function based
and optical sensors. We find that only ScoCSs, as a chemiresistive sensor, can clearly
distinguish between them with reasonable sensitivity. The uniqueness of this work and
subsequent novelty stems from the fact that unlike almost all computational and even
experimental investigations into the sensing abilities of various two-dimensional sensor
materials which dealt with relatively smaller and structurally simpler molecules, this
work has investigated sensing abilities of a material upon adsorption of large and com-
plex molecules (complexities of the structures are detailed in the next sections) that are
extremely relevant in daily lives of people in the real world.

6.2 Methodology

In order to make sure the physical quantities are not affected by periodic image inter-
actions, a supercell of 4 x 4 x 1 and a vacuum space of 30 Aperpendicular to the 2D
sheet is used all along. The relaxation of the ionic positions are done by the conjugate
gradient method. The structures underwent full relaxation until the residual force on
individual atoms and per-atom energy change are smaller than 0.01 eV/A and 1077 eV,
respectively.A 5 x 5 x 1 Monkhorst-Pack special k-point mesh [213] is used to sample
the Brillouin zone during self-consistent calculations. For calculations of electronic struc-
tures, a 17 x 17 x 1 k-point grid is sampled. The plane wave cut-off energy is taken to be
550 eV. Throughout the calculations, we use Grimme’s van der Waals (vdW)-corrected
DFT-D3 dispersion correction technique [238]to take into account long-range van der
Waals interactions.

6.3 Results and Discussions

Unlike the bulk of literature on gas molecule adsorption on 2D materials, the molecules
considered here are bigger and complex. 3-carene and D-limonene are cyclic monoterpenes
with chemical formula C;9H6, while both methyl butanoate and methyl hexanoates are
esters; the former with chemical formula C5H,00O5 and the later with C;H4O5. In Figure
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Figure 6.1: Optimised structure of isolated 3-Carene((a) top view, (b) side view), D-
Limonene ((c¢) top view, (d) side view, Methylbutanoate ((e) top view, (f) side view),and
Methylhexanoate ((g) top view, (h) side view).

6.1 we show the optimized structures of the molecules. 3-carene consists of a cyclohexene
ring with a C-C double bond (C3-Cy4 in Figure 6.1(a)); a cyclopropane ring (the vertices
are made up of Cy, Cs and C; in Figure 6.1(a)) fused onto it. Three methyl (CHs)
groups, one on the double bonded Carbon C; and two at the bridgehead Carbon C;
are attached to the main rings. The computed C-C bond lengths associated with the
double bond, cyclohexane and cyclopropane rings are 1.34-1.36 A, 1.52-1.54 Aand 1.50
A, respectively. The C-H bond length is 1.09 A. The corresponding bond angles are 120°,
107.5°-109.5° and 60°, respectively. There is no available experimental or theoretical
results on the structural parameters of 3-carene. However, since it is a hydrocarbon with
one C-C double bond fused to a cyclopropane, its bond lengths and bond angles can be
well approximated by standard values for these motifs. With that approximation, we find
that our results agree reasonably well with the available structural data [296].

The structure of D-limonene consists of a cyclohexane ring, a methyl group
(C;—Ho—H;p—Hy; in Figure 6.1(c)), an isopropenyl group ((CHz)=C(CHj); the three C
atoms are Cg,Cy,Cyo in Figure 6.1(c)). There are two C-C double bonds - one inside
the ring (C;-Cg in Figure 6.1(c)) and one in the isopropenyl group (Cs-Cy in Figure
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Figure 6.2: (a)-(c): Top View of Pristine ScoCOs, ScoCFy, ScoCS, respectively. (d)-(f):
Side view of Pristine ScoCOq, ScoCFy, ScaC'Ssy respectively.
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Figure 6.3: (a)-(c) Densities of states (DOS)for ScaCOy, ScaCFy, ScyC'Sy, respectively.

6.1(c)). The computed C-C bond lengths associated with the double bonds, C atoms
inside the cyclohexane ring and the bonds connecting cyclohexane ring and the methyl
groups are 1.34 A, 1.52-1.54 Aand 1.47-1.50 Arespectively. The corresponding bond
angles are 120°,107.5 °-109.5° and 120°, respectively. The results agree very well with the
available experimental and theoretical estimations [297].

Methyl butanoate and methyl hexanoate have near identical structures. The structure
consists of a carbon chain containing 4(6)carbon atoms for the former(later). On one end
the chains are terminated by a carbonyl group (C=O0); an ester functional group O-
CHj is attached to the carbonyl group (Figures 6.1(e),(g)). For Methyl butanoate, the
C=0 bond distance (C4-O; in Figure 6.1(e)), the C-O bond distance (C4-Oq in Figure
6.1(e), for example) and C-C bond distance in the carbon chain are 1.22 A, 1.36-1.42
Aand 1.51-1.52 A, respectively. The corresponding bond angles are 123.2°,116°-119° and
109.5°-112.5° respectively. The corresponding bond distances in methyl hexanoate are
1.20-1.22 A, 1.33-1.39 Aand 1.51-1.52 A, respectively. The bond angles are near identical
to those in methyl butanoate. Our calculated results agree very well with the available
experimental results [298, 299].

In Figure 6.2, we show the optimized structures of the MXene nanosheets. The
structures are obtained by minimizing the total energy of each compound with respect to
the positions of the surface passivating functional groups. In ScoC MXene, a functional
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Figure 6.4: (a)-(c)optimized geometries, (d)-(f) iso-surface charge density plots, (g)-
(i)total, atom and orbital projected densities of states (DOS) of 3-Carene adsorbed on
SceCOq, ScaCFy and ScoCSa, respectively. In (a)-(c), purple, silver, yellow, red, brown
and pink stand for Sc,F,S,0,C and H atoms respectively. In (d)-(f), yellow and cyan
colours indicate charge accumulation and depletion, respectively. The isosurface value is
taken to be 0.0003 e/A3.

group -T can occupy three different positions on a given surface : position H (hollow
site above Sc associated with the opposite surface), position C (hollow site above C)
and position T (site directly above Sc associated with the same surface). Accordingly,
several configurations arising out of different combinations of occupying sites for -T are
possible. We find that while the minimum energy configuration for ScoCF5 is HH (both
-F atoms are in H position), the symmetry is broken for the other two. For both cases,
the configuration is CH, making the two Sc atoms inequivalent. Hence, the Sc atom
at the top (along 001 direction)surface is marked as Sc(!) while the one at the bottom
(along 00-1 direction) surface is marked as Sc(®. The lattice constant, Sc-O bond length
and C-O bond lengths of ScaCO, nanosheet are 3.41 A, 2.08 Aand 1.64 A, respectively.
The bond-angle of O-Sc-O is 109.95°. The computed structural parameters are in good
agreement with the existing results[300]. In case of ScyCFy, the lattice constant, Sc-F
bond length and C-F bond length are 3.26 A,2.19 Aand 3.04 A, respectively, the bond-
angle of F-Sc-F is 56.07°, in excellent agreement with existing results[301]. Corresponding
structural parameters of ScoCS, are 3.76 A, 2.48 Aand 1.95 A, the bond-angle of S-Sc-S
is 98.21°.also in good agreement with the existing results|[300].

In Figure 6.3, we show the total, atom and orbital projected densities of states for
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Figure 6.5: (a)-(c)optimized geometries, (d)-(f) iso-surface charge density plots, (g)-
(i)total, atom and orbital projected densities of states (DOS) of D-limonene adsorbed on
ScoCOq, ScaCFy and ScoCSa, respectively. In (a)-(c), purple, silver, yellow, red, brown
and pink stand for Sc,F,S,0,C and H atoms respectively. In (d)-(f), yellow and cyan
colours indicate charge accumulation and depletion, respectively. The isosurface value is
taken to be 0.0003 e/A3.

the three MXenes considered in this work. Only d and p-orbitals of Sc and p-orbitals of
C and functional group atoms are shown.The ground states of all three compounds are
semiconducting with band gaps of 1.788 eV, 1.011 eV and 1.499 eV for ScoCO,, ScoCFy
and ScyCS,, respectively. The results agree well with the existing ones [300, 301]. We
find that the valence band maxima and conduction band minima of Sc;COy are due
to Sc(V) d states. There is strong hybridisation between Sc, O and C states. Similar
features are observed in ScoCFy. However, unlike ScoCOs, the states are more localised
in the occupied part and de-localised in the unoccupied part. The densities of states of
ScoCSy largely resembles ScoCOs, except that there is strong hybridisation of Sc states
near conduction band minima and that in comparison with ScoCOs, the states in the
unoccupied part are more delocalised and are pushed towards lower energies. Moreover,
the S p-states in ScoCSs occupy higher energies in comparison with O p-states in ScoCOs.

In Figures 6.4(a)-(c), we show the optimized geometry of 3-carene after adsorption
on ScoCOsg, ScoCFy and ScaCS,, respectively. The optimised geometries of D-limonene,
methyl butanoate and methyl hexanoate after adsorption on the three MXenes are pre-
sented in Figures 6.5-6.7(a)-(c), respectively. The optimized geometry in each case is
obtained by calculating total energies of various different orientations of the molecules
with respect to the MXene, and after relaxation of bond lengths and bond angles. In case
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Figure 6.6: (a)-(c)optimized geometries, (d)-(f) iso-surface charge density plots, (g)-
(i)total, atom and orbital projected densities of states (DOS) of methylbutanoate ad-
sorbed on ScaCOq, ScoCFy and ScyCS,, respectively. In (a)-(c), purple, silver, yellow,
red, brown and pink stand for Sc,F,S,0,C and H atoms respectively. In (d)-(f), yellow
and cyan colours indicate charge accumulation and depletion, respectively. The isosurface
value is taken to be 0.0003 e/A3.

of 3-carene and D-limonene, we find the preferred orientation is the one where the cyclo-
hexane rings of the molecules are perpendicular to the ScoCO4 surface. Both molecules
prefer a parallel orientation of the cyclohexane ring with respect to ScoCS, nanosheet.
The situation is mixed in case of ScoCF5 as adsorbent. While cyclohexane ring of 3-carene
prefers a perpendicular orientation, that of D-limonene prefers to be adsorbed parallel to
ScoCFo. In case of methyl butanoate and methyl hexanoate, the orientations are similar
for all three adsorbents : the ester (carbonyl)group being closest to the surface for the
former(later). The structural parameters of 3-carene do not change much after their ad-
sorption on either of the three MXenes. The bond lengths remain intact while the bond
angle associated with C-C double bonds is now dispersed, with variations being 2°-3° with
respect to the value obtained for the isolated molecule. Additionally, the C-C-C bond
angle associated with the cyclohexane ring reduces by 2° when the molecule is adsorbed
on ScoCFy. For D-limonene, only the C-C-C bond angle associated with the cyclohex-
ane ring reduces by 2°-3° (with respect to those in isolated molecule) when adsorbed on
ScoCO4 and ScoCFy. The bond angle associated with the ester group in methylbutanoate
reduces significantly, irrespective of the adsorbent; the changes are as large as 4°-6°. The
bond angles between C atoms in the carbon chain of methyl hexanoate, on the other
hand, increase by 2°-3°, irrespective of the adsorbent nanosheet.

These structural features can be correlated with the strength of adsorption reflected in
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Figure 6.7: (a)-(c)optimized geometries, (d)-(f) iso-surface charge density plots, (g)-
(i)total, atom and orbital projected densities of states (DOS) of methylhexanoate ad-
sorbed on ScaCOq, ScoCFy and ScaCS,, respectively. In (a)-(c), purple, silver, yellow,
red, brown and pink stand for Sc,F,S;0,C and H atoms respectively. In (d)-(f), yellow
and cyan colors indicate charge accumulation and depletion, respectively. The isosurface
value is taken to be 0.0003 e/A3.

E.q4, the adsorption energy. The results on E,4 and D, the distance between the nanosheet
and the molecule, presented in Table 6.1, suggest that the molecules are physisorbed on
MXene sheets. The weakest adsorption, quantified by the smallest E,g4, is found to be for
methylbutanoate adsorption. D too, in this case, turns out to be the largest. This can
be correlated with reduction in the bond angle associated with the ester group attached
to the molecule,the one that is closest to the surface. In case of adsorption of 3-carene
and D-limonene on either of the three MXene nanosheets, F,; values are substantially
larger than in case of adsorption of the other two VOCs. Moreover, the values are
close to each other. These indicate that the adsorption of 3-carene and D-limonene are
qualitatively different than the other two. Across the three adsorbent nanomaterials,
qualitative variations of E,4 correlate with D, as is clear from Table 6.1.

The highest values of E,; are obtained in cases of 3-carenene and D-limonene ad-
sorption on ScoCSy. When these two molecules are adsorbed on ScoyCOs, like in case
of ScoCSy, Eyy are very close.When the adsorbent is ScoCF,, larger E,, is obtained in
case of D-limonene adsorption. We find a correlation between the configurations of the
molecules during adsorption and the corresponding F,;. On ScoCSs, both molecules ad-
sorb in a parallel orientation. This increases the region of contact with the nanosheet
and provides more sites of adsorption in comparison with cases where the orientations of
the molecules are different. Comparatively smaller and near identical E,; when these two
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molecules are adsorbed on ScoCO5 can be correlated with the perpendicular orientations
of the molecules with respect to the MXene nanosheet during adsorption. This is fur-
ther corroborated by the fact that E,4 is larger when D-limonene is adsorbed on ScyCFs
in a parallel orientation in comparison with adsorption of 3-carene in a perpendicular
orientation with respect to the ScoCFy surface.

In Figures 6.4-6.7(d)-(f), we show the corresponding isosurfaces of charge density
differential 0p. These, along with total charge transfer (), presented in Table 6.1, provide
insights into the interactions between the VOC and the nanosheets. We find that in case of
VOC-ScyCO4 complexes, charge is mostly accumulated on the molecules, suggesting the
charge transfer between the components are small. This is supported by relatively small
values of () in those cases. In case of VOC-ScyCFs, less charges are accumulated on the
molecules in all cases as is observed from the Figures 6.4-6.7(e). This is reflected in Q < 0
in all cases. Significant amount of charge accumulation is observed in the region between
the MXene and the VOC molecule in case of 3-carene and D-limonene adsorption on
ScyCSs. In contrast, charges are concentrated on the VOC in case of methylbutanoate and
methylhexanoate adsorbed on this MXene. This is consistent with the VOC-nanosheet
interactions being the strongest in cases of 3-carene-Sco,CSy and D-limonene-ScoCSs.

2
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Figure 6.8: Band structure of (a) Pristine (b) 3-Carene (¢) D-Limonene (d) Methylbu-
tanoate (e) Methylhexanoate adsorbed ScoCOs.The turquoise (magenta)lines correspond
to the contributions from ScoCOy (molecule) bands.

To get more insights, we take recourse to the total, and atom projected densities of
states (DOS) of the VOC-MXene complexes. The results are shown in Figures 6.4-
6.7(g)-(i). The band structures before and after adsorption of VOC are also presented in
Figures 6.8-6.10. Upon comparing Figures 6.4 (g)-(f), we find significant differences in the
electronic structures of the complexes when same VOC 3-carene is adsorbed on different
MXenes. Like pristine ScoCO,, the VBM and CBM of the 3-carene-ScoCOs complex are
due to Sc™") atoms.The positions of the VBM and CBM remain almost identical, with
negligible modification in the electronic band gap(Table 6.1). The dominant p-states of
the VOC hybridise with the Sc d, C p and O p states of the MXene significantly, thus
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Figure 6.9: Band structure of (a) Pristine (b) 3-Carene (c¢) D-Limonene (d) Methylbu-
tanoate (e) Methylhexanoate adsorbed ScoCF5. The turquoise (magenta)lines correspond
to the contributions from ScoCFy (molecule) bands.
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Figure 6.10: Band structure of (a) Pristine (b) 3-Carene (c¢) D-Limonene (d) Methylbu-
tanoate (e) Methylhexanoate adsorbed ScyCSy. The turquoise (magenta)lines correspond
to the contributions from ScoCSy (molecule) bands.

lending no substantial impact on the electronic structure in comparison with that of bare
MXene. There is some visible change in the densities of states, in comparison with that
of bare ScyCFy when 3-carene is adsorbed. A new peak at around -0.5 eV appears in
the occupied part of the spectrum. This is due to hybridisation of p states of C in the
cyclohexane ring of the VOC with the d states of Sc and p states of C and F of the
Mxene. The unoccupied part remains unchanged. However, despite appearance of the
molecular states,no changes are observed in the positions of the VBM and CBM, leaving
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Figure 6.11: (a)-(c¢) Optical absorption co-efficients and (d)-(e) reflectances of bare and
VOC-adsorbed ScoCOy, ScoCFy, ScoCSy respectively.

the band gap nearly unchanged. Significant changes are observed when the nanosheet is
ScoCSe. We find a shallow peak around -0.5 eV solely due to the p states of C atoms
associated with the cyclohexane ring of 3-carene. Moreover, the conduction band is
pulled substantially towards lower energy. This reduces the electronic band gap by 0.138
eV. This suggests stronger interactions between the VOC and the nanosheet that re-
distributes the electronic states significantly. This is consistent with the adsorption energy
and charge density distribution discussed earlier. The densities of states of each D-
limonene-ScoCTy complex (Figure 6.5(g)-(i)) is near identical to the corresponding 3-
carene-ScoCTy compound. This goes with the variations in the adsorption energy, and
charge distribution. The only noticeable difference is in case of ScoCF5 where the p
states of C belonging to the cyclohexane ring in D-limonene are deeper than those in
3-carene-ScoCFo.  This is consistent with the variations in the adsorption energy and
points towards an artifact of stronger interaction between the VOC and the nanosheet
due to the geometry of adsorption. The densities of states of methylbutanoate-ScoCTs
compounds (Figure 6.6(g)-(i)) show that the molecular states (p states of C and O in
the ester group)have distinct isolated molecule like states deep inside the valence band.
The states are the deepest in case of ScoCOy (between -2 eV and -3 V). Distinct peaks
due to states occupied by these two constituents of the molecule are found around -1.5
eV and -2.5 eV when it is adsorbed on ScoCF5. These states are further up in energies
when Sc,CSs, is the adsorbent. For this system, the unoccupied part is pushed towards
higher energies, thus affecting the band gap only slightly (by 0.025 eV). The changes in
the band gaps are one order of magnitude less when the molecule is adsorbed on the other
two MXenes. This suggests weaker interaction between the VOC and the MXenes, in
comparison with the previous two cases and is consistent with the qualitative variations
in the adsorption energy and charge density distributions. The densities of states are very
similar for all cases when methylhexanoate is adsorbed (Figure 6.7(g)-(i)).Our analysis
therefore suggests that impacts due to adsorption of 3-carene and D-limonene are very
similar and is qualitatively different from the effects due to adsorption of the other two
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(which have significant similarity among themselves) on MXene surfaces. Moreover, out
of the three, ScoCS, is more responsive in comparison with the other two when different
VOCs are adsorbed on its surface. In the following we check this by computations of
quantities related to sensing ability of a material.

Table 6.1: Variations in the Adsorption Energy (E,;), Distance between nanosheet and
VOC D, Chrage transfer between VOC and nanosheet Q, electronic band gap (E,),
Workfunction ¢ and sensitivity of work function based sensor S?of VOC-MXene com-

plexes.
Nanosheet vocC Eui(eV) | D (A) | Q(e) | Ey(eV) | ¢p(eV) | S?(%)

ScaCO2 - - - - 1.788 5.354 -
3-carene -0.960 2.28 0.0007 | 1.789 5.347 0.1
D-limonene -0.956 2.20 0.0066 1.787 5.290 1.02
Methylbutanoate | -0.640 2.64 | 0.0064 | 1.791 5.299 1.03
Methylhexanoate | -0.904 2.53 0.0044 1.787 5.329 0.46

ScoCFy - - - - 1.011 4.799 -
3-Carene -0.938 279 | -0.0171 | 1.013 4.731 1.4
D-Limonene -1.015 2.53 -0.0300 1.012 4.748 1.07
Methylbutanoate | -0.581 232 | -0.0111 | 1.014 4.725 1.56
Methylhexanoate | -0.837 2.86 | -0.0291 | 1.012 4.753 0.96

SCQCSQ - - = = 1.499 5.902 -
3-Carene -1.175 2.68 0.0049 1.361 5.773 2.2
D-Limonene -1.133 2.75 | -0.0110 | 1.375 5.792 1.89
Methylbutanoate | -0.515 3.18 0.0076 1.524 5.732 2.96
Methylhexanoate | -0.740 2.97 0.0021 1.507 5.779 2.1

First, we investigate the effectiveness of these three MXenes as work function based
sensors towards these four biomarkers for papaya. In Table 6.1, we present the results for
&, ¢o and S®. We find the sensitivities of all the systems are quite low. Highest sensitivity
(between 2-3 %) is obtained for ScoCSs. In this case, D-limonene and methyl butanoate
can be distinctly recognized. The close values of S¢ for the other two makes it difficult
to distinguish them. The worst performance is found for ScoCOy where sensitivity is
nearly zero for 3-carene and methyl hexanoate while they are almost identical for the
other two. This makes use of ScoCO4y as work function based sensor for papaya VOCs
ineffective. The situation is somewhat better in case of ScoCF5. The qualitative nature
of the work function variation and resulting sensitivity is consistent with the variations
in the electronic structures of the VOC-MXene complexes where ScoCSs is more reactive
towards the VOCs in comparison to the other two.

We next explore the possibility of using these MXenes as optical sensors to detect the
papaya VOCs. The results for the absorption coefficients and reflectances are presented in
Figure 6.11. Analysing the absorption coefficients of three MXenes before and after VOC
adsorption (Figure 6.11(a)-(c)), we find that the following: (a )For ScaCO4 and ScoCFy,
the absorption spectra of four different VOC-MXene complexes are barely distinguishable
in the UV region of the electromagnetic spectrum which accounts for only 7% of solar
energy. On the contrary, spectrum of all four can be distinguished in the energy range
of 2.23-3.2 eV when the VOCs are adsorbed on ScyCSs. Since this energy range is in the
visible part of the spectrum, this can be utilised far more effectively for detection of the
VOCs using optical probe. The computed reflectances (Figure 6.11(d)-(f)) too follow this
trend. We, therefore, conclude that only ScoCSy can be utilised as an optical sensor to
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Figure 6.12: Schematic illustration of the nanodevice setup in ScoC'Sy nanosheet. The
device consists of semi-infinite electrodes on left and right (rectangular area), and a central
scattering region where the VOCs are adsorbed.

detect and separate biomarkers of papaya.

Subsequently, we investigate only ScoCSs for chemiresistive sensor application by com-
puting the transport properties using NEGF method. The sensor is simulated by consid-
ering a two-probe model that consists of a central scattering region and two electrodes
on either side of it.The electrodes act as the source and the drain while the VOCs are
adsorbed in the central scattering region through which the transport takes place along
z-direction. The setup is shown in Figure 6.12.

In Figure 6.13 we show the transmission coefficients 7" (E) of the four VOC-ScoCSs
compounds, as a function of energy F, calculated using Equation(5). The results are
obtained with zero bias voltage (V, = 0). Clear distinctions between the transmission
coefficients of certain complexes at positive energies can be seen.From the inset of the
figure, we find that transmission co-efficients due to 3-carene and D-limonene adsorbed
ScoCSsy are clearly separable while the contributions due to methylbutanoate and methyl-
hexanoate are near identical and almost same as that of bare ScoCS,.This indicates that
sensitivities of 3-carene and D-limonene will be distinctively different. In Figure 6.14,
we show computed values of S9%°, the chemiresistive sensitivity, for ScoCSy. As expected
and discussed throughout the chapter, 3-carene and D-limonene can be separated out
from the mixture of VOCs. The other two, too, are separable but their sensitivities are
extremely low. The results indicate that ScoCS, can be an useful chemiresistive sensor to
detect and separate biomarkers of papaya. The low sensitivities obtained in this calcula-
tion may raise doubts about its utility in a real application. However, this calculation has
been done considering the smallest amount of each VOC, that is a single molecule. In a
realistic set-up, there are more molecules present and therefore the possibility of getting
higher sensitivities is bright as has been established elsewhere [222]. Finally, in Table 6.2,
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Table 6.2: Calculated response time 7 (in s) of ScoCTy gas sensors. The calculations are
done at room temperature (7' = 300K) and under visible light (1o = 10'3 s71).

Molecule SceCOs ScyCFy SceCSy
3-Carene 1.15x 10™° 7.56 x 107% 7.40 x 10~*
D-Limonene 1.07 x 1075 3.35 x 107° 3.28 x 1074
Methylbutanoate | 2.37 x 1078  7.58 x 1072 2.11 x 107
Methylhexanoate | 3.91 x 107 1.07 x 107® 1.64 x 1077

we present the results of 7 for the three MXene sensors.The results suggest that all three
MXene can be used as reusable sensor for sensing papaya VOCs.

6.4 Conclusions

Papaya, a fruit consumed heavily and having numerous health benefits, emit six ma-
jor VOCs that can act as its biomarkers. In this work, using a combination of DFT
and NEGF, we have investigated the sensing abilities of ScoCTy 2D MXene compounds
towards detection of four prominent VOCs emitted by papaya. We have explored the
potentials of these systems as work function, optical and chemiresistive sensor. We find
that ScoCSy stands out in sensing the VOCs in a distinctive manner. It performs well
both as work-function and optical sensor but it’s sensitivity is low as a chemiresistive
sensor. Although the computed sensitivities are low but they can be improved under
realistic conditions where more than one VOC molecule of each type are present simul-
taneously during the experiments. We have shown that the comparative sensing abilities
can be understood from the geometry of adsorption and resulting electronic structures.
To our knowledge, this is the first ever work to model a sensor for detection of papaya
biomarkers. The results are expected to open up possibilities to investigate other 2D
materials based sensors for detection of ripening stage of papaya, a need of the hour. A
bigger picture placing MXenes as potential 2D sensors for detection of quality of various
food products, also emerges from this study.
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Chapter 7

Summary and future direction

7.1 Summary

In this dissertation, different 2D materials and VOCs from generic and specific food items
have been considered with the motivation to assess the potentials of the 2D materials as
sensors towards detecting VOCUs. This has significance with regard to discovering useful
sensors that can help monitor the quality of food products in a non- evasive and smart way.
Computational study in this area of research is relatively new and under-explored.The
work in this thesis is a comprehensive presentation on microscopic understanding of sens-
ing in the area of food technology using state of the art computational techniques. The
thesis has covered three prominent class of materials with regard to their interaction
with quality markers of generic as well as specific food products. Each work follows a
specific structure: first the understanding of VOC-2D material interactions and their
consequences at the electronic level and then computations of sensing parameters that
can be directly compared with experiments. The combinations of 2D material and the
food quality markers(VOCs) used in this thesis provide significant insights into interac-
tion of the two, based upon which systematic choice on sensors materials can be made
judiciously. This work, to our knowledge, is first of its kind since the strategies adopted
throughout, which not only enables understanding of complex interactions at the elec-
tronic level, but also mimics a real device and computationally characterizes it, in the
field of food technology. The summary of each chapter is as follows.

In Chapter 3, we have investigated the potentials of Graphene and its two derivatives
GO and r-GO with regard to sensing and discriminating six VOCs that act as biomarkers
for stages of degradation of standard food item like fish, meat and vegetables. The
assessment is done for using them as chemiresistive and work function based sensors. The
work is motivated by an experiment which discarded r-GO as an inefficient sensor material
as it could not seperate the VOCs. On the contrary our calculations stood r-GO in good
stead. Both as a chemiresistive sensor and as a work function based sensor, it could
differentiate between four VOCs, each with reasonable sensitivity. Pristine Graphene
turned out be much less useful while GO turned out to be workable as a work function
based sensor.

In Chapter 4 we considered free-standing silicene and Fluorine passivated Silicene(F-
Silicene) as the possible sensing materials and explored their performances as chemire-
sistive sensor with regard to the same set of VOCs considered in chapter 3. With the help
of adsorption energy, charge transfer and positions of HOMO and LUMO of the VOC-
2D material complexes, we assessed their potentials before performing device simulation.
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The sensing parameters derived from device simulation corroborated the assessments from
electronic structure calculations and understanding based upon the quantities calculated
before device simulation. F-Silicene turned out to be sensitive and selective to four(out
of six) VOCs, a performance at par with r-GO observed in chapter 3. The sensitivity
of F-Silicene is found to be far superior than that of r-GO. This poses F-Silicene as an
alternative to Graphene based ones, as a sensor for monitoring food degradation.

In Chapter 5 , another set of materials are investigated with regard to detection
of the four VOCs which both r-GO and F-Silicene could conclusively segregate. ScoCOs
MXene and it’s heterostructure with WSey, a TMDC, are considered for this investigation.
The exciting outcome of this work is significant gain in the sensitivity due to formation of
the heterostructure. A combination of two materials with different electronic properties
led to an electric field across the interface of the heterostructure enabling easy charge
transport, amplifying sensitivity as a consequence. A comparative sensing performance
of SceCO2 and Wsey /ScoCO4 are presented with reference to F-Silicene and r-GO. Tt
turns out that the MXene/TMDC heterostructure can be as useful as F-Silicene when
used as a chemiresistive sensor and outperforms others as a Work function one.

In Chapter 6, we exploit the compositional flexibility of MXene family to assess the
sensing performance of ScoC MXene, passivated with three different functionals:-O, -F
and -S , each realizable in experiments, with regard to prominent VOCs from Papaya.
Unlike the previous three chapters, the uniqueness of this work is in picking up a specific
food product and much complicated VOCs associated with it. The investigation based on
electronic structure related parameters and device simulation, showed that out of three,
only ScoCSs can be considered as a chemiresistive sensor, that can discriminate between
the VOCs released by Papaya. This work paves the way to use the strategy adopted
throughout the thesis to be used in connection with detection of complex VOCs associ-
ated with specific food products.

7.2 Future Direction

Few directions that can make natural extension of this thesis are:

e Metallic MXenes like TisCyT,, VoCT, and Nb3C,T, can be explored with regard
to both specific and generic food VOC detection and segregation.

e TMDC, despite being investigated and with promising outcome, towards sensing
hazardous gases and biomarkers of terminal diseases, have never been used in the
context of sensing VOCs from food items. This thesis opens up the scope for ex-
ploring members from TMDC family as sensors for food quality assessment.

o TMDC-MXene heterostructure is another class of materials that can be excellent
in sensing as is exemplified in this work. Future investigation can explore this di-
rection.

e 1-GO, F-Silicene and newly discovered metallic monolayers like Goldene can be as-
sessed as sensors with regard to VOCs from specific food items. Like the case of
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Papaya, VOCs from pear fruit, banana or tomato are large and complex molecules.
One direction of future work can therefore be about testing grounds of these 2D
materials when interacted with complex molecules.
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