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ABSTRACT 

Although small compounds can also be extremely powerful cancer biomarkers, early illness 

detection, particularly cancer detection, mostly focuses on the precise recognition of large-sized 

molecules, such as proteins or DNA. Clinical trials have shown the potential of breath analysis for 

detecting various serious illnesses including cancer.  

The non-invasive and early identification of physiological diseases using gas analysis of 

exhaled breath has gained popularity. The identification and monitoring of diseases may benefit 

greatly from the development of gas sensing of volatile organic compounds (VOCs) and inorganic 

gases in exhaled breath. These substances can give insight into a person's metabolic state and 

numerous medical disorders, including cancer. For instance, studies have shown that breath analysis 

can identify particular VOCs linked to various cancers, including lung, breast, liver, and colorectal 

cancers. Moreover, breath analysis has demonstrated potential in the diagnosis of multiple sclerosis, 

Parkinson's disease, and other neurodegenerative disorders. 

The use of nanomaterial-based sensors has shown great potential for the development of 

highly selective, sensitive, and cost-effective sensors for breath analysis. These sensors can detect 

and quantify specific biomarkers present in exhaled breath samples that are indicative of different 

physiological disorders. Hence, the principal objectives of this project are to comprehensively 

investigate the biosensing capabilities of diverse families of nanomaterials toward specific disease 

biomarkers. 

We studied the sensing capability of a Carbon Nanotube (CNT)-based sensor toward toluene 

as a well-known lung cancer biomarker and tuned its properties. Later, liver cancer biomarkers 

(octenol, decane, and hexanal) detection were explored employing the CNT sensor. The results 

disclosed that the targets were physisorbed on the bare single-walled CNT, however, their 

adsorption was enhanced by surface modifications, and they were chemisorbed on the modified 

sensor substrate.  

Then, in search of new disease biomarkers, we looked at other popular nanomaterials 

including black phosphorene and transition metal dichalcogenides (MoS2, WS2). For instance, the 

MoS2 biosensor was used to study the detection of biomarkers for colorectal cancer, such as 
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benzaldehyde and indole. The outcomes demonstrated that the sensor could effectively capture 

biomarker molecules after increasing the sensor's sensing capabilities. 

Next, the sensing behavior of novel nanomaterials such as BC6N, and PdPS/Se toward 

organic and inorganic molecules were scrutinized. For example, the body releases inorganic 

compounds such as Ammonia (NH3) through the breath and urine during the metabolism of 

proteins. Nonetheless, elevated levels of NH3 in the breath can be a sign of renal disease. 

Finally, point of care (POC) diagnostics were developed based on the single-walled CNTs. 

An experimental test setup were assembled, along with these chips and devices for this purpose. 

Their ability to sense molecules was investigated, with formaldehyde serving as a key indicator 

for lung cancer. It was divulged that the sensitivity of fabricated field-effect transistor (FET) 

SWCNT toward formaldehyde in presence of humidity (mimicking human breath) can be 

improved after its surface functionalization. 

All in all, biomarkers play an important role in clinical practice, and cancer research, and 

the development of new biomarkers and technologies for their detection and analysis has the 

potential to improve cancer diagnosis and treatment outcomes. Ergo, our findings will enable us 

to comprehend nanomaterial-based biosensors and platforms more fully and identify the disease 

biomarkers. It might also pave the way for a novel approach to early disease diagnosis and 

especially cancer monitoring. 
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Chapter 1 

INTRODUCTION 

1.1 Motivation 

Nanotechnology, a developed technology based on quantum mechanics, molecular biology, 

material science, microelectronics, and computer technology, is a scientific way to synthesize new 

materials on nanoscales. The ideas and concepts behind nanoscience and nanotechnology started in 

December 1959 with a talk called “There’s Plenty of Room at the Bottom” by physicist Richard 

Feynman at an annual meeting of American Physical Society at the California Institute of 

Technology, long before the term nanotechnology was used. Over a decade later, Prof. Tanggulachi 

firstly defined this newly emerged subject as nanotechnology [1]. 

The National Nanotechnology Initiative (NNI) in the United States describes 

Nanotechnology as “a science, engineering, and technology conducted at the nanoscale (1 to 100 

nm), where unique phenomena enable novel applications in a wide range of fields, from chemistry, 

physics and biology, to medicine, engineering and electronics” [2].  

The field of nanotechnology has recently focused more on gas sensing technology. The 

discipline has rapidly grown as demand for highly sensitive and selective sensors has increased, 

with applications spanning, health, public safety, agriculture, and industry.  

Gas sensing is essential for managing chemical processes, preventing air pollution and 

health risks, contaminating devices, and making medical diagnoses. The creation of novel systems 

for gas sensing with high sensitivity, selectivity, stability, and quick reaction and recovery has taken 

a lot of work [3, 4]. In theory, gas sensors function by converting detectable signals from gas 

adsorption. Due to their outstanding performance and inexpensive cost, conductance-based gas 

sensors have earned a lot of interest. 

Nanotechnology-based gas sensors for the detection of diseases through exhaled breath are 

devices that detect and analyze the chemical composition of exhaled breath to identify specific 

biomarkers that indicate the presence of certain diseases. These sensors use advanced technology 

to detect even trace amounts of gases and volatile organic compounds (VOCs) in breath samples, 

http://media.wiley.com/product_data/excerpt/53/07803108/0780310853.pdf
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which can help diagnose diseases such as lung cancer, asthma, and chronic obstructive pulmonary 

disease (COPD) at an early stage. The use of gas sensors for disease detection through exhaled 

breath offers a non-invasive and cost-effective alternative to traditional diagnostic methods, making 

it an attractive option for healthcare providers and patients alike. 

The potential of new materials, and the development of semiconductors as sensing 

components have also fueled the development of the sensing industry [5, 6]. Semiconductors are 

the foundation of modern solid-state and electronic devices [7]. The number of transistors per 

square inch on integrated circuits doubles annually, according to an observation known as Moore's 

law [8]. The size of the devices has continually dropped at a rate similar to that predicted by Moore's 

law due to a variety of advancements in semiconducting materials, their characteristics, and the 

procedures used to fabricate them [9]. The performance and efficiency of these devices have greatly 

increased as a result of their reduction in size. 

The market for point-of-care (POC) and in vitro diagnostic (IVD) devices for the detection 

of diseases through exhaled breath is growing rapidly, driven by the increasing prevalence of 

chronic diseases and the need for non-invasive and accurate diagnostic tools. The global market for 

breath analyzers is expected to reach $1.4 billion by 2024, with a CAGR of 24.6% from 2019 to 

2024, and the U.S. breath analyzers market is anticipated to expand at a CAGR of 15.4% from 2022 

to 2030. These growth projections highlight the importance and potential of developing new and 

innovative gas sensor technologies for disease detection through exhaled breath. So, one of the 

motivations behind this dissertation comes from the market, where there is a rising daily desire for 

new technological products especially in POC and IVD devices. 

Due to their widespread use and high sensitivities, metal oxide-based gas sensors have been 

the subject of much research in recent years [10]. However, a very high operating temperature 

would be used in order to provide a strong response to the targeted gases. This compromises the 

practical applications of these devices because it increases power consumption and poses thermal 

safety issues [11]. Another motivation behind this dissertation is to make new gas-sensing materials 

with extremely high surface-to-volume ratios and robust surface activities is a remarkably simple 

and effective method for creating gas sensors that operate at low or room temperature.  

Nowadays, two-dimensional (2D) nanomaterials, a class of single-atom thick materials 

could now solve the obstacles. They can create high-mobility, low-power, large-area, flexible, and 
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inexpensive electronic devices and have a number of advantages for further miniaturizing nano-

electronic devices [12-15]. They are resilient to the effects of quantum confinement due to their 

inherent thinness. Additionally, 2D materials do not have problems with dangling bonds or surface 

roughness. Consequently, because of their outstanding qualities, 2D nanomaterial-based nano-

electronic devices have the potential to transform the global market. 

Due to their exceptional semiconducting performance and distinctive, thickness-dependent 

physical and chemical features, such as extremely high surface activity and huge surface-to-volume 

ratios, 2D layered nanomaterials have attracted a lot of attention [16-19]. Furthermore, field-effect 

transistors (FETs) with low power requirements and good thermal safety may be made with ease 

from 2D layered nanomaterials. These benefits set 2D layered nanomaterials apart from traditional 

metal oxides and provide them with a bright future in the creation of ultrahigh sensitivity and power-

efficient sensor platforms. 

Last but not lease motivation for this dissertation is to help in early diagnosis of serious 

diseases such as lung cancer, liver cancer, colorectal cancer and Alzheimer [20]. Since ancient 

times, physicians have known the relationship between a person's smell and corresponding disease 

state. Breath analysis dates back to ancient Greeks, who used exhaled breath for diagnosis of 

different diseases. For example, a sweet, fruity odor can be a sign of complications from diabetic 

ketoacidosis, a sewer smell of breath can be an indication of lung disease and bacterial proliferation 

and a fishy smell can be indications of liver ailments [21, 22]. For these reasons, improved 

diagnostic methods are necessary. 

1.2 General Statement of Problem Area 

The discovery and development of disease biomarkers have revolutionized the diagnosis 

and treatment of many diseases. The ability to identify diseases using human breath has been made 

possible by modern nanotechnology, which has allowed the development of gas sensors that can 

detect and monitor a variety of diseases from human breath. The use of advanced materials and 

technologies for the detection of volatile organic compounds (VOCs) in human breath such as 

semiconductor gas sensors can achieve simultaneous recognition for many analytes, improving the 

accuracy of diagnosis when used in conjunction with pattern-recognition technology. The analysis 

of volatile organic compounds in exhaled breath samples provides a new frontier in medical 

diagnostics due to their noninvasive nature and possible cost-effectiveness. 
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Among the possible one-dimensional materials in gas detectors, Carbon nanotubes (CNTs) 

have exhibited emerging advances especially for fabricating field-effect transistor (FET)-type gas 

sensors [23, 24]. The single wall carbon nanotube (SWCNT) is a great candidate for gas sensing 

applications thanks to its small size, high surface-volume ratio, excellent charge transfer, fast 

response, high sensitivity, high adsorption capacity and low operational temperature. 

Inspired by the triumphs of graphene, other 2D nanomaterials, such as transition metal 

dichalcogenides (TMDs), MoS2, MXenes, silicene, borocarbide, and borophene, to name a few, 

have become the center of intense research for the development of advanced gas sensing devices 

[25-27]. Due to the significant direct band gap that is caused by spin-orbit coupling in phosphorene, 

and TMDs, these materials have garnered a lot of attention. For example, unlike semimetallic 

graphene, phosphorene has a semiconductor character with a high carrier mobility of up to 1000 

cm2 V−1 s−1 at room temperature, making it a promising candidate for nanoelectronic and gas 

sensing applications [28, 29]. Thickness-dependent band gap, significant in-plane anisotropy, and 

high carrier mobility are some of phosphorene's most noteworthy characteristics [30].  

Besides, in MoS2’s monolayer, numerous studies have shown that the band gap, energy 

levels, and electronic structure properties can be well tuned (e.g., range from 1.0 to 2.0 eV) [31] by 

a variety of physical and chemical parameters [32], such as chemical doping [33], chemical 

modification [34], defect engineering [35], strain engineering [36], foreign species intercalation 

[37], and heterostructure construction [38].  

Graphene has a limited sensitivity to the adsorption of gas molecules, however this 

sensitivity can be increased by adding dopants or structural flaws [39-42]. Excitingly in 

phosphorene monolayer, each phosphorus atom establishes bonds with three nearby phosphorus 

atoms in a puckered honeycomb configuration [43, 44]. As a result of their buckled structure, 

phosphorene and TMDs are anticipated to have a significantly higher chemical reactivity for 

molecules adsorption than graphene, making them suitable materials for gas molecule detection. 

Contrarily, due to the much lesser impact of gas molecule adsorption on the electrical 

properties of semiconducting materials than on metallic materials, conductance-based nanoscale 

gas sensors are more sensitive than those based on metallic materials. This issue might be resolved 

by the semiconducting armchair ribbons of 2D materials. 
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1.3 Research Objectives 

This dissertation uses first-principles simulations and experiments to investigate the 

electrical, magnetic, and gas sensing capabilities of CNTs particularly SWCNT nanomaterials, 

common and novel 2D materials.  

Initially, due to the attractive features of FET-based gas sensors such as small size, easy 

integration, mass-production capability, and low-cost manufacturing, we have developed a FET-

type SWCNT. Later, we used computational methods and employed first-principles methods based 

on density functional theory (DFT) to investigate the adsorption behavior of a gas molecules on a 

SWCNT-based gas sensor. We will concentrate on the following aspects for SWCNT: 

1) The potential and well-known analytes present in exhaled breath which could be 

related to diseases were extracted and categorized. 

2) The theoretical First principle method based on DFT was carried out for different 

biomarkers as well as various nanomaterials. 

3) A thin film of high-purity semiconducting SWCNTs network was used to fabricate 

a back-gated Pt-decorated SWCNT FET sensors. 

4) The sensing capability of the fabricated SWCNT FET to aldehydes at a sub-ppb 

level such as formaldehyde was assessed.  

5) The theoretical DFT method was implemented for the system and results were 

compared with the actual experimental results.  

 

Moreover, in the quest for finding the gas sensor substrate based on 2D nanomaterials other 

than graphene, different nanomaterials such as phosphorene, TMDs (MoS2, WS2), and other novel 

materials and graphene-like materials such as BC6N were investigated. We will focus on the 

following viewpoints for 2D materials: 

6) Inspecting the most stable adsorption configurations, adsorption sites, adsorption 

energies, charge transfer, quantum conductance modulation, and electronic 

properties of all studied gas molecules on the adsorbents.  

7) Exploring new materials that have lately been introduced and applied. 
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8) The effects of functionalization, decoration, and defects on the sensitivity of 

adsorbents. 

 

1.4 Organization of This Dissertation  

The rest of this dissertation is organized into the following sections: 

A literature review on SWCNTs, common allotrope of phosphorus (black phosphorene), 

TMDs (MoS2, and WS2), novel 2D materials such as borocarbonitride (BC6N), and PdPS/Se 

materials is given in Chapter 2. In Chapter 3, the study focuses on the SWCNT-based sensor's 

ability for detection of volatile organic compounds (VOCs) using DFT and nonequilibrium Green’s 

function (NEGF) methods. Several VOCs, such as acetone, ethanol, formaldehyde, methanol, 

toluene, benzaldehyde, decane, and hexanal, along with CO2 and H2O molecules, were considered 

as the target gases. In this chapter, its sensing behavior to detect toluene, which is an important 

biomarker for certain diseases, particularly lung cancer is scrutinized. Chapter 4 of this dissertation 

focuses on the potential capability of SWCNT to detect biomarkers of liver cancer, such as 1-Octen-

3-ol (octenol), decane, and hexanal compounds. The methodology used to investigate the SWCNT's 

sensing properties towards these compounds. 

Chapter 5 is dedicated to the black phosphorene (BP) as a 2D material, we have investigated 

the potential application of BP-based sensor for detection of VOCs using DFT. Furthermore, the 

capacity of MoS2, and WS2 as a subfamily of TMDs, for the detection of specific VOCs related to 

colorectal, and breast cancers was examined using the theoretical method in Chapter 6. Chapter 7 

relates the gas sensing competence of novel 2D materials such as BC6N using first principle 

calculations. In chapter 8, the adsorption of gas molecules (NO, NO2, NH3, CO, and CO2) on novel 

2D phosphochalcogenides PdPX (X = S, Se) nanosheets are examined. Finally, chapter 9 presents 

an experimental and theoretical study of SWCNT-based sensors for formaldehyde as an important 

biomarker in exhaled breath of lung cancer patients. The SWCNT-based device fabrication, and 
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test rig are described in this chapter. The summary, conclusion and outlook have been shown in 

Chapter 10.  

 

 

 

 

  

Figure 1-1. Graphical abstract. 
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2. Chapter 2 

Background and State of the Art 

2.1 Carbon nanotubes (CNTs) 

Graphene is a planar monolayer of carbon atoms arranged in a 2D honeycomb 

crystal structure. Graphene is an allotrope of carbon and the fundamental component 

of all other allotropes of carbon [45]. As demonstrated in Figure 2-1, graphene layers 

can be stacked to create 3D graphite, rolled to create 1D carbon nanotubes (CNT), or 

wrapped to create 0D fullerene [46]. 

 

Figure 2-1. The foundation of all carbon allotropes is graphene. It can be rolled into 1D nanotubes 

(middle) or layered into 3D graphite (right), and 0D fullerene (left). Figure taken from Reference [47] 

with permission. 
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CNTs are made up of one or more sheets of carbon atoms that are shaped like 

cylinders. As a by-product of arc-discharge experiments where it was noticed that 

fine carbon-like fibers formed on the discharge cathode, carbon nanotubes were first 

identified and characterized by Iijima in 1991 [48]. It was quickly discovered that 

carbon nanotubes have remarkable mechanical, electrical, thermal, and optical 

properties. The chirality of graphene is described as the rolling up of the material, 

and it has a chiral vector 𝐶h that is inversely correlated with the size of the CNTs. 

Depending on how they were created, single wall carbon nanotubes (SWCNT) 

can range in length from a few micrometers to 0.4–2.6 nm [49, 50]. The multi-wall 

carbon nanotube (MWCNT), another type of CNT, is made up of multilayer cylinders 

with an interlayer spacing of 2.7 to 4.2 [51], depending on the cylinders' diameter and 

quantity. MWCNTs have a diameter between 10 and 20 nm [52].  

As seen in Figure 2-2, a sheet of covalently connected graphene has carbon 

atoms arranged in hexagonal patterns. A weaker van der Waals bond stacks the layers 

of graphene to produce graphite. The beginning and conclusion of a (m,n) lattice 

vector on the graphene plane serve as indices of CNT when they combine to form the 

tube (Figure 2-2 (a)). The lattice vector affects the chirality, diameter, and other 

characteristics of CNTs. CNTs with an index of (m,m) have armchair chirality, and 

tubes with an index of (m,0) have zigzag chirality [52].  
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Figure 2-2. (a) The carbon atoms' hexagonal configuration in CNT and graphene. The conventional unit 

cell vectors aG (m) and bG (n) are shown, together with the unit cell (shaded) having two carbon atoms. 

Additionally, two distinct lattice vectors (2,1) (1,0) are shown. (b) Diagram of the perpendicular to the 

plane of the sheets in-plane σ bonds and π orbitals [53]. 

The chemical and electrical characteristics of CNTs are governed by their 

chirality and diameter. Figure 2-3 demonstrates how various lattice structures result 

in various CNTs. Figure 2-3 (a) shows a chair-sized nanotube (10,10). The initial 

Brillouin zone of a graphene sheet is depicted in the hexagon's bottom panel in 

reciprocal space, and the vertical lines indicate the electronic states of the nanotube. 

The center-line of this particular nanotube crosses two hexagonal corners, 

creating a metallic nanotube [52]. Figure 2-3 (b) and (c) depict zigzag chirality in two 

distinct CNTs with lattice indices of (12,0) and (14,0). Although the electronic states 

in Figure 2-3 (b)'s bottom panel straddle the hexagonal corners, a minor band gap 

may form because of the nanotube's curvature. The corner points of the hexagonal 

carbon atom in Figure 2-3 (c) are not covered by the states on the vertical lines. This 

nanotube is hence semiconducting. Since the corners of the carbon hexagonal are not 

positioned along the vertical lines of the electronic state, Figure 2-3 (d), a chiral CNT 

with a (7, 16) lattice, is also a semiconducting CNT [52]. 
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Figure 2-3. According to their chirality and dimension, distinct types of nanotubes have diverse 

structures: a) metallic armchair CNT, b) metallic zigzag CNT, c) semiconductive zigzag CNT, and d) 

semiconductive chiral CNT [52]. 

The ideal and pure structure of a CNT is formed of unbroken covalent carbon-

carbon bonds, which gives CNTs their strength. SWCNT's Young's modulus has been 

calculated to be 1.25 TPa [54]. MWCNTs have demonstrated up to 63 GPa of tensile 

strength and 12% of elongation [55]. NASA scientists only recently began 

considering the possibility of building a CNT-based space elevator to the moon [56]. 

Naturally, it is still difficult to correctly combine CNTs so that they may be used at 

their maximum strength at the macroscale. 

CNTs and other 2D nanostructured materials are both often synthesized today 

using the chemical vapor deposition (CVD) technique [57-60]. More control over the 

solid-state CNTs' shape, growth direction, and other characteristics is possible with 

CVD. By heating a catalyst to high temperatures (500–1000 °C) in a tube furnace 
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while a hydrocarbon gas is flowing through the tube reactor, CNTs are created during 

CVD. The tabular form of carbon results from the dissociation of hydrocarbon 

molecules catalyzed by the transition metal catalyst and the dissolution and saturation 

of carbon atoms in the metal nanoparticle. 

The ability to create CNTs with regulated diameter size, orientation, and even 

chirality is a benefit of the CVD technique. Aligned CNTs can be made into a variety 

of shapes by CVD, including horizontal films [61], vertical forest [62, 63], cylindrical 

pillars [62], and sheets [62]. These shapes can be employed for a variety of 

applications, such as imaging and probing [64], microelectronics [65], and sensors 

[61]. 

The physical structure of the graphene lattice is what gives carbon nanotubes 

their electrical structure. With the enforced boundary conditions stated in the 

preceding section, the electronic properties are thus obtained from the graphene's 

dispersion relation, which connects the energy to the permitted wave vectors. Using 

the tight binding method, the 2D Schrödinger equation is solved to get the dispersion 

relation. 

The dispersion relation of graphene is depicted in Figure 2-4. Where the 

valence and conduction bands converge, there are six high symmetry locations called 

Dirac points, also known as K-points. The dispersion relation takes the form of a cone 

that is known as the Dirac cone when it is close to the Dirac points. Figure 2-5 

illustrates how the band structure of a CNT resembles a slice of the Dirac cone as a 

result of the boundary requirements imposed by the development of a carbon 

nanotube. 
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Figure 2-4. Graphene's relation to dispersion Where the conduction and valence bands collide, there are 

six high-symmetry K-points called Dirac points. The shape transforms into a cone known as the Dirac 

cone very near these spots [66]. 

 

 

Figure 2-5. Carbon nanotubes' electronic band structure. Dirac cone with authorized 𝑘⃗⃗C wave vectors in 

(a), dispersion relation with one of the K-points and the Dirac cone in (b), and a slice of the dispersion 

relation for a certain allowed wave vector, 𝑘⃗⃗C ≠0, displaying the conduction and valence bands as well as 

the bandgap in (c) [67]. 
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Thus, for a given 𝐾⃗⃗⃗C, a slice of the Dirac cone is produced, and depending on 

whether it contains the zero point at which the conduction and valence bands 

intersect, metallic CNTs can be produced, or semiconducting CNTs with a bandgap 

can be produced. The diameter of the carbon nanotube, which determines the type 

and bandgap energy of a CNT, is what matters structurally in this situation. For 

CNTs, the dispersion relation is given by: 

 𝐸(𝐾⃗⃗⃗)𝑙𝑖𝑛𝑒𝑎𝑟
± = ±ℎ𝜐𝑓|𝐾⃗⃗⃗ − 𝑘⃗⃗| = ± (

√3

2
) 𝑎𝑉𝑝𝑝𝜋|𝐾⃗⃗⃗ − 𝑘⃗⃗| (1) 

 

Where denotes the initial Brillouin zone's offset of  𝐾⃗⃗⃗=𝐾⃗⃗⃗C +𝐾⃗⃗⃗a from its origin, 

𝜐𝑓 denotes the Fermi velocity corresponding to the Fermi energy, Vppπ denotes the 

nearest neighbor interaction energy, and a denotes the graphene lattice spacing. The 

quantity of quantum states per unit of energy is contained in the density of states 

(DOS). The DOS for a specific sub-band, Ea(k), in a CNT, a 1D solid, is given by: 

 𝐷𝑎(𝐸) =  
1

𝜋
 

𝑑𝑘

𝑑𝐸𝑎
 (2) 

 

One adds together all of the sub-bands Ea in order to get the overall density of 

states. Figure 2-6 depicts the appearance of various sub-bands and the related DOS. 

The charge carrier density, group velocity, and finally the current through the CNT 

may all be found out from the DOS. 
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Figure 2-6. A semiconducting carbon nanotube's DOS for a number of its subbands is represented 

graphically, highlighting a discrete bandgap in the band diagram [68]. 

 

 

2.2 Phosphorus 

The allotropes of phosphorus, such as blue phosphorus (blue P), green 

phosphorus (green P), and black phosphorus (black P), are notable for their diversity. 

[69-72]. The elemental 2D substance after graphene, called Black P, was successfully 

isolated in 2014 with the proven field-effect functionality [73, 74].  Similar to bulk 

graphite, black P is a layered substance in which individual atomic layers are stacked 

on top of one another by van der Waals interactions. Each phosphorus atom in a layer 

forms a puckered honeycomb structure by covalently bonding to three nearby 

phosphorus atoms as depicted in Figure 2-7. Phosphorene is the name for monolayer 

black P, and it is the most thermodynamically stable allotrope.  
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Figure 2-7. The composition of black P crystals [75].  

 

It was reported that by using an adhesive tape and micromechanical cleavage, 

atomically thin phosphorene flakes can be separated from their parent bulk crystal 

(BP), which is readily accessible in the market [73, 74]. According to 

photoluminescence spectra, the band gap of phosphorene is 1.45 eV after being 

transferred onto the Si/SiO2 substrates (see Figure 2-8).  
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Figure 2-8. Photoluminescence spectra for single-layer phosphorene and bulk BP samples on a 300 nm 

Si/ SiO2 substrate, exhibiting a strong signal at 1.45 eV, and an AFM image of a single-layer phosphorene 

crystal with the reported thickness of 0.85 nm from exfoliation process [74]. 

 

2.3 Transition metal dichalcogenides (TMDs) 

A single layer of TMDs is composed of metal atoms sandwiched between 

chalcogen atoms. Through covalent bonding, the metal is joined to the nearby 

chalcogens. In addition, weak van der Waals forces of attraction hold such layers 

together in a stack (Figure 2-9). 
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Figure 2-9. Layered transition metal dichalcogenides material's crystalline structure shown schematically 

[76]. 

They can be made using a variety of methods, such as liquid exfoliation, 

micromechanical exfoliation, and CVD [77, 78]. MoS2, and WS2, are excellent 

examples of TMDs for chemical sensing among disulfides. An n-type semiconductor 

among these TMD 2-D stacked materials is MoS2 [25]. Cho et al. [79] used in situ 

photoluminescence to clarify the charge transfer-based gas sensing mechanism in 

atomically layered MoS2.  

An optical view of the MoS2 gas sensor with two patterned Au electrodes and 

a 10 m by 10 m gap is shown in Figure 2-10 (a). SEM imaging of a MoS2 layer 

creating the device channel with the usual morphology of a one atomic layer network 

of merging triangular MoS2 crystals is shown in Figure 2-10 (b), and (c). 
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Figure 2-10. (a) MoS2 device optical image with Au electrodes. (b, c) SEM pictures of the MoS2 layer at 

various magnifications and scale bars (10 and 2 m, respectively) [80]. 

 

A schematic of the MoS2 FET-based sensor for NO2 and NH3 detection is 

shown in Figure 2-11 [81].  Figure 2-11 (b) displays the optical picture of the device 

with Ti/Au electrodes and a MoS2 channel. Reactive gas molecules are adsorbed on 

the surface of the MoS2 upon exposure, changing the concentration of charge carriers. 

The current variations could be measured to keep track of this alternation. When 

exposed to 400 parts per billion (ppb) of NO2 and 500 parts per million (ppm) of NH3, 

the device's IDS-VDS is plotted in Figure 2-11 (c) and (d). 
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Figure 2-11. The MoS2-based FET with Ti/Au electrodes and a back-gate is shown in (a) a schematic and 

(b) an optical picture. The MoS2 flake is indicated by the dotted triangle in (c). Following exposure to (a) 

400 ppb of NO2 and (d) 500 ppm of NH3, the device's conductance changes. The device was activated at 

VG = 30 V in (c), and it was deactivated at VG = 0 in (d) (d). Changes in the device's conductance that 

occur in real time as a result of time spent being exposed to (e) NO2 and (f) NH3 at various concentrations 

[81]. 

 

2.4 Disease Biomarkers- Cancer Biomarkers: 

Disease biomarkers are biological molecules or other measurable indicators that can be used 

to detect the presence or progression of a disease. These markers can be found in various biological 

samples, such as blood, urine, or tissues. The discovery of disease biomarkers has revolutionized 

the diagnosis and treatment of many diseases, including cancer, cardiovascular disease, and 

neurological disorders. 

Biomarkers can be classified into several categories based on their characteristics and 

functions. Some of the most common categories of biomarkers include: 
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1- Diagnostic biomarkers: These biomarkers are used to detect the presence of a disease or 

condition. For example, PSA (prostate-specific antigen) is a biomarker that is used to 

screen for prostate cancer. 

2- Prognostic biomarkers: These biomarkers are used to predict the outcome of a disease 

or condition. For example, the presence of certain genetic mutations in breast cancer can 

indicate a poor prognosis. 

3- Predictive biomarkers: These biomarkers are used to predict how a patient will respond 

to a particular treatment. For example, the presence of a certain protein in lung cancer 

can indicate whether the patient is likely to respond to a particular chemotherapy 

regimen. 

4- Pharmacodynamic biomarkers: These biomarkers are used to monitor the effect of a 

drug on a disease or condition. For example, changes in blood pressure can be used as a 

pharmacodynamic biomarker to monitor the effectiveness of a drug for hypertension. 

5- Safety biomarkers: These biomarkers are used to monitor the safety of a drug or 

treatment. For example, changes in liver function tests can indicate potential liver 

toxicity from a drug. 

The discovery and development of disease biomarkers is a rapidly evolving field, and new 

biomarkers are constantly being discovered and validated. Biomarkers have the potential to improve 

the accuracy of diagnosis, provide earlier detection of diseases, and improve treatment outcomes. 

The ability to identify diseases using human breath has long been known. Modern 

nanotechnology has allowed for the development of gas sensors that can now detect, forecast, and 

monitor a variety of diseases from human breath. From diabetes to cancer, it is critical to treat a 

disease in its early stages to improve patient outcomes and save treatment costs [82].  

The analysis of volatile organic compounds in exhaled breath samples provides a new 

frontier in medical diagnostics due to its noninvasive nature and possible cost-effectiveness. Many 

studies have shown that as a result of the aberrant metabolic processes occurring in cancer tissues, 

individuals with lung [83], breast [84, 85], liver [86], and colorectal cancer [87] all exhale various 

patterns of VOCs.  

Hence, gas-sensing detection of human breath provides early diagnosis that is quick, 

affordable, and non-invasive. Due to its straightforward design and exceptional sensitivity, 
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semiconductor gas sensors are among the best components for sensor integration. It is simple to 

create an array arrangement that achieves simultaneous recognition for many analytes, improving 

the accuracy of diagnosis when used in conjunction with pattern-recognition technology. 

2.5 Gas Sensing 

Mechanism for Gas Sensing in 2D Layered Nanomaterials. 

Charge transfer between adsorbates and adsorbents serves as the foundation 

for the sensing mechanism of 2D materials [77, 79, 81]. The adsorption of the gas 

species on the surface of the sensing materials causes a change in the sensors' 

resistance when they are exposed to reactive gases. Due to the desorption of gas 

species from the sensing materials, the resistance of the sensors returns when exposed 

to air or an inert environment.  

The interactions of gas molecules (NO2 and NH3) with CVD-grown monolayer 

MoS2 serve as an illustration of this mechanism (n-type semiconductor). Figure 2-12 

illustrates how an unpaired electron of the N atom in NO2 acts as a strong oxidant 

and seeks to suck electrons away from the MoS2 upon adsorption [79]. Reduced 

carrier concentration and thus reduced electrical conductivity are caused by this 

charge transfer. Conversely, NH3 functions as an electron donor since it has a single 

electron pair. As a result, the electrons move from the NH3 to the MOS2 conduction 

band, increasing the carrier concentration and improving the electrical conductivity 

of MoS2. 
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Figure 2-12. Diagrams illustrating the charge transfer mechanisms occurring in a monolayer of MoS2 

when (a) NO2 and (b) NH3 molecules are present [79]. 

 

Configurations of Gas-sensing Devices 

The chemiresistor-type gas sensor belongs to the category of chemical sensors 

in which chemical interactions with analytes cause changes in the sensing material's 

resistance. The key benefits of this kind of sensor are straightforward manufacturing, 

simple operation, and direct measurements [88-90]. Figure 2-13 shows the 

conventional design of a chemiresistive gas sensor. This sensor was created by 

dropping a dispersed solution comprising the detecting components onto a ceramic 

plate that had previously been screen printed with heater layers made of RuO2 and an 

Au electrode layer [91].  
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Figure 2-13. (a) A chemiresistive gas sensor schematic depiction. pictures of the (b) blank sensor and (c) 

coated sensors with the sensing substance [91]. 

 

FET is a significant class of electronic gas sensor [92]. When exposed to gas 

molecules, a FET-based sensor's drain current (IDS), which is controlled by the gate 

voltage (VG), can be regulated effectively. The effectiveness of a FET-based gas 

sensor is determined by the on/off current ratio. Higher sensitivity is typically offered 

by on/off current ratios that are higher [93]. As a result of their exceptional 

semiconducting qualities and substantial lateral size, a variety of 2D nanomaterials 

have demonstrated the potential to be used as channel materials for FET-based gas 

sensors [94-97].  
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3. Chapter 3 

Theoretical Study on CNT Sensor 

SWCNT- based Platform for Early Detection of Lung Cancer  

In this study, single-wall carbon nanotubes (SWCNTs) decorated by platinum-group 

transition metals (Pt, Pd, Rh, or Ru) were introduced as promising nanosensors for the detection 

of toluene, an important biomarker in the exhaled breath of the lung cancer patients. First-principle 

calculations based on density functional theory (DFT) was employed to scrutinize the impact of 

an individual toluene gas molecule on the structural, electronic, and magnetic properties of pristine 

and metal decorated SWCNTs. It was discovered that toluene is physisorbed on the pristine 

SWCNT through the interaction of the π orbitals of the carbon atoms in the toluene and the 

nanotube. Decoration of the SWCNT with metal atoms enhances the adsorption energies 

significantly by means of strong overlapping between d orbital of the metal atoms and p orbital of 

C atoms in the benzene ring of toluene. The order of absolute values of adsorption energies for 

metal-CNT-Toluene (T) systems is ERu-CNT-T > ERh-CNT-T > EPt-CNT-T > EPd-CNT-T. Our spin-polarized 

calculations indicated that the Rh-SWCNT, Ru-SWCNT, and Rh-SWCNT-Toluene systems 

exhibit magnetic properties. Interestingly, a semiconducting behavior for spin-up channel and a 

metallic behavior for spin-down channel was observed in the Ru-SWCNT system. Our 

investigations showed that toluene is strongly chemisorbed on Rh- and Ru-SWCNT systems via 

strong covalent bonds with the superior response (−96.98% and −99.98%, respectively), 

suggesting their potential for breath analysis and environmental applications. Further, the strength 

of toluene chemisorption on Pt- and Pd-SWCNTs was found to be moderate with significant 

reversibility at small time scales. The Pd-SWCNT offered an excellent response of 61.60% (2.25 

times higher than that Pt-SWCNT’s response) and a fast recovery time of 2 ms, potentially, 

manifesting its suitability for determination of low concentration toluene. Our findings propose 

the metal decorated SWCNT molecular sensors for the detection of toluene in the exhaled breath 

of the lung cancer patients and large scale toluene removal from the environment. 
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3.1 Overview 

Since ancient times, physicians have known the relationship between a person’s smell and 

disease state. Breath analysis dates back to ancient Greeks, who used exhaled breath for diagnosis 

of different diseases [98].  That brings us to the important question, can we smell cancer? Studies 

have indicated many cancer raises polyamine levels, that do have a distinct odor in breath and 

urine [99-101]. The polyamine metabolic pathway is a recognized drug target for cancer 

prevention, owing to the polyamine levels and cancer cell proliferation [102, 103]. A 2008 study 

by Horvath et al. demonstrated that canine’s could be trained for smelling ovarian cancer with 

100% sensitivity and 97.5% specificity [104]. Similarly, McCulloch et al., demonstrated that 

house-hold dogs could be trained to identify early stage lung (sensitivity 0.99, specificity 0.99) 

and breast cancers (sensitivity 0.88, specificity 0.98) from human breath. Thus, identifying cancer 

biomarkers from human breath continues to be an important fascination as well as an area of 

research for potential diagnostic early screening of cancer. 

As it is widely known, early diagnosis of cancers is vital for reducing the patient’s mortality 

rate [105].  A non-invasive approach for the detection of the cancers in the early stage is the 

analysis of volatile organic compounds (VOCs) biomarkers in the exhaled breath of the patients 

[106, 107]. Lung cancer is the leading cause of cancer death in both men and women with a 5-year 

survival rate at 56% for localized lung cancer and 5% for metastasized lung cancers [108]. Only 

16% of lung cancers are detected at an early stage [108]. Toluene (C7H8), an organic aromatic 

compound (present in paints, paint thinners, finger nail polish, lacquers, adhesives, and rubbers), 

is considered as an essential lung cancer biomarker [83]. The concentration of toluene in the human 

breath is in the range of 10 to 100 ppb, considerably higher in the breath of patients with lung 

cancer in comparison with healthy non-smokers [109-111]. Besides that, acute exposure to toluene 

can lead to a central nervous system disturbance, liver, and kidney damage [112]. The average 

concentration of toluene for the indoor air levels is around 21 ppb [113], and its 8-hour time-

weighted average (TWA) exposure limit is 100 ppm recommended by occupational safety and 

health administration (OSHA) [114]. Hence, very low-level detection of toluene is of great 

importance for cancer diagnosis and air quality monitoring. Various nanostructures based on metal 

oxides such as TiO2 [115], SnO2 [116, 117], WO3 [118], and Fe2O3 [119] have been introduced as 

potential platforms for toluene detection. Nevertheless, since the metal oxide gas sensors typically 

work at high temperature, developing high precision sensors for toluene detection that operate at 
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room temperature is still high in demand owing to cost efficiency, low power consumption, and 

device miniaturization.  

The carbon nanotube (CNT) is a great candidate for gas sensing applications thanks to its 

small size, high surface-volume ratio, excellent charge transfer, fast response, high sensitivity, and 

low operational temperature [120-127]. Nonetheless, pristine CNTs have several practical 

drawbacks such as low sensitivity toward various gases, lack of selectivity, and long recovery time 

that should be overcome in order to realize an applicable gas sensor [128, 129]. Woods et al. 

employed density functional theory (DFT) to assess the adsorption process of the benzene 

derivatives (aniline, toluene, and nitrobenzene) on single-wall CNTs (SWCNTs). The adsorption 

processes were obtained to be in the range of physisorption [130]. They discovered that the 

dominant adsorption mechanism of the molecules above on the nanotube is the weak non-covalent 

interaction between the CNT and the benzene ring [130, 131]. Functionalization of pristine CNTs 

with transition metals was found to be an effective technique to enhance the sensor’s sensitivity 

and specificity owing to the strong catalytic performance upon gas interaction [132-145]. The high 

sensitivity of transition metals [146-152] and large surface area to volume ratio of CNT imply that 

the metal-CNT composite has a great synergy for the detection of VOCs. Moreover, compared to 

pure transition metal adsorbent, carbon composite materials offer a lower cost. Satishkumar et al. 

reported the synthesis of metal nanoparticles-SWCNT for the first time [132], and its gas sensing 

application was first theoretically investigated by Zhao et al. [134]. It was revealed that the metal 

clusters serve as the reactive sites for capturing the foreign molecules that cannot be trapped by 

the C atoms in the pristine CNTs [134]. Kwon et al. reported the fabrication and characterization 

of a high-efficiency gas sensor based on multi-wall CNTs (MWCNTs)-Pt composite [141]. They 

measured a sensor response of 3.91 at a concentration of 1 ppm toluene gas. Leghrib et al. 

developed a highly sensitive sensor based on metal nanoclusters (Rh, Pd, Ni, or Au) decorated 

MWCNTs for detection of benzene at room temperature [137]. They discovered that a microarray 

sensor based on benzene-sensitive and benzene-insensitive metal-decorated MWCNTs is capable 

of the selective detection of benzene at trace level (below 50 ppb). Bohli et al. inspected the 

selectivity and sensitivity of the Au nanoparticle-decorated MWCNTs functionalized with a long-

chain thiol self-assembled monolayer 1-hexadecanethiol (HDT) [144].  Based on their findings, 

the presence of the self-assembled layer on Au-MWCNT enhances the sensitivity (17 times) of the 

sensor and improves its selectivity. Wan et al. analyzed the sensing mechanism of Rh-SWCNT 
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toward benzene and aniline as two kinds of typical gases in the exhaled sample of lung cancer 

patients using DFT [145]. They found that Rh-SWCNT has a superior sensitivity toward the 

benzene and aniline while showing insensitivity upon CO2 interaction [145].   

However, to the best of our knowledge, no study so far has comprehensively addressed the 

sensing capability of metal decorated SWCNTs with respect to toluene as one of the emerging 

lung cancer biomarkers.  Here, we utilized first-principles methods based on DFT to investigate 

the adsorption behavior of a toluene molecule on a SWCNT decorated by platinum-group metals 

(Pt, Pd, Rh, or Ru). The most stable adsorption configurations, adsorption energies, charge 

transfer, electronic, and magnetic properties of the toluene on the metal-nanotube were studied. 

Our results divulge the promising future of metal-decorated CNT sensors in the development of 

high-performance room temperature breath analyzer nanosensors for early detection of lung 

cancer. 

3.2 Computational Method 

First-principles calculations based on DFT method was employed for this study, performed 

in the Atomistix ToolKit (ATK) software package [153-155]. Spin-polarized DFT with the 

Generalized Gradient Approximation of Perdew-Burke-Ernzerhof (GGA-PBE) exchange-

correlation functional with the Hartwigsen, Goedecker, Hutter (HGH) pseudopotentials with tier 

3 was adopted. In order to consider the long-range van der Waals (vdW) interactions [156], the 

Grimme vdW correction (PBE-D2) [157] was used. The electronic temperature was 300°K, and 

the energy mesh cut-off was set to 150 Ry. 

A zigzag (8,0) SWCNT, composed of 96 C atoms, was considered in a periodically 

repeated supercell with lattice constants of a = b = 30 Å, large enough to avoid the spurious image-

image interactions, and c = 12.82 Å. The average C-C bond length is 1.42 Å, and the diameter of 

the nanotube is 6.40 Å. In order to study the metal-SWCNT structure, a metal atom was added to 

the SWCNT supercell. Using the conjugate gradient method, the structures were fully relaxed such 

that the force on each atom is less than 0.01 eV/Å. The Brillouin zone was sampled with a 1×1×11 

Monkhorst-Pack k-point grid during geometry optimization. The k-point grid was then increased 

to 1×1×101 for electronic structure calculations to achieve more accurate results for electronic 

structure calculations. 



 

29 

 

The adsorption energy of a toluene gas molecule on the pristine SWCNT or metal-SWCNT 

was calculated by: 

 Toluene X Ta oluened XE ) E –  (E E+ +=  (3) 

 

where X is SWCNT or metal-SWCNT. Toluene XE + , XE , and TolueneE are the total energies 

of the toluene-nanotube complex, nanotube, and the isolated toluene, respectively. A negative adE

states that the adsorption process of toluene is exothermic, and the more negative value relates to 

a stronger interaction between the adsorbate and nanotube. Moreover, the charge transfer (QT) 

upon adsorption of the toluene on the nanotube was obtained using Mulliken population analysis 

from counting the charge difference between the adsorbed and the isolated toluene molecule. A 

negative QT indicates a charge transfer from toluene to the nanotube, whereas a positive QT shows 

that toluene withdraws electrons from nanotube.  

 

 

3.3 First-principles calculations using density functional 

theory: 

3.3.1 The Structure of pristine SWCNT  

The accuracy of the employed computational method was first verified by structural 

optimization of the pristine (8,0) SWCNT (see Figure 3-1 (a)) and calculating its energy band 

structure (see Figure 3-1 (b)). Our calculations manifested that the pristine (8,0) SWCNT is a 

semiconductor with a direct bandgap of 0.643 eV at Γ-point, C-C bond length of 1.42 Å, and 

diameter of 6.40 Å, in good agreement with the literature [143].  
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Figure 3-1. (a) Optimized structure of a pristine (8,0) SWCNT and (b) its corresponding energy band 

structure, showing semiconducting behavior with an energy bandgap of 0.643 eV. The dotted line indicates 

the Fermi level, which is set to zero. Different adsorption sites on a SWCNT (Ho: hollow, A: axial, Z: 

zigzag, and T: top). (c) The optimized molecular structure of toluene (C7H8). (d) The most stable adsorption 

configuration of toluene on pristine SWCNT. Distances are given in the unit of Å.  

 

3.3.2 Analysis of SWCNT-Toluene System 

Benzene (C6H6), as the simplest aromatic hydrocarbon, consists of six carbon atoms 

bonded in a planar hexagon ring. A carbon atom has four valence electrons to share. It uses three 

electrons in the sp2 hybrid orbitals to create σ bonds with two adjacent carbons and one hydrogen 

atom. The fourth valence electron in the unhybridized p orbital of each carbon atom is shared with 

two neighboring carbon atoms, forming π bonds perpendicular to the molecular plane. Toluene 

(C7H8) can be produced by replacing one H atom of benzene with a methyl CH3 functional group. 

The optimized molecular structure of toluene is shown in Figure 3-1 (c) and its bond lengths and 

bond angles before and after interaction with an adsorbent are listed in Table 3-1. The toluene 
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molecule has six aromatic C:C bonds, one single C-C bond, and eight H-C bonds. The full 

relaxation of the geometry of isolated C7H8 gives C:C ~ 1.393 Å, C-C ~ 1.490 Å and C-H ~ 1.095 

Å, in agreement with the experimental data (C-C ~ 1.395 Å, C-C ~ 1.513 Å and C-H ~ 1.086 Å) 

[158]. 

The adsorption behavior of an individual toluene molecule on the pristine SWCNT was 

first discussed. Various adsorption configurations can be considered as input geometries. The 

hexagon carbon ring of the toluene can be placed above C atom (T site), C-C bond (A and Z sites), 

and the center of C hexagon (Ho site) of SWCNT, see Figure 3-1 (a), where the molecular axis of 

toluene is aligned parallel with respect to the nanotube’s surface. The toluene molecule can also 

be placed perpendicular to the SWCNT’s surface with methyl group pointing to or pointing away 

from the surface. Comparing the adsorption energies of different adsorption configuration, the 

parallel alignment of the carbon ring of the toluene on top of the C atom of the nanotube was 

discovered to be energetically more favorable, as shown in Figure 3-1 (d). The distance minimum 

atom-atom distance between toluene and the SWCNT (H-C) was found to be 3.25 Å. The small 

adsorption energy of − 0.571 eV, along with a small charge transfer of 0.022 e from toluene to the 

nanotube, suggesting that the toluene molecule is physisorbed on the surface. Since CNT also has 

π orbitals transverse to its axis, one can consider the toluene-SWCNT system as two π-π interacting 

systems. As a result, the interactions between toluene and SWCNT are relatively weak, governed 

by vdW forces. Figure 3-2 (a) presents the electronic total charge density of the toluene adsorption 

on pristine SWCNT. Clearly, there is no orbital overlap between the molecule and the nanotube, 

confirming the occurrence of toluene physisorption on the nanotube. The SWCNT and the toluene 

structures are kept almost unchanged after the interaction. Therefore, no significant changes in the 

electronic and magnetic properties of the nanotube after interaction with the toluene is expected. 

Figure 3-2 (b) provides the band structure of the SWCNT-Toluene system. Like pristine nanotube, 

SWCNT-Toluene does not manifest magnetic behavior. There is a little reduction in the energy 

bandgap of pristine SWNT (0.643 eV) after adsorption of toluene (0.638 eV), consistent with very 

small charge transfer between the molecule and the nanotube. As can be seen in Figure 3-2 (c), 

toluene has a negligible impact on the total DOS near the Fermi level.  The toluene’s highest 

occupied molecular orbital (HOMO) is deep in the valence band, and its lowest unoccupied 

molecular orbital (LUMO) is positioned high in the conduction band of the SWCNT. Hence, 
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toluene adsorption preservers the semiconducting nature of the SWCNT. These results are 

consistent with the previous finding [130].  

 

Figure 3-2. (a) The electronic total charge density, (b) energy band structure, and (c) total DOS curve for 

toluene adsorption on pristine (8,0) SWCNT. The black solid line and red dashed line in the band structure 

represent spin-up and spin-down bands, respectively. The Fermi level is set to zero. 

 

Table 3-1. Bond distances (d) and angles (∠) of the toluene molecule before and after interaction with 

pristine and metal decorated SWCNT. 

Description 
Toluene - 

Isolated 

Toluene 

- 

SWCNT 

Toluene-  

Pt-

SWCNT 

Toluene -  

Pd-

SWCNT 

Toluene -  

Rh-

SWCNT 

Toluene -  

Ru-

SWCNT 

d C1:C2 1.39 1.40 1.44 1.43 1.42 1.41 

d C2:C3 1.39 1.41 1.42 1.41 1.43 1.44 

d C3:C4 1.39 1.41 1.40 1.40 1.42 1.43 

d C4:C5 1.39 1.40 1.41 1.41 1.42 1.43 

d C5:C6 1.40 1.41 1.41 1.41 1.44 1.44 
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d C6:C1 1.40 1.41 1.44 1.43 1.43 1.45 

d C6-C7 1.49 1.51 1.51 1.51 1.51 1.50 

d C1-H1 1.10 1.10 1.10 1.10 1.09 1.09 

d C2-H2 1.09 1.10 1.10 1.10 1.09 1.09 

d C3-H3 1.09 1.10 1.10 1.10 1.09 1.09 

d C4-H4 1.09 1.10 1.10 1.10 1.09 1.10 

d C5-H5 1.10 1.10 1.10 1.10 1.09 1.09 

d C7-H6 1.10 1.11 1.11 1.11 1.10 1.11 

d C7-H7 1.10 1.11 1.11 1.11 1.10 1.11 

d C7-H8 1.10 1.110 1.11 1.11 1.11 1.10 

∠C5-C6-C1 119.47 119.39 118.35 118.36 118.77 119.38 

∠C6-C1-C2 120.18 120.96 119.73 120.11 120.18 120.47 

∠C1-C2-C3 120.15 120.10 119.7 119.94 120.46 119.28 

∠C2-C3-C4 119.87 119.45 119.87 119.74 119.82 120.66 

∠H1-C1-C6 119.82 119.21 119.02 119.44 119.47 118.77 

∠H2-C2-C1 119.89 119.70 119.65 119.41 120.24 120.41 

∠H7-C7-C6 110.37 110.16 110.56 111.15 110.28 109.99 

∠H8-C7-H7 107.51 107.56 107.12 107.44 108.77 108.73 

distances (d) in Å, angles (∠) in degrees 

 

 

3.3.3 Analysis of Metal-decorated SWCNT System 

The decoration of the SWCNT with platinum-group metals (Pt, Pd, Rh, or Ru) is the next 

topic of our study. As described in Figure 3-1 (a), four possible sites (Ho, T, A, and Z) were 

considered for individual atom adsorption. After structural optimization and adsorption energy 

calculations, the most favorable adsorption configurations were selected for further studies and 

presented in Figure 3-3. It was found that all the metal atoms tend to be adsorbed on the T site 

(axial C-C bond). The adsorption energy, the binding distance between the metal atom and the 

nanotube, the total magnetic moment, charge transfer, Fermi level, energy bandgap for spin-up 

and -down channels for selected metal decorated SWCNTs are tabulated in Table 3-2. The metal 

atoms are located between two C atoms (Ca and Cb as labeled in Figure 3-1) of the SWCNT, where 

Pt-C distances are 2.12 and 2.13 Å, Pd-C distances are 2.23 and 2.23 Å, Rh-C distances are 2.09 

and 2.08 Å and the Ru-C distances are 2.09 and 2.08 Å. The C atoms connected to metal atoms 

are distorted, showing the appearance of sp3 hybridization. As a result, the diameter of the CNT is 

elongated in the decoration orientation and contracted in the perpendicular direction. The values 

of diameter for the Pt-SWCNT, Pd-SWCNT, Rh-SWCNT, and Ru-SWCNT are 6.45 (6.38), 6.43 
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(6.39), 6.45 (6.37), 6.46 (6.37) Å in the direction of the adsorbed metal (perpendicular to the 

adsorption site), respectively. Further, the creation of metal-C bonds deteriorates the strength of 

Ca-Cb bonds, causing these bonds to get enlarged. The C-C bond length in the pristine SWCNT is 

elongated from 1.42 Å to 1.48, 1.46, 1.47, and 1.47 Å after decorating with Pt, Pd, Rh, and Ru 

atoms, respectively.  

The Pt, Pd, Rh, and Ru adsorption energies on SWCNT were calculated to be −2.572, 

−1.535, −2.628, and −2.665 eV, respectively. These values are in good agreement with the reported 

data in the literature [139, 159-161]. Upon interaction of transition metals with C atoms of 

SWCNT, a donation (electron transfer from the bonding π (HOMO) states of the nanotube to 

unoccupied orbitals of metal) and a back donation (electron transfer from the occupied orbitals of 

metal to anti-bonding π* (LUMO) states of the nanotube) occur [162]. The values of 

electronegativity of C, Pt, Pd, Rh, and Ru are 2.55, 2.28, 2.20, 2.28, and 2.20, respectively. Ergo, 

the C atoms surrounding a metal atom attract electrons from the metal thanks to their higher 

electronegativity, resulting in the accumulation of positive charges on the metal atom. The 

interactions between the Pt, Pd, Rh, and Ru atoms and SWCNT caused a charge transfer of 0.159, 

0.125, 0.312, and 0.376 e from the metals to the nanotube, respectively. Hence, the net charge 

transfer for metal and SWCNT interaction is a back donation. It can be deduced that the charge 

transfer has a direct relationship with adsorption energy while it has an inverse relationship with 

binding distance. Additionally, as can be seen in Table 3-2, the Fermi energy level (EF) is shifted 

to higher energies, indicating that the nanotube gains electrons after complexation with metal 

atoms. The Fermi level of the pristine (8,0) SWCNT resides at −4.86 eV, whereas the Fermi levels 

of Pt-SWCNT, Pd-SWCNT, Rh-SWCNT, and Ru-SWCNT are located at −4.80, −4.81, −4.78, and 

−4.77 eV, respectively.  
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Figure 3-3. The optimized structures of a single (a) Pt, (b) Pd, (c) Rh, and (d) Ru decorated (8,0) SWCNT. 

The bond lengths, the diameters, and the binding distances between the metal atom and the nanotube are 

also given in the unit of Å. The sticks between atoms are only for visualization.    

The electronic and magnetic properties of the SWCNT undergo significant changes upon 

interaction with metal atoms. Energy band structures of the metal decorated SWCNT systems are 

presented in Figure 3-4. While pristine (8,0) SWCNT shows a non-magnetic ground state, 

transition metal decorated (8,0) SWCNT has a magnetic ground state, giving rise to the total 

magnetic moment from 2.0 µB for Ru, 0.9 µB for Rh, and zero for Pd and Pt. In the case of Pt and 

Pd, the energy bandgap reduces to 0.591 and 0.630 eV, respectively, from 0.643 eV in the pristine 

SWCNT derived from adsorbate states. The valence band and conduction band do not start at the 

same energy level in the Rh-SWCNT system, confirming its magnetic behavior. Our spin-

polarized calculations showed that Rh-SWCNT is a semiconductor with a direct bandgap of 0.632 

eV for spin-up channel and indirect bandgap of 0.117 eV for the spin-down channel. The 

significant reduction of the bandgap for the spin-down channel corresponds to two novel induced 

states by Rh atom around the Fermi level. In the case of Ru, a bandgap of 0.628 eV and zero 

bandgap are obtained for the spin-up and spin-down channels, respectively. Three novel states are 

appeared near Fermi level for the spin-down channel, two fully occupied almost flat bands and 
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one band that crosses the Fermi level, indicating the metallization of the nanotube. The half-

metallic behavior of Ru-SWCNT shows its potential for spintronics application. 

The PDOS of the systems is provided in Figure 3-5. One can see that the PDOS curves of 

spin-up and -down channels are symmetric in Pt-SWCNT and Pd-SWCNT systems, while they 

are asymmetric in Rh-SWCNT and Ru-SWCNT. The induction of Rh and Ru impurity states that 

carry magnetic moments is the main cause for this observation. The orbital hybridization between 

d-orbital of the metal atom and p-orbital of C atoms (π* states) has the main contribution to the 

total DOS of the complex system around the Fermi level. One can notice that the Pt d and C p 

peaks in the Pt-SWCNT systems are located closer to the Fermi level in comparison with those in 

the Pd-SWCNT system, confirming the more reduction in the bandgap of SWCNT after interaction 

with Pt atom. In the case of Rh and Ru, the intensities of the peaks near the Fermi level increased, 

and they are pronounced in the spin-down channel. Comparing Figure 3-1 (b) and Figure 3-4, one 

can say that the valence and conduction band edges at Z-point are flattened after the decoration of 

SWCNT with metal atoms. This can be attributed to the localized states in the interaction area 

caused by metal atoms. 

The origin of the various strengths of the metal bonds can be described by Brewer-Engel 

valence-bond theory [162]. Although all the valance electrons have a contribution to the bonding 

in the transition metals, the electrons of s and p orbitals of the transition metals define the long-

range structure, and the electrons of the d orbital determine the short-range bonding, consequently 

the strength of a bond [163]. The transition metals studied here have the following electron 

configurations: Pt ([Xe] 4f 14 5d 9 6s 1), Pd ([Kr] 4d 10), Rh ([Kr] 4d 8 5s 1), and Ru ([Kr] 4d 7 5s 1). 

Pd and Pt atoms have ten valence electrons, and their d-bands are nearly full. However, the orbital 

diffusiveness for the 5d orbitals of Pt is greater than that for the 4d orbital of Pd. For this reason, 

the orbital overlap between π electron cloud of C atoms and d orbital of the Pt atom is stronger 

than the Pd atom. Rh and Ru atoms have 9 and 8 valence electrons, signifying that their d orbitals 

have more tendency for hybridization with the π electron cloud of C atoms. These results support 

our previous findings. 
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Figure 3-4. Energy band structures of (a) Pt-SWCNT, (b) Pd-SWCNT, (c) Rh-SWCNT, and (d) Ru-

SWCNT systems. The black solid line and red dashed line represent spin-up and spin-down bands, 

respectively. The dotted blue line indicates the Fermi level, which is set to zero. 
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Figure 3-5. Total DOS curves for pristine SWCNT and (a) Pt-SWCNT, (b) Pd-SWCNT, (c) Rh-SWCNT, 

and (d) Ru-SWCNT systems. PDOS of the s and p orbitals of C atoms in SWCNT and s and d orbitals of 

metal atoms are also presented. The positive and negative values denote the spin-up and spin-down 

channels, respectively. The dashed lines indicate the Fermi level, which are set to zero. 
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Table 3-2. The calculated adsorption energy (Ead), binding distance between the metal atom and the 

nanotube (D), magnetic moment (m), charge transfer (Q), Fermi level (EF), energy bandgap (Eg) for spin-

up (-down) channel. The negative values of charge indicate a charge transfer from metal to the nanotube. 

a: Ca atom and b: Cb atom in Figure 3-1 (a). 

System Ead (eV) D (Å) 
m 

(µB) 
Q  
(e) 

Ef 
(eV) 

Eg  
(eV) 

SWCNT - - 0.00 - −4.86 0.643 (0.643) 

Pt-SWCNT −2.572 (−2.604 [139], −2.7 [160]) 
2.12 (a) and 

2.13 (b) 
0.00 

−0.159 
−4.80 

0.591 (0.591) 

Pd-SWCNT −1.535 (−1.615 [139], −1.7 [160]) 
2.23 (a) and 

2.23 (b) 
0.00 

−0.125 
−4.81 

0.630 (0.630) 

Rh-SWCNT −2.628 (−2.67 [161]) 
2.09 (a) and 

2.08 (b) 
0.90 

−0.312 
−4.78 

0.632 (0.117)* 

Ru-SWCNT −2.665 (−2.133 [159]) 
2.09 (a) and 

2.08 (b) 
2.00 

−0.376 
−4.77 

0.628 (0.000)* 

*Indirect bandgap 

 

3.3.4 Adsorption of Toluene on Metal-decorated SWCNT 

Finally, the toluene adsorption on metal decorated SWCNTs was studied, and the most 

stable structures are depicted in Figure 3-6. Toluene molecule is adsorbed on metal decorated 

SWCNT in a configuration with the molecular axis parallel to the surface and with large 

deformation. It is reported that benzene is chemisorbed in a flat arrangement on four Pt-group 

metals (Ru, Rh, Pd, and Pt) [164]. As mentioned before, upon the interaction of metal atoms with 

SWCNT, the metal atoms are positively charged, whereas the SWCNT becomes rich in electrons. 

Henceforth, metal atoms can act as capturing centers for the toluene that cannot be trapped by the 

p orbital of C atom in the pristine SWCNT. Due to interaction with the toluene, the distances 

between metal atoms and C atoms of the CNT are elongated, indicating that the interactions 

between them get weakened. The distance between Pt, Pd, Rh, and Ru atoms and Ca (Cb) (as 

labeled in Figure 3-1 (a)) of CNT are changed from 2.12 (2.13), 2.23 (2.23), 2.09 (2.08), and 2.09 

(2.08) Å to 2.14 (2.18), 2.22 (2.24), 2.23 (2.08), and 2.17 (2.15) Å, respectively, after interaction 

with toluene molecule. Furthermore, the Rh and Ru atoms are slightly moved toward the hollow 

position (the center of the hexagon ring). The Rh-Cc (Ru-Cc) and Rh-Cd (Ru-Cd) distances are 2.78 

(2.34) Å and 2.39 (2.30) Å, accordingly. The C atoms of the nanotube in the interaction area are 

protruded owing to the sp3 hybridization. It caused the diameter of the CNT got enlarged in the 

decoration direction and shortened in the perpendicular direction. The values of diameter for the 

Pt-SWCNT, Pd-SWCNT, Rh-SWCNT, and Ru-SWCNT systems after interaction with toluene are 
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6.52 (6.31), 6.47 (6.34), 6.54 (6.27), 6.52 (6.27) Å in the orientation of the adsorbed metal 

(perpendicular to the adsorption orientation), respectively. It should be added that the Ca-Cb is 

slightly reinforced after interaction of the metal decorated CNT with toluene since the strength of 

metal-C bonds got deteriorated. The Ca-Cb bond length in the Pt-, Pd-, Rh-, and Ru- SWCNT 

changed from 1.48, 1.46, 1.47, 1.47 Å to 1.46, 1.45, 1.45, 1.43 Å upon toluene adsorption, 

respectively.  

The toluene structure also undergoes a structural change upon adsorption on different metal 

decorated SWCNT systems (See Table 3-1). Table 3-3 also presents the adsorption energy, binding 

distance, magnetic moment, charge transfer, Fermi level, energy bandgap, sensitivity, and recovery 

time of toluene-metal-SWCNT systems. In the case of Pt-SWCT, the distances between Pt atom 

and C1-C6 atoms of toluene are 2.22, 2.41, 3.14, 3.59, 3.44, and 2.80 Å, respectively. Therefore, 

the C1 atom of toluene is more impacted compared to others in response to its strong interaction 

with Pt atom. As can be seen in Table 3-1, the C1:C2 and C6:C1 bonds in toluene after interaction 

with Pt-SWCNT got elongated by 3.6% and 2.85%, respectively, compared to isolated toluene. 

For Pd-SWCNT, the distances between Pd atom and C1-C6 atoms of toluene are 2.30, 2.57, 3.22, 

3.58, 3.36, and 2.75 Å, respectively, representing that the Pd-C1 is the minimum binding distance. 

It was found that upon the interaction of toluene with Pd-SWCNT, its C1:C2 and C6:C1 bonds get 

stretched by 2.8% and 2.1%, respectively, in comparison with isolated toluene. Moreover, the H7-

C7-C6 bond angle of the toluene is increased from 110.37° to 11.15°. In the case of Rh-SWCNT, 

the distances between Rh atom and C1-C6 atoms of toluene are 2.42, 2.39, 2.37, 2.37, 2.34, and 

2.36 Å, respectively, showing that the minimum binding distance is between Rh and C5 atom (2.34 

Å). The C5:C6 bond is enlarged by 2.8%, and H2-C2-C1 (H8-C7-H7) bond angle of the toluene 

increased from 119.89° (107.51°) to 120.24° (108.77°) compared to isolated toluene. Finally, for 

Ru-SWCNT, the distances between Ru atom and C1-C6 atoms of toluene are 2.29, 2.29, 2.22, 2.26, 

2.27, and 2.23 Å, respectively. All the C1-C6 atoms are affected by Ru atom, and the interactions 

between Ru and C3 and C6 are more noticeable. The C2:C3 and C6:C1 bonds are elongated by 3.6% 

in comparison with isolated toluene. The H2-C2-C1 (H8-C7-H7) bond angle increased from 119.89° 

(107.5°) to 120.4° (108.73°), while the H1-C1-C6 bond angle decreased from 119.82° (110.37°) to 

118.77° (109.99°). To sum up, although toluene molecule is adsorbed in parallel to the metal-

SWCNT systems, it is slightly tilted in Pt-SWCNT (C1 and C2 are located closer to the Pt) and Pd-
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SWCNT (C1 is located closer to Pd), and it is a little bent in Rh-SWCNT (C1-C6 atoms are lightly 

shifted toward Rh) and significantly bent in Ru-SWCNT (all C1-C6 atom are moved toward Ru). 

 

Figure 3-6. The most stable adsorption configurations for Toluene on (a) Pt-SWCNT, (b) Pd-SWCNT, (c) 

Rh-SWCNT, and (d) Ru-SWCNT systems. The bond lengths, the diameters, and the binding distances 

between the metal atom and the nanotube are also given in the unit of Å. The sticks between atoms are only 

for visualization. 

 

The adsorption energies were calculated to be −1.655, −1.306, −2.165, and −4.087 eV for 

toluene adsorption on Pt-, Pd-, Rh-, and Ru-decorated SWCNT systems, respectively. The total 

charge transfer from toluene to Pt-, Pd-, Rh-, and Ru-SWCNTs were also found to be 0.068, 0.056, 

0.162, and 0.178 e, accordingly. The electrons are transferred from the toluene to the C atoms of 

SWCNT in the interaction area through metal atoms. The charge transfer from toluene to pristine 

SWCNT and metal-SWCNT can be confirmed by evaluating the Fermi levels shift. As can be seen 

in Table 3-1 and Table 3-2, the Fermi levels of pristine, Pt-, Pd- Rh-, and Ru-SWCNT systems are 

shifted to higher energies by 0.06, 0.20, 0.12, 0.34, and 0.44 eV after toluene adsorption, in good 

agreement with the obtained values for charge transfer. The higher adsorption energy and larger 

charge transfer are, the shorter binding distances would be. The average distances between Pt, Pd, 
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Rh, and Ru atoms to C1-C6 atoms of toluene are 2.93, 2.96, 2.37, and 2.26 Å, respectively. One 

can conclude that the order of absolute values of adsorption energies for metal-CNT-T systems 

(ERu-CNT-T > ERh-CNT-T > EPt-CNT-T > EPd-CNT-T) have a direct relationship with the order of charge 

transfer (QRu-CNT-T > QRh-CNT-T > QPt-CNT-T > QPd-CNT-T) and an inverse relationship with average 

binding distances (DRu-CNT-T < DRh-CNT-T < DPt-CNT-T < DPd-CNT-T). The above results lead to the 

conclusion that a toluene molecule can be chemisorbed on the metal-SWCNTs with different 

adsorption properties. 

Table 3-3. The calculated adsorption energy (Ead), binding distance (D) which is the distance between C1-

C6 of the toluene and the metal in the metal-decorated CNT structure (the underlined distance is the shortest 

distance) or the shortest distance between the toluene molecule and the nanotube in the pristine CNT 

structure, magnetic moment (m), charge transfer (Q), energy bandgap (Eg), sensitivity (S), and recovery 

time (τ) at 498 K. The negative values of charge indicate a charge transfer from molecule to the nanotube. 

T: Toluene. 

System 
Ead  

(eV) 

D  
(Å) 

m 
(µB) 

Q  
(e) 

Ef 
(eV) 

Eg  
(eV) 

S 
(%) 

τ   
(sec) 

CNT-T −0.571  3.25 0.00 −0.022 −4.80 
0.638 

(0.638) 
+10.52 

7.4×10
−10 

Pt-CNT-T −1.655 
2.22-2.41-3.14-3.59-3.44-

2.80 (avg: 2.93) 
0.00 

−0.068 
−4.60 0.607 

(0.607) 
−27.30 

6.9×10
1 

Pd-CNT-T −1.306 
2.30-2.57-3.22-3.58-3.36-

2.75 (avg: 2.96) 
0.00 

−0.056 
−4.69 0.606 

(0.606) 
+61.60 

2.0×10
−2 

Rh-CNT-T −2.165 
2.42-2.39-2.37-2.37-2.34-

2.36 (avg: 2.37) 
0.62 

−0.162 
−4.44 0.375* 

(0.292) * 
−96.98 

1.0×10
7 

Ru-CNT-T −4.087 
2.29-2.29-2.22-2.26-2.27-

2.23 (avg: 2.26)  
0.00 

−0.178 
−4.33 0.450 

(0.450) 
−99.98 

2.8×10
26 

*Indirect bandgap 

To gain more insight into the adsorption toluene on metal decorated SWCNTs, their 

electronic total charge densities were calculated and presented in Figure 3-7. In the case of Pt-

SWCNT-Toluene system, a strong orbital overlap is observed between Pt and C1 atom of toluene. 

Moreover, a weak orbital hybridization is formed between Pt and C2 atom. For Pd-CNT-T, a 

moderate orbital mixing between Pt and C1 atom is noticeable. In the case of Rh-CNT-T, Rh atom 

has moderate and weak orbital overlap with C1-C6 atoms of toluene. Finally, the orbitals of the Ru 

atom are strongly and moderately mixed with C1-C6 atoms of toluene in the Ru-CNT-T system. It 

can be deduced that more orbital mixing will result in a larger charge transfer and higher adsorption 

energy, as discovered before.  
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Figure 3-7. The electronic total charge densities for the adsorption of toluene on (a) Pt-SWCNT, (b) Pd-

SWCNT, (c) Rh-SWCNT, and (d) Ru-SWCNT systems. The sticks between atoms are only for 

visualization. 

 

The orbital hybridization and the charge transfer from toluene to metal-SWCNTs cause 

significant changes to the magnetic and electronic properties of the nanotubes. Figure 3-8 presents 

the energy band structure of metal-SWCNTs after toluene adsorption. The energy bandgap of Pt-

SWCNT (Pd-SWCNT) increases (decreases) from 0.591 (0.630) eV to 0.607 (0.606) eV after 

interaction with toluene, indicating that the conductivity of the system drops (increases). The Pt- 

and Pd-CNT-T systems show no magnetic properties. For Ru-SWCNT, toluene increases 

(decreases) the energy bandgap for spin-up (-down) channel from 0.628 (0.000) eV to 0.450 eV. 

As can be seen in Figure 3-8 (d), toluene adsorption quenches the magnetism of Ru-SWCNT due 

to the saturation of Rh atom with C atoms of toluene. For toluene adsorption on Rh-SWCNT, the 
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energy band structure curves for spin-up and -down channels are not symmetric. Its total magnetic 

moment is decreased from 0.90 to 0.62 µB after toluene adsorption. The energy bandgap of Rh-

SWCNT drops (rises) from 0.632 (0.117) eV to 0.375 (0.292) eV upon toluene adsorption.  

 

Figure 3-8. Energy band structure of toluene adsorption on (a) Pt-SWCNT, (b) Pd-SWCNT, (c) Rh-

SWCNT, and (d) Ru-SWCNT systems. The black solid line and red dashed line represent spin-up and spin-

down bands, respectively. The dotted blue line indicates the Fermi level, which is set to zero. 

 

Figure 3-9 describes the PDOS curves of metal-SWCNT-Toluene systems. The asymmetry 

in DOS curves for spin-up and spin-down channels is only observed for the Rh-SWCNT-Toluene 

system, confirming its magnetic behavior. As discussed in section 3.3, the hybridization between 

Pt 5d, Pd 4d, Rh 4d, and Ru 4d and C 2p orbitals of SWCNT happens when the SWCT and metal 
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atoms interact. A similar binding mechanism is expected for the metal-CNT-toluene system, where 

the metal atom is sandwiched between two π systems. Comparing Figure 3-5 and Figure 3-9, the 

d orbitals of metal atoms are significantly broadened after interaction with toluene. If the DOS of 

two orbitals lie in the same energy range, then there is an orbital hybridization. For this reason, the 

number of overlapping peaks between d orbital of metal and p orbital of C atom of toluene close 

to Fermi level (in the energy range of −2 to 2 eV) were counted. In the case of Pt-CNT-Toluene, 

two overlapping peaks are presented at −1.09 and −1.26 eV. One overlapping point was also found 

for Pd-CNT-T, which is located at −1.11 eV. The larger number of overlapping peaks for Pt-CNT-

T in comparison with Pd-CNT-T suggests that the orbital hybridization is stronger in the former 

system. Besides, for both systems, the hybridization of d orbital of metal and p of C orbital 

hybridization can be seen deep in the valence band in the energy range of −3.25 to −2.25 eV, where 

the p orbital of C is more pronounced. The PDOS of the Rh-CNT-T system demonstrates four 

overlapping peaks for the spin-up channel and four overlapping peaks for the spin-down channel. 

The overlapping peaks for spin-up (-down) are positioned at −0.12 (+0.1), −0.45 (−0.34), −0.92 

(−0.85), and −1.8 (−1.60) eV. An overlapping peak of the spin-down channel is situated in the 

conduction band. The orbitals are also overlapped deep in the conduction band in the energy range 

of 2.15 eV to 2.55 eV, where the C p is more highlighted compared to lower energies. Likewise, 

Ru-CNT-T indicates seven overlapping points at 1.38, 0.59, −1.90, −1.70, −1.40, −0.90, and −0.30 

eV, where two peaks are in the conduction band. Similarly, the overlap of these orbitals happens 

deep in the conduction band in the energy range of 2.10 to 3.15 eV, where the C p is more marked 

compared to lower energies. The sharp peak located at −1.45 eV in the PDOS of Ru d orbital 

corresponds to the flat band in the band structure of Ru-CNT-T, check Figure 3-8 (d). 

 



 

46 

 

 

Figure 3-9. Total DOS curves for toluene adsorption on (a) Pt-SWCNT, (b) Pd-SWCNT, (c) Rh-SWCNT, 

and (d) Ru-SWCNT systems. PDOS of the s and p orbitals of C atoms and s orbital of H atoms in Toluene 

and s and d orbitals of metal atoms are also presented. The positive and negative values denote the spin-up 

and spin-down channels, respectively. The dashed lines indicate the Fermi level, which are set to zero. 
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3.3.5 Gas Sensing Evaluation of Metal-decorated SWCNT 

In order to develop a reliable sensor for toluene detection, two crucial challenges should 

be addressed, namely high sensitivity in low concentration and short recovery time. Table 3-3 lists 

the sensitivity and recovery of the considered systems. Sensitivity (S) is the variation of the 

conductivity (σ) for the nanosensors with and without gas is expressed as [165]:  

 
gas pure

pure

S 100
 − 

= 


 (4) 

Here σgas and σpure are the conductivity of the toluene adsorbed system and isolated system, 

respectively. The electrical conductivity of a material can be determined as [165]:  

 g Bexp( E / 2k T)  −  (5) 

Here Eg is the bandgap, T is the temperature, and kB is the Boltzmann constant. It can be 

deduced that the tuning of the bandgap that alters the electrical conductivity plays a vital role in 

the sensitivity of a sensor. A small drop (rise) in the energy bandgap dramatically enhances 

(reduces) the electrical conductivity.  Pristine SWCNT shows +10.52% sensitivity toward toluene 

due to the its low adsorption energy. It was also found that the sensitivities of Pt-SWCNT and Pd-

SWCNT systems for toluene detection are −27.30% and +61.60%, respectively. The situation with 

Rh-SWCNT and Ru-SWCNT can be complicated owing to their magnetic ground states. For the 

spin-up channel, the sensitivity for toluene detection by Rh-SWCNT and Ru-SWCNT systems are 

+169.71% and +34.16%, respectively. Further, excellent sensitivities of −96.98% and −99.98% 

were found for Rh-SWCNT and Ru-SWCNT systems for the spin-down channel.  

 The recovery time (  ) can be expressed using the conventional transition state theory as 

follows [40]: 

 
0

1

ad Bexp( E / k T)− =  −  (6) 

 

Here 0  is the attempt frequency. It is expected that at a constant temperature, small 

adsorption energies result in a fast desorption process of the toluene gas. It can also be concluded 

that at constant adsorption energy, the recovery time can be shortened by enhancing the 

temperature. Due to the high adsorption energies of toluene on metal decorated CNTs, a short 
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recovery cannot be obtained at room temperature. For this reason, it is assumed that the sensors 

are recovered by annealing at 498˚K in UV irradiation. The obtained recovery times for toluene 

desorption from Pt-, Pd-, Rh-, and Ru-CNT systems are 7.4×10−10, 69, 0.02, 107, and 2.8×1026 sec, 

respectively.  

 In short, despite the superior sensitivity, Rh-SWCNT and Ru-SWCNT systems are not 

promising candidates for toluene detection ascribable to their lack of reversibility originated from 

the strong chemical reaction between the toluene and the metal atom. However, they may still be 

used as a single use/disposable sensor for breath analysis. On the other hand, they may be potential 

platforms for the removal of toluene from the environment, thanks to their high adsorption 

energies. However, Pt- and Pd-SWCNT systems offer moderate adsorption energies for toluene 

detection, resulting in shorter recovery times for their sensors. The sensitivity of the Pt-SWCNT 

sensor (−27.30%) may be adequate to detect the toluene at sub-ppm concentrations. Interestingly, 

the sensitivity of the Pd-SWCNT (+61.60%) is 2.25 greater than that of Pt-SWCNT, indicating the 

potential of Pd-SWCNT for toluene detection at low concentrations and fast recovery 

(milliseconds). Thus, Pd-SWCNT can be proposed as a superior material for breath analysis of 

lung cancer. 

 

Summary 

Detection of disease states from human breath has been the subject of fascination to human 

beings since the time of ancient Greeks. Today, it is possible to train canine’s or use modern 

materials and technologies as sensors for detection of VOC’s from human breath. We employed 

first-principle calculations to explore the adsorption geometry, adsorption energy, charge transfer, 

electronic, and magnetic properties of pristine and metal decorated SWCNTs with toluene, an 

important lung cancer biomarker in exhaled breath of patients. Our results revealed that although 

a toluene molecule is only physisorbed on pristine SWCNT via VdW forces (Ead = −0.571 eV), a 

significant improvement on its adsorption energy is found by utilizing transition metal (Pt, Pd, Rh, 

or Ru) decorated SWCNT system as the adsorbent. The chemical adsorption processes occurred 

by the interaction of metal atom on the SWNT sensors and C atoms in toluene. The d orbital of 

metal atom interacts with p orbital of C atom of toluene as the perpendicular orientation of these 

orbitals makes it easier for them to overlap. The adsorption energies of toluene on Pt-, Pd-, Rh-, 

and Ru-SWCNT systems were found to be −2.572, −1.535, −2.628, and −2.665 eV, respectively, 
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suggesting higher negative interaction energies leads to stronger chemi-adsorption. Rh- and Ru-

SWCNT systems offer outstanding responses to toluene (−96.98% and −99.98%, respectively),but 

the weak recovery suggests its use as single use disposable breath analyzers for detecting very low 

levels of toluene in human breath. Pt- and Pd-SWCNT systems can detect toluene with sensitivity 

−27.12% and +61.60%, respectively. Toluene is moderately chemisorbed on these systems, 

offering a short recovery time of 69 sec and 2 ms, thus enabling their adoption for lung cancer 

breath analysis. Based on our results, metal decorated SWCTs are promising candidates to detect 

an individual toluene molecule, opening new doors for the early screening of lung cancer from 

human breath or sensors for personal safety monitoring in variety of environments.  
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4. Chapter 4 

Theoretical Study on CNT Sensor 

SWCNT- based Platform for Early Detection of Liver Cancer  

Regarding the serious threat of liver cancer owing to the concealment and hard detection of 

liver tumors at an early stage, primary diagnosis becomes quite crucial to guarantee human health. 

So, in this work platinum-decorated single-walled carbon nanotubes (SWCNTs) were proposed as 

superior nanodevice for the detection of 1-Octen-3-ol (octenol), decane, and hexanal as liver 

cancer biomarkers in the exhaled breath of the patients. Herein, density functional theory (DFT) 

calculations have been utilized to scrutinize the structural and electronic properties of pristine and 

Pt-decorated SWCNTs. Obtained results showed that the gas molecules were weakly physisorbed 

on the pristine SWCNT with negligible charge transfer and large interaction distances. 

Contrariwise, after the decoration of the SWCNT with Pt metal atom, significant charges are 

transferred, and energy adsorption increased. The results disclosed that the energy adsorption has 

been enhanced, for example, energy adsorption increased two times for decane and hexanal 

molecules (−1.06, and −1.07 eV) upon adsorption on Pt-decorated SWCNT. Moreover, substantial 

charges with amount of 0.238, 0.245, and 0.223 e were transferred from octenol, decane, and 

hexanal to the surface, respectively. So, investigations revealed that these compounds are strongly 

chemisorbed on Pt-SWCNT with small interaction distances and along with the short recovery 

time of 1.7, 83.4, and 123 sec at room temperature toward octenol, decane, and hexanal, 

respectively which make it a compelling nanodevice. Considering the findings, Pt-SWCNT is an 

excellent substrate for the sense of liver cancer biomarkers with desired recovery time and the 

results demonstrate its feasibility for potential application in the near future in the field of liver 

cancer diagnosis. 

 

4.1 Overview 

Liver cancer is the third most common cause of cancer death throughout-the-world as 

reported by WHO [166], it occurs when the normal cells in the liver become abnormal and those 

abnormal cells grow rapidly [167]. The treatment of cancer including liver cancer is a long and 
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difficult process and based on the stage its survival years may change. So, the early diagnosis of 

the disease is of great importance [168, 169]. There are several methods to diagnose cancers but 

unfortunately, most of them are costly and unsuitable for widespread screening [170]. However, 

exhaled breath analysis as a non-invasive technique and diagnostic tool for various diseases, 

therapeutic monitoring, and metabolic status has gained tremendous interest in recent years [72, 

171-173].  

Exhaled breath contains more than 3,500 components, the majority of which are volatile 

organic compounds (VOCs) [174-176]. These compounds (VOCs) in exhaled breath carry the 

fingerprints of metabolic and biophysical processes happening in human body [177]. It has been 

revealed that VOC concentration profiles and/or VOC composition vary between patients with and 

without certain disorders [178]. So, research on human exhaled breath analysis, due to its potential 

possibility of the facile and swift diagnosis of diseases such as cancers, has obtained great attention 

[179, 180]. For example, acetone, ethanol, formaldehyde, and toluene have been reported to be 

related to lung cancer, diabetic ketoacidosis, Alzheimer's [181-183]. Moreover, studies revealed 

that the other VOC gases from exhaled breath, such as octenol (1-Octen-3-ol), hexanal, and decane 

are liver cancer biomarkers [86, 184, 185]. In this regard, detecting octenol, hexanal, and decane 

species by gas sensors would be effective and workable for the diagnosis of liver cancer. 

It is worth mentioning that gas and molecules detection has been investigated by many 

scientists with help of different nanomaterials [186-188], for instance, adsorption of 

sulfadimethoxine and tetracycline molecules on β-antimonene nanotube [189], interaction of 

styrene on single and double-walled square-octagon phosphorene nanotubes has been explored 

[190], and adsorption of aldrin and dieldrin molecules on blue phosphorene was studied [191].  

Due to carbon nanotube's (CNTs) unique properties including their high surface-to-volume 

rate, excellent sensing behaviors like a quick response, good sensitivity, low cost, and hollow 

structure, they have attracted a lot of attention [121-123, 127, 145, 192, 193]. For example, there 

has been works regarding functionalization of CNTs to enhance the efficacy of anticancer drugs, 

and the interactions between functionalized nanotube and drug molecule were governed by van 

der Waals (vdW) energy [194]. On the other hand, CNT-type devices can be used as a platform 

for gas detection. In fact, gas molecules upon adsorption may act as electron donors or acceptors 

and consequently change the density of charge carriers of the CNT. [195, 196]. Due to these 

properties, CNT-based gas sensors experienced rapid advancement and development in recent 

https://www.sciencedirect.com/topics/medicine-and-dentistry/volatile-organic-compound
https://www.sciencedirect.com/topics/medicine-and-dentistry/volatile-organic-compound


 

52 

 

years [197]. For example, utilization of CNT for detection of NO, and CO as dangerous 

components for environment and health have been investigated [139, 198, 199]. Single-walled 

carbon nanotube (SWCNTs) can be used to fabricate extremely highly sensitive sensor and celerity 

with the purpose of detecting trace gas. In another study, ammonia sensing as a toxic and 

flammable gas, upon SWCNT was investigated [200].  

Furthermore, adsorption of other gas molecules such as NO2, CO2, SO2, and H2S were 

explored over SWCNT-based gas device [201-203]. In spite of the potential fascinating 

characteristics of SWCNT, several reports have shown that the weak interaction and insufficient 

charge transfer between the gas molecules and pristine SWCNT sheet, the pristine SWCNT fails 

to detect some gas molecules. To enhance detection and sensing of SWCNT toward target gas 

molecules, decoration of SWCNT with transition metal (TM), especially (Pt or Pd) was proposed. 

Given these facts, it was reported that Pd-decorated SWCNT could be a good platform for 

methane detection, the adsorption energy results revealed that after modifying the nanotube with 

Pd, it exhibits good sensitivity and has a stronger interaction with the methane [204]. Recently our 

group comprehensively studied the toluene sensing as lung cancer biomarker upon TM decorated 

SWCNT, and it was noted that Pt, and Pd platforms are more efficient than pristine SWCNT for 

toluene detection [20]. 

Nonetheless, to the best of our knowledge, calculations related to octenol, decane, and 

hexanal adsorptions on pristine, and Pt-decorated SWCNTs have not been reported. Geometrical 

structures, adsorption energies, and electronic properties have been thoroughly studied in this work 

with first-principles methods based on DFT. We have employed DFT to investigate interaction 

behavior of the molecules upon pristine/TM-decorated SWCNT. Our calculations can provide 

fundamental adsorption and sensing mechanism of such platform and help the development of 

high-performance room temperature breath analyzer biosensor for early detection of liver cancer. 

 

4.2 Computational Method 

In this theoretical work, first-principles computations based on DFT method was used and 

carried out in the Atomistix ToolKit (ATK) software package [153, 154]. The generalized-gradient 

approximation (GGA) as formulated by Perdew-Burke-Ernzerhof (GGA-PBE) was employed to 

calculate the exchange-correlation functional with the Hartwigsen, Goedecker, Hutter (HGH) 
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pseudopotentials with tier 3 [205]. The Grimme vdW correction (PBE-D2) was adopted to deal 

with the long-range van der Waals (vdW) interactions [157]. The kinetic energy cut-off and 

electronic temperature were set to 150 Ry, and 300 K, respectively. 

An (8,0) zigzag SWCNT was studied. The supercell is periodically repeated and contains 

96 C atoms with conditions as a = b = 30 Å, and c=12.82 Å aiming at preventing the spurious 

image-image interactions. All the structures had been relaxed until the convergence tolerances of 

force and stress on each atom were selected to be less than 0.01, and 0.001 eV/Å, respectively. The 

primitive Brillouin zone k-point was sampled performed in 1 × 1 × 11 Monkhorst-Pack mesh for 

geometry optimization and 1 × 1 × 101 k-points for electronic calculations.  

For the purpose of evaluation of the adsorption stability and interaction between the gas 

molecules and the pristine/metal-decorated-SWCNT, their adsorption energy (Ead) was defined as: 

 𝐸𝑎𝑑 = 𝐸𝑌+𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − (𝐸𝑌 + 𝐸𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒) (7) 

 

Here Y is the SWCNT or the metal decorated-SWCNT. EY+Molecule, EY, and EMolecule are the 

total energies of the molecule-nanotube complex, nanotube, and the isolated molecule, 

accordingly. In the above-defined equation, negative adsorption energy represents that the 

interaction is exothermic and energetically favorable. In addition, the structural stability of pristine 

and Pt decorated SWCNT is calculated in terms of its formation energy [14, 206-208]: 

 

 𝐸𝑓𝑜𝑟𝑚 = ( 
1

𝑛
 )[𝐸𝑌 − 𝑛 (𝐸𝐶)] (8) 

 

where n has the meaning of the number of carbon atoms in the SWCNT and EC denotes 

the energy of the isolated carbon atom. For pristine, and Pt-decorated SWCNT, the formation 

energy is observed as −6.706, and −6.658 eV/carbon atom, respectively. The negative values 

of Eform demonstrating the geometrical stability of the structures.  

Also, the adsorption energies for all interactions were obtained by considering the basis set 

superposition error (BSSE) by using counterpoise (cp) correction. 

 ∆𝐸𝑎𝑑,𝑐𝑝 = 𝐸𝑎𝑑 − 𝐸𝐵𝑆𝑆𝐸 (9) 

 

https://www.sciencedirect.com/topics/chemistry/brillouin-zone
https://www.sciencedirect.com/topics/chemistry/adsorption-energy
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where ΔEad,cp is corrected counterpoise energy, EBSSE is the energy of basis set 

superposition error. Furthermore, the charge transfer (Q) characterizes the change of the carried 

charge amount by gas molecules after adsorption and can be analyzed employing Mulliken 

population analysis by measuring the charge difference among them. It is worth mentioning that 

the positive value indicates the transfer of a corresponding number of electrons from the gas 

molecule to the surface, while the negative one represents the converse electron transferring path. 

 

4.3 First-principles calculations using density functional 

theory: 

After relaxation, C−C bond distances are 1.42 Å and the diameter is 6.37 Å for pristine 

(8,0) SWCNT (Figure 1a). The accuracy of the calculations by optimizing the structure and 

computing the energy band structure was verified. The results disclosed that the pristine SWCNT 

at Γ-point has a direct bandgap of 0.643 eV, which makes it a semiconductor [143, 161]. Moreover, 

energy bandgap for other (m,0) zigzag SWCNTs, where m stands for chirality of SWCNTs were 

calculated and exhibited in Table 4-1. 

 It is worth to mention that a carbon atom has four valence electrons. In each carbon atom 

in the nanotube, σ bonds are created with three adjacent carbon atoms using carbon’s three 

electrons in the sp2 hybrid orbitals. Also, π bonds transverse to the tube’s axis are formed by the 

fourth valence electron in the unhybridized p orbital of each carbon atom is shared with two 

neighboring carbon atoms. The optimized molecules, octenol (C8H16O), decane (C10H22), and 

hexanal (C6H12O) are shown in Figure 4-1. 
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Figure 4-1. (a) Relaxed structure of a pristine SWCNT along with various adsorption locations on 

the SWCNT (Ho: hollow, A: axial, Z: zigzag, and T: top), (b) its energy band structure, the dotted line 

indicates the Fermi level, which is set to zero. (c) The relaxed molecular structure of octenol, decane, and 

hexanal in two views are illustrated. 

Table 4-1. The energy bandgap of (m,0) zigzag SWCNTs (Eg), where m is the chiral index of the 

SWCNT. 

(eV)  
                     m 

9 10 11 12 13 14 15 

Eg 0.093 0.76 0.94 0.078 0.63 0.73 0.028 

 

 

Since the molecules tend to be adsorbed in numerous configurations, possible adsorption 

situations were considered. As can see from Figure 4-1, molecules can be positioned above the C-

C bond (A and Z locations), C atom (T location), and the middle of the C hexagon (Ho location) 
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of SWCNT. These possible adsorption sites as exhibited well in Figure 4-2 were determined 

through optimizing all atomic positions [209]. At these sites, different molecular orientations 

(perpendicular or parallel to the axis of the nanotube) were studied. 

The strength of adsorption was assessed by calculating adsorption energies between 

analytes and sensing materials. The more negative adsorption energy, the more exothermic 

adsorption, and the stronger the interaction. The most favorable adsorption geometries and their 

band structures were illustrated in Figure 4-3.  

 

 

Figure 4-2. The possible adsorption sites on the SWCNT. 
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Figure 4-3. The relaxed atomic structures of a) Octenol, b) Decane, and c) Hexanal adsorption on 

pristine SWCNT surface along with their electronic band structures. 

 

The horizontal alignment of the molecules on top of the C atom of the nanotube was 

revealed to be energetically more desirable, as depicted in Figure 4-3. Upon exposure the 

interaction distance was calculated for the structures. The minimum atom–atom distance 

(interaction distance) between gas molecules and the CNT surface (C-H) was estimated to be 2.62, 

2.72, and 2.41 Å, after octenol, decane, and hexanal adsorption, respectively. 

The atomic radii of C, O, and H atoms are 0.67, 0.48, and 0.53 Å, respectively [210]. So, 

the sum of atomic radii of H and C is 1.2 Å. Therefore, the interaction distances between the 

SWCNT and the molecules are much larger than the sums of corresponding atomic radii, indicating 

that gas molecules are weakly adsorbed on the surface. The adsorption energies of octenol, decane, 

and hexanal molecules on pristine SWCNT are −0.76, −0.56,  and −0.53 eV, respectively, 

https://www.sciencedirect.com/topics/chemistry/adsorption-energy
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indicating that the interactions between these molecules and SWCNT are weak (see Table 4-2). In 

addition, the C-C bonds and distances were not changed considerably approving the weak 

adsorption of the molecules upon pristine SWCNT. 

Moreover, the band gap of pristine SWCNT (0.643 eV) is decreased slightly for 

octenol (0.633 eV), decane (0.40 eV), and hexanal (0.635 eV). The charge transfer upon 

adsorption of the gas molecules on the pristine SWCNT is studied from the differences in the 

charge concentrations before and after adsorption. From calculations, net total charge of −0.019, 

−0.013, and −0.024 e was obtained after adsorption of octenol, decane, and hexanal, respectively. 

These slight amounts of charge transfer agree well with the low adsorption energies of the 

molecules on the bare SWCNT and indicating that electrons were transferred from molecules to 

the SWCNT surface. All data and calculations are tabulated in Table 4-2. 

Table 4-2. The calculated adsorption energy (Ead), interaction distance (D), which is the distance between 

the molecule and SWCNT, charge transfer (Q), energy bandgap (Eg), and recovery time (τ). 

System 
Ead  

(eV) 

Q  

(e) 

D  

(Å) 
Eg  

(eV) 

τ (sec) 
@ T=298 K 

(Visible light) 

τ (sec) 
@ T=298 K 
(UV light) 

τ (sec) 
@ T=348 K 
(UV light) 

Pristine CNT -  - - 0.643 - - - 

Pristine CNT-Octenol –0.76 –0.019 2.62 0.633 7.06 7.06×10–4 4.47×10–10 

Pristine CNT-Decane –0.56 –0.013 2.72 0.64 0.0029 2.93×10–7 1.98×10–11 

Pristine CNT-Hexanal –0.53 –0.024 2.41 0.635 9.13×10–4 9.13×10–8 98.54 

Pt-CNT –2.05 - - 0.591 - - - 

Pt-CNT-Octenol −0.96 –0.238 1.82 0.598 1.7×10+4 1.7 79.16×10–4 

Pt-CNT-Decane −1.06 –0.245 1.79 0.6 8.34×10+5 83.4 0.22 

Pt-CNT-Hexanal –1.07 –0.223 1.78 0.618 1.23×10+6 123 0.31 

 

To assess the performance of a gas sensor, one vital indicator recovery time should be 

explored [211]. The recovery time (τ) can be defined employing the conventional transition state 

theory as follows:  

 𝜏 = 𝐴−1exp (
−𝐸𝑎𝑑

𝐾𝐵𝑇⁄ ) (10) 

 

Here, T is the temperature, and KB is the Boltzmann constant. A is the attempt frequency, 

which is the vibration frequency of single bonds between the molecule and the surface. It is known 

that at a constant temperature, small adsorption energies result in a fast desorption process of the 
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gas molecules. The recovery times obtained at room temperature (T = 298 K) and under visible 

light (ν0 = 1012 Hz) were 7.06, 0.0029, and 9.13×10–4 s, for octenol, decane, and hexanal, 

respectively. A good gas sensor should satisfy reasonable short recovery time, the recovery time 

could be around several to several hundred seconds which would be acceptable for sensing 

application. 

Ergo, adsorptions between considered gas molecules and pristine SWCNT are relatively 

weak, and it may well be argued that they are physiosorbed upon interaction with the pristine 

SWCNT. So, to enhance the adsorption and interaction, the surface of SWCNT was decorated with 

Pt atoms. After optimization upon different potential sites on the SWCNT, the most relaxed Pt-

decorated SWCNT was achieved with an adsorption energy of −2.05 eV, which creates two bonds 

with a minimum distance of 2.12 Å with the C atoms of CNT (Figure 3-2). 

Due to the strong adsorption of Pt atom upon SWCNT (Ead =−2.05 eV), and a large charge 

transfer (0.101 e), a conspicuous deformation in SWCNT was observed in accordance with 

previous works [139, 143, 160, 212]. Thereby, the diameter of the CNT is stretched in the 

decoration orientation and shrank in the perpendicular direction. Besides, the formation of metal-

C bonds degrades the strength of C-C bonds, making these bonds to get enlarged from 1.42 

(pristine) to 1.48 Å (after decoration). The most stable structure, electronic band structure, and 

density of states (DOS) for the Pt-decorated SWCNT are depicted in Figure 4-4.  
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Figure 4-4. The most relaxed configuration of a) Pt-decorated SWCNT, b) its band structure, and 

along with c) its DOS calculations. 

The metal atom is located between two C atoms of the SWCNT, where Pt-C distances are 

2.12 and 2.13 Å. Since the sum of covalent radii of Pt (1.77 Å) and C (0.67 Å) is 2.44 Å and is 

larger than the obtained minimum distance, it can be assumed that the chemical bonds created 

between C and Pt atoms. As can be seen from Figure 4-4, the Pt-SWCNT is a direct bandgap 

semiconductor (Eg = 0.591 eV). Additionally, new peaks appeared in DOS of SWCNT after 

decoration by Pt atom at the energy range of −1.0 to 0 eV and 0 to 1 eV, attributed to the d and s 

orbitals of the metal atom, respectively.  

Next, the most energetically preferable adsorption configurations for the studied analytes 

on the Pt-decorated SWCNT are displayed in Figure 4-5. The gas molecules were positioned on 

top of the Pt atom with various molecular orientations. 
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Figure 4-5. The most stable structures of Pt-decorated SWCNT toward octenol, decane, and 

hexanal molecules. The distances between the different atoms are shown. 

 It was discovered that upon exposure to the Pt-decorated SWCNT, the studied molecules 

adopt a horizontal orientation with respect to the surface with its H atom toward Pt atom. The 

minimum distance between H and Pt was found to be 1.82, 1.79, and 1.78 Å for octenol, decane, 

and hexanal, respectively. The sum of covalent radii of the H-Pt bond is 2.3 Å, which can confer 

those minimum distances are smaller than the sum of covalent radii representing strong adsorption. 

Moreover, from adsorption energy calculations as described in Table 4-2, Ead of −0.96, 

−1.06, and −1.07 eV was procured for adsorption of octenol, decane, and hexanal on the Pt-

decorated SWCNT. It is apparent that the adsorption of all analytes has been intensified after 

decorating the SWCNT with Pt metal, for example, the adsorption energy of octenol has been 

incremented from −0.76 eV (on pristine) to −0.96 eV (on Pt-decorated SWCNT), and also the 

adsorption energy of decane, and hexanal increased two times. From calculation of BSSE 

adsorption energies, over adsorption of octenol, decane, and hexanal molecules on pristine 

SWCNT, adsorption of –0.82, –0.64, and –0.57 eV was found, respectively. Also, after octenol, 

decane, and hexanal adsorption upon Pt-decorated SWCNT, energy of –1.05, –1.09, and –1.12 eV 

was achieved, respectively. 
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Conspicuously from Figure 4-5 can be observe that the values of the diameter of the Pt-

SWCNT for the octenol, decane, and hexanal are 6.52 (6.32), 6.56 (6.29), and 6.47 (6.36) Å in the 

direction of the adsorbed metal (perpendicular to the adsorption site), respectively. Due to the 

strong adsorption of the molecules upon Pt atom, the C-Pt bond lengths were altered from 2.12 

(2.13) to 2.15 (2.15), 2.15 (2.14), and 2.18 (2.14) Å for octenol, decane, and hexanal, respectively. 

To shed light on the adsorption mechanism of Pt-SWCNT towards the molecules, the 

electronic band structures, and DOS calculations were collected and are exhibited in Figure 4-6.  

 

 

Figure 4-6. Electronic band structure, and DOS plots for Pt-decorated SWCNT exposed to (a) 

octenol, (b) decane, and (c) hexanal molecules. Fermi level with blue dotted line is set to zero. 

 

Upon adsorption of octenol, decane, and hexanal molecules on the Pt-SWCNT, the energy 

band gap of 0.598, 0.6, and 0.618 eV were obtained. It means that the energy bandgap of the Pt-
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decorated SWCNT (0.591 eV) was slightly increased after interaction with the molecules. It can 

be noticed from DOS calculations that there are numbers of overlapping peaks (as some 

highlighted by arrows) between molecules and the Pt atom. For instance, after octenol adsorption, 

overlapping peaks appeared in the energy range of −1.5 to −2.5 eV, and 1.5 to 2 eV. In the case of 

hexanal, there are discernible peaks in the range of 2 to 2.5 eV and in the vicinity of the Fermi 

level from −1 to −1.5 eV. However, there are some peaks after decane adsorption in the range of 

−2.5 to −3.5 eV, which are not close to the Fermi level. The larger number of overlapping peaks 

could suggest that the orbital hybridization is stronger in the system. 

In order to acquire more information, the electronic total densities were obtained and 

exhibited in Figure 4-7. It was found that all the gas molecules donate electrons to the surface, a 

significant net charge of 0.238, 0.245, and 0.223 e was achieved for octenol, decane, and hexanal, 

respectively. These large amounts of charge transfer agree well with the high adsorption energies 

of the molecules on the Pt-decorated SWCNT. 

 

Figure 4-7. The total charge densities of a) octenol, b) decane, c) hexanal on Pt-decorated 

SWCNT systems. 
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Finally, based the recovery time findings, the octenol on Pt-SWCNT has the shortest 

recovery time followed by decane, and hexanal at room temperature. As an example, the recovery 

time of Pt-SWCNT gas sensor after octenol, decane, and hexanal adsorption could be ∼1.7, 83.4, 

and 123 s by annealing at 25° C in UV irradiation (υ0 = 1016 Hz), see Table 4-2. 

To sum up, it was manifested that the Pt-decorated SWCNT has good detection toward 

liver cancer biomarkers from exhaled breath. It was divulged that these compounds (octenol, 

decane, and hexanal) has a weak adsorption on the pristine SWCNT. However, after decorating of 

the SWCNT with Pt atom, its detection to the molecules greatly improved. It was found that Pt-

SWCNT has a large adsorption energy of −0.96, −1.06, and −1.07 eV toward octenol, decane, and 

hexanal, respectively along with large total charges that was emitted from the molecules to the 

surface, which confirm the chemical adsorption that happened between them. Overall, it could be 

supposed that Pt-SWCNT gas sensor has a great potential for liver cancer biomarkers detection 

through exhaled breath at room temperature. 

 

Summary 

This study proposes a novel sensing material CNT-based to detect the possible liver cancer 

patients through an exhaled breath. In summary, we applied first-principle calculations based on 

DFT to investigate the adsorption geometry, adsorption energy, charge transfer, electronic band 

structure, and DOS of pristine and Pt-decorated SWCNT with liver cancer biomarkers (octenol, 

decane, and hexanal) adsorption. Our results manifested that Pt-decorated SWCNT has a 

remarkable capability for detection of octenol, decane, and hexanal in comparison with the pristine 

SWCNT, resulting in chemisorption. Calculated results predict that after adsorption of octenol, 

decane, and hexanal, upon Pt-SWCNT adsorption energy of −0.96, −1.06, and −1.07 eV with 

noticeable amounts of electron charges 0.238, 0.245, and 0.223 e observed, respectively. Also, the 

recovery time of 1.7, 83.4, and 123. s at room temperature under UV light was achieved, which is 

a key parameter for gas sensors to be reused. Thus, the findings of the present study will lay a road 

in the development of nanosensors based on CNT material for liver cancer detection. 
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5. Chapter 5 

Theoretical Study on Phosphorene 

Phosphorene-based Platform for Detection of Alcohols  

Inspired by prior advancements and the growing utilization of two-dimensional (2D) based 

gas sensors, this work presents the potential of black phosphorene for sensing volatile organic 

compounds (VOCs) gas molecules. First-principles density functional theory (DFT) combined 

with non-equilibrium Green’s function (NEGF) calculations were employed to evaluate the VOCs 

sensing performance of suspended pristine and Pt-decorated phosphorene materials. Several 

VOCs, such as acetone, ethanol, formaldehyde, methanol, and toluene, along with CO2 and H2O 

molecules, were considered as the target gases. The results indicated that although the electronic 

properties of the pristine phosphorene were slightly affected by the VOCs adsorption, the 

decoration of the phosphorene sheet with Pt atoms drastically increased its alcohol’s sensitivity. 

The sensor based on Pt-decorated phosphorene was found to be sensitive and selective toward 

methanol between considered other gas molecules with a gas response of 41.10%. A short recovery 

time of 0.17 sec at room temperature under UV light obtained theoretically and it confirmed the 

potential application of Pt-phosphorene-based sensor for alcohol detection at room temperature. 

5.1 Overview 

Single gas molecules detection is pivotal to many areas, including medical diagnosis and 

environmental monitoring. Nanomaterials such as metal oxide nanoparticles have drawn 

tremendous attention for gas molecule adsorption owing to their exceptionally high surface-to-

volume ratio [213]. In spite of high sensitivity and fast response, the high operating temperature 

of metal oxide nanoparticles-based gas sensors accelerated the development of low-power 

alternatives. Since the debut of graphene, [214] the world’s first two-dimensional (2D) 

nanomaterial, many reports demonstrated the promising applications of graphene and its 

derivatives for gas sensing because of the high carrier mobility, high thermal stability, low 

electrical noise, and low operating temperature [215-217]. 

Research on nanostructure hybrid materials for gas sensing has been gaining momentum 

in recent years. Especially, noble metal decorated novel structures were found to be remarkably 
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sensitive and selective owing to the synergistic effect of the compound configuration [218, 219]. 

For example, adsorption of toxic gases NO2 and H2S on transition metal (e.g., Pt and Pd)-decorated 

graphene was investigated, [220] and it was found that metal decoration obviously enhance the 

interactions between graphene and gas molecules. It was found that the adsorption energy and 

charge transfer were 7–10 fold and 3–10 times higher than that of pristine graphene, respectively, 

and Pt-decorated graphene was more sensitive to H2S. Gas sensing characteristics of the MoS2 and 

Au-functionalized MoS2 toward organic compounds was investigated experimentally and 

theoretically. [221] It was revealed that MoS2-Au sensor showed higher sensitivity to the gas 

molecules at room temperature compared to that of the pristine MoS2 sensor. 

Inspired by the triumphs of graphene, other 2D nanomaterials such as transition metal 

dichalcogenides (TMDs), MoS2, MXenes, silicene, borocarbide, borophene, to name a few, have 

become the center of intense research for the development of advanced gas sensing devices [5, 25, 

222-225]. As a strong competitor to graphene, phosphorene (monolayer black phosphorus) was 

first introduced in 2014 [74]. Few-layer black phosphorus was successfully synthesized by 

exfoliation techniques and showed a bandgap varying from 0.3 to 1.5 eV depending on the number 

of stacked layers [226]. Unlike semimetallic graphene, phosphorene has a semiconductor character 

with high carrier mobility up to 1,000 cm2 V-1 s-1 at room temperature, making it a promising 

candidate for the nanoelectronics field and gas sensing applications [28, 29]. Using first-principle 

calculations, it was predicted that phosphorene as a gas sensor outperforms other 2D counterparts 

such as graphene and MoS2 [44]. It was revealed that the sensor is more sensitive to nitrogen-based 

gas molecules such as NO and NO2 in comparison with carbon-based molecules such as CO and 

CO2 [44]. The first FET-based gas sensor based on multi-layer phosphorene was fabricated in 2015 

and found to be very sensitive to NO2 concentration down to 5 ppb [227]. The superior molecular 

adsorption energy, less out-of-plane electrical conductance, higher surface-to-volume ratio, larger 

surface area, excellent mechanical flexibility, high operating frequencies, and ambipolar behavior 

make phosphorene rival or surpass other 2D materials for gas sensing applications [228]. 

Most studies of phosphorene-based gas sensors focus on the detection of toxic inorganic 

compounds. However, volatile organic compounds (VOCs) are an important class of atmospheric 

pollutants which can cause health effect. They include alcohols, aldehydes, ketones, aromatics, 

etc., and are emitted by numerous daily-use household products such as furniture polish, paint, 

sanitizer, floor lacquers, to name a few. These organic chemicals are also present in exhaled human 
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breath and can serve as a potential biomarker for biomedical applications [229, 230]. Human breath 

contains about 870 VOCs which are linked to various diseases such as lung, colorectal, diabetic 

ketoacidosis, and kidney cancer [20, 231, 232]. Moreover, inhaling alcohol for a long time can 

cause severe damages to the human body such as methanol poisoning that can cause organ failure, 

blindness, or even death if it recognized too late [233]. Developing a reliable, sensitive, and 

inexpensive alcohol gas detection system has attracted extensive attention not only in medical and 

clinical applications but also in food, brewing, and fuel industries [234]. Hence, there have been 

increasing high demands to develop efficient sensors for VOCs especially alcohol detection.  

The adsorption behavior of typical VOCs such as ethanol, propionaldehyde, acetone, 

toluene, and hexane on phosphorene was investigated [235]. The interaction of VOCs with 

phosphorene was found to be stronger than with MoS2 [235]. However, the VOCs bind weakly to 

the phosphorene, making it challenging to detect them. It was reported that compression strain is 

a possible solution to enhance the sensibility of phosphorene to VOCs [235]. 

Different approaches were employed to improve the gas sensitivity of phosphorene. 

Suspended phosphorene-based gas sensor presented a 23% higher response to 200 ppm NO2 with 

two-times faster recovery rate in comparison with phosphorene supported on a conventional 

substrate [236]. The introduction of vacancy defects and substitutional impurities such as Ti, Si, 

Mn, and Fe can drastically improve the H2S and SO2 sensing of phosphorene [237]. It was 

demonstrated that decoration of phosphorene with Alkali and Alkaline earth metals causes a 

significant enhancement of the nitrogen-based gas molecules adsorption energies, which is 

necessary for gas removal [238]. 

Here, we aim to enhance the VOCs sensing characteristics of phosphorene through metal 

functionalization. To this end, density functional theory (DFT) calculations were employed to 

investigate the interactions of suspended Pt-decorated phosphorene sensors with different gas 

molecules such as acetone, ethanol, formaldehyde, methanol, toluene, CO2, and H2O. Taking many 

concerns into consideration, the sensors’ performance in terms of sensitivity, selectivity, and 

recovery time was analyzed. Our findings provide new insights into the development of high-

performance phosphorene-based nanosensors for medical diagnosis and environmental monitoring 

applications. 
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5.2 Computational Method 

The results were carried out in Atomistix ToolKit (ATK) package using first principles 

DFT method combined with non-equilibrium Green’s function formalism (NEGF) [153, 154, 239]. 

The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) was utilized 

for exchange and correlation functions treatment. To describe the Van der Waals (vdW) 

interactions, the DFT-D2 method of Grimme was operated [156, 157]. The energy of adsorption 

for molecules upon pristine or Pt-decorated phosphorene based on vdW corrected were calculated 

by: 

 / /ad P P Pt P molecule P P Pt P moleculeE E E E− − + − −= − −  (11) 

Where /P P Pt P moleculeE − − + , /P P Pt PE − − , and moleculeE  are the whole energies for the pristine or Pt-

decorated phosphorene-gas molecule system, pristine or Pt-decorated phosphorene, and the single 

molecule, respectively. For these calculations, the basis set of Fritz-Haber-Institute (FHI) 

pseudopotentials with double-ζ polarized were employed. The kinetic energy cut-off was set to 90 

Hartree. A large vacuum with a sufficient size of 20 Å in z direction where the supercell is not 

periodic was considered to decouple the slabs. All configurations were optimized using the 

limited-memory Broyden−Fletcher−Goldfarb−Shanno (LBFGS) quasi-Newton method till the 

convergence criteria of 0.01 eV/Å for force and 0.001 eV/Å3 for stress acting on the atoms. For 

sampling Brillouin zones (BZ), 5 × 5 × 1 and 11 × 11 × 1 k-points were used for geometry 

optimization and electronic calculations, respectively. 

Moreover, charge transfer (QT) between the pristine or decorated-phosphorene surface and 

molecules was obtained. In order to get more accurate results for charge transfer a good description 

of virtual states far above the Fermi level seems necessary. For this reason, the Hartwigsen, 

Goedecker, Hutter (HGH) pseudopotentials were used with Tier 4 basis set instead of Fritz-Haber-

Institute (FHI) with double- polarized basis set. It is worth mentioning, a negative QT suggests that 

charges transfer from the gas molecule to the pristine or decorated phosphorene, while a positive 

QT denotes a reverse charge transferring path.  

The calculations of electron transport were performed by GGA-PBE and NEGF 

approaches. In a device with two metal electrodes configuration, the passing current through the 

device at a finite bias voltage (Vb) was obtained from the Landauer-Büttiker equation: 
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Here L  and R  are the chemical potentials of the left and right electrodes, respectively. 

T and f are transmission functions and Fermi-Dirac distribution at energy E and Vb. Ef is the Fermi 

energy, the average value of chemical potentials of the left and right electrodes, which is usually 

fixed to zero. The bias energy window is / 2L f bE eV = −  and / 2R f bE eV = + . Additionally, 1 

× 3 × 50 k-points was used for electronic transport calculations. 

5.3 First-principles calculations using density functional 

theory: 

We first studied the structural properties of a suspended pristine phosphorene. The most 

stable structure of phosphorene and its unit cell’s band structure is presented in Figure 5-1. It was 

confirmed that phosphorene is a semiconductor with a direct bandgap of 0.882 eV bandgap at the 

Γ point where both the valence band maximum (VBM) and the conduction band minimum (CBM) 

are located. The lattice constants for a monolayer of phosphorene were found to be a = 3.32 Å and 

b = 4.41 Å. These results are in great agreement with the literature [240]. 

 

Figure 5-1. (a) Illustration of monolayer phosphorene sheet as well as its primitive unit cell, Brillouin 

zone with the high-symmetry points, and different possible adsorption sites (b) electronic band structure 

of the phosphorene unit cell. 
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In order to obtain the preferential adsorption sites of the VOCs on the pristine phosphorene 

sheet, the gas molecules were positioned at a distance of 2 Å above different locations of the sheet 

with diverse molecular orientations. Three possible adsorption locations, including B (above P-P 

bond), H (above hollow hexagon), and T sites (top of P atom), were analyzed, as shown in Figure 

1(a). The molecular axes were considered perpendicular and parallel to the surface of phosphorene. 

All possible adsorption configurations were relaxed, and their adsorption energies were calculated. 

The negative adsorption energy is exhibitive of the exothermic process; thus, the most stable 

structure has the most negative adsorption energy. The most preferable adsorption configurations 

are depicted in Figure 5-2.  
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Figure 5-2. The energetically preferable adsorption configurations of gas molecules upon the pristine 

phosphorene surface. 

 

The calculated adsorption energies of pristine phosphorene toward acetone, ethanol, 

formaldehyde, methanol, toluene, CO2, and H2O were obtained to be –0.74, –0.73, –0.66, –0.67, 
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–1.16, –0.44, and –0.54 eV, respectively. A small charge of 0.042, 0.043, 0.032, 0.035, 0.051 e 

was transferred from acetone, ethanol, and formaldehyde, methanol, and toluene to the 

phosphorene, respectively. While CO2, and H2O withdraw a small charge of 0.012, and 0.021 e 

from the surface, respectively. It was revealed that all molecules were adsorbed physically on the 

pristine phosphorene, except toluene which was strongly physisorbed. Electronic band structures 

of the aforementioned structures were provided in Figure 5-3. It was noticed that after the 

adsorption of the gases on the phosphorene, the electronic band structures remained almost 

unchanged. The energy bandgap of pristine phosphorene (0.882 eV) upon gas molecules 

adsorption was slightly changed (<40 meV). The energy bandgaps for acetone-, ethanol-, 

formaldehyde-, methanol-, toluene-, CO2-, and H2O-phosphorene were calculated to be 0.882, 

0.894, 0.9, 0.882, 0.844, 0.879, 0.885 eV, respectively. 

 

Figure 5-3. The obtained electronic band structures for gas molecules on pristine phosphorene (P). The 

Fermi level was fixed to be zero. 

Because of the physical adsorption of the molecules upon the pristine phosphorene, large 

interaction distances were obtained. The minimum distance of 2.94 (O–P), 2.87 (O–P), 2.99 (O–

P), 2.35 (H–P), 3.16 (H–P), 3.18 (C-P), and 2.57 (H–P) Å was found for acetone, ethanol, 

formaldehyde, methanol, toluene, CO2, and H2O molecules with phosphorene sheet, respectively. 
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The C, O, H, and P atoms have covalent radii of 0.77, 0.73, 0.37, and 1.07 Å, respectively [210]. 

So, the sums of corresponding covalent radii are 1.8, 1.8, 1.8, 1.44, 1.44, 1.84, and 1.44 Å, 

respectively. Since the minimum distances between the phosphorene surface and the gases are 

larger than the sums of covalent radii, it can be concluded that considered molecules were adsorbed 

physically adsorbed on the pristine phosphorene, supporting the adsorption energies calculations. 

The adsorption energies, minimum interaction distances, energy bandgaps, and the net charge 

transfer of the above configurations were presented in Table 5-1. 

As an important factor for evaluation of a sensor’s performance, recovery time (τ) can be 

determined based on the conventional transition state theory [211]: 

 
0

1 exp( / )ad BE k T− =  −  (13) 

Here T is the temperature, υ0 is the attempt frequency, and KB is the constant of Boltzmann. 

The recovery time of the pristine phosphorene-based sensor for the considered gases was listed in 

Table 5-1. A room temperature (T = 300 K) and under visible light (υ0=1012 Hz), the recovery 

times were obtained 2.67, 1.81, 0.12, 0.18, 3.03×10+7, 2.45×10–5, and 0.001 sec, for acetone, 

ethanol, formaldehyde, methanol, toluene, CO2, and H2O, respectively. Except for toluene, the 

obtained recovery times are well within the detectable range. The recovery time for toluene can be 

reduced substantiality to 3.03×10+3 sec with the assistance of UV radiation.  
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Table 5-1. Calculated absorption energy (Ead), minimum distance of interaction (D), where is the minimum 

distance between the gas and phosphorene surface, net total charge transfer (Q), (The negative values of 

charge imply that the molecule gives charges to the sheet), energy bandgap (Eg), and recovery time (τ).  

System 
Ead  

(eV) 

D  

(Å) 

Q  

(e) 

Eg  

(eV) 

τ (sec) 
@ T=300 K 

(visible light) 

τ (sec) 
@ T=300 K 
(UV light) 

Pristine P -  - - 0.882 - - 

Pristine P-Acetone –0.74 2.94 –0.042 0.882 2.67 2.67×10–4 

Pristine P-Ethanol –0.73 2.87 –0.043 0.894 1.81 1.82×10–4 

Pristine P-
Formaldehyde 

–0.66 2.99 –0.032 0.900 
0.12 1.21×10–5 

Pristine P-Methanol –0.67 2.35 –0.035 0.882 0.18 1.78×10–5 

Pristine P-Toluene –1.16 3.16 –0.051 0.844 3.03×10+7 3.03×10+3 

Pristine P-CO2 –0.44 3.18 +0.012 0.879 2.45×10–5 2.45×10–9 

Pristine P-H2O –0.54 2.57 +0.021 0.885 0.001 1.17×10–7 

Pt-P –5.84 2.24 - 0.897 - - 

Pt-P-Acetone −1.47 2.13 –0.123 0.967 4.86×10+12 4.86×10+8 

Pt-P-Ethanol −1.14 2.35 –0.198 0.754 1.39×10+7 1.39×10+3 

Pt-P-Formaldehyde −1.48 2.13 –0.112 0.977 7.16×10+12 7.16×10+8 

Pt-P-Methanol −0.908 2.37 –0.242 0.821 1.77×10+3 0.17 

Pt-P-Toluene −1.64 2.21 –0.142 0.878 3.48×10+15 3.48×10+11 

Pt-P-CO2 −0.48 2.72 –0.055 0.876 1.15×10–4 1.15×10–8 

Pt-P-H2O –0.83 2.47 –0.084 0.864 86.9 0.008 

 

Due to the weak binding of VOCs to the pristine phosphorene, in an attempt to enhance 

the interactions, the surface of phosphene was decorated by the Pt atom. The optimized structure 

of Pt-decorated phosphorene in company with its electronic band structure and density of states 

(DOS) is illustrated in Figure 5-4. The adsorption energy of Pt on the phosphorene surface was 

obtained to be –5.84 eV, and it creates three bonds with a minimum distance of 2.24 Å with P 

atoms of phosphorene. So, the stability of Pt-decorated phosphorene can be confirmed by 

comparing with previous works [240-242]. Since this distance is smaller than the sum of covalent 

radii (2.75 Å) of Pt (1.77 Å) and P (0.98 Å), it can be deduced that the chemical bonds appeared 

between Pt and P atoms. Although the electronic band structure of the phosphene was affected by 

Pt decoration, it was observed that the energy bandgap value was slightly increased from 0.882 eV 

(pristine phosphorene) to 0.897 eV for Pt-decorated phosphorene. Three peaks attributed to d 

orbitals of Pt and their hybridization with P atom of phosphorene altered the DOS of the pristine 

phosphorene in the energy range of –3.5 to –0.5 eV.  
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Figure 5-4. (a) Illustration of Pt-decorated phosphorene sheet, (b) band structure, and (c) DOS of the 

pristine phosphorene (P) and Pt-decorated phosphorene (Pt-P). 

 

The most energetically preferable adsorption configurations for different VOCs on the Pt-

decorated phosphorene were displayed in Figure 5-5. The gas molecules were positioned on top 

of the metal atom (Pt) with various molecular orientations. It was found out that upon exposure to 

the Pt-decorated phosphorene, acetone adopts a horizontal orientation respecting the surface of the 

sheet and creates two bonds through its O and C atoms with the Pt. The minimum distance between 

O and Pt was found to be 2.13 Å. The adsorption of ethanol upon the Pt-decorated phosphorene 

showed similar behavior to acetone; however, it does not create any bond, and its H atom points 

to the Pt with a minimum distance of 2.35 Å. Like acetone, formaldehyde adsorbs horizontally on 

the Pt-phosphorene sheet and forms two bonds (O-Pt and C-Pt), where its minimum distance was 

found to be 2.13 Å. Similar to ethanol, methanol was adsorbed with a minimum distance of (H-Pt) 

2.37 Å. Toluene prefers a parallel orientation respecting the surface of the sheet, and it creates a 

bond through its C atom with Pt, with a minimum distance of 2.21 Å. Finally, the CO2 and H2O 

molecules adopt a tilted parallel orientation respecting the plane with a minimum distance (O-Pt) 

of 2.72 Å and (O-Pt) 2.47 Å, respectively. The sums of covalent radii (minimum distance) of O-

Pt, H-Pt, C-Pt, O-Pt, C-Pt, O-Pt, O-Pt bonds in acetone-, ethanol-, formaldehyde-, methanol-, 

toluene-, CO2-, and H2O- are 2.50 (2.13), 2.10 (2.35), 2.54 (2.13), 2.10 (2.37), 2.54 (2.21), 2.50 
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(2.72), and 2.50 (2.47), respectively. Hence, the minimum distances between the Pt-phosphorene 

surface and the ethanol, methanol, CO2, and H2O (acetone, formaldehyde, and toluene) are larger 

(smaller) than the sums of covalent radii. It can be concluded that ethanol, methanol, CO2, and 

H2O were physisorbed on the Pt-phosphorene, while acetone, formaldehyde, and toluene are 

chemisorbed.  

The energies of adsorption for acetone, ethanol, formaldehyde, methanol, toluene, CO2, 

and H2O with Pt-decorated phosphorene were calculated to be –1.47, –1.14, –1.48, –0.908, –1.64, 

–0.48, and –0.83 eV, respectively. Compared to the pristine phosphorene, the adsorption energies 

were augmented 1.98, 1.56, 2.24, 1.35, 1.41, 1.09, and 1.53 times, respectively. It can be deduced 

that ethanol, methanol, and HO2 are strongly physisorbed on the Pt-decorated phosphorene, while 

CO2 was weakly physisorbed on the sheet. Moreover, acetone, formaldehyde, and toluene 

molecules are chemically adsorbed on Pt-decorated phosphorene. A total net charge of 0.123, 

0.198, 0.112, 0.242, 0.142, 0.055, and 0.084 e was found for acetone, ethanol, formaldehyde, 

methanol, toluene, CO2, and H2O, respectively. All gas molecules act as electron donors except 

for acetone and methanol, which withdraw electrons from the surface. The minimum distances, 

total net charge, and adsorption energies were tabulated in Table 5-1. 
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Figure 5-5. The most relaxed structures for adsorption of gas molecules on the Pt-decorated phosphorene 

surface. (Pt: green, P: orange, C: gray, O: red, H: white). 
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In order to acquire more information about the adsorption behavior of gases on the Pt-

decorated phosphorene, the electronic band structures of the adsorption configurations were 

calculated and illustrated in Figure 5-6. The achieved energy bandgaps for acetone, ethanol, 

formaldehyde, methanol, toluene, CO2, and H2O were 0.967, 0.754, 0.977, 0.821, 0.878, 0.876, 

and 0.864 eV, respectively. It means that the energy bandgap of Pt-decorated phosphorene was 

changed 70, 143, 80, 76, 19, 21, and 33 meV after adsorption of acetone, ethanol, formaldehyde, 

methanol, toluene, CO2, and H2O, respectively, implying that toluene, CO2, and H2O adsorption 

on the sheet has a trivial impact on the electronic band structure near the Fermi level.  

 

Figure 5-6. The electronic band structures for gas molecules-Pt-decorated phosphorene (Pt-P). The Fermi 

level was fixed to be zero (the dotted green line). 

 

Moreover, the projected DOS (PDOS) of the gases on the Pt-decorated phosphorene were 

illustrated in Figure 5-7 to elucidate the adsorption mechanism. For acetone, formaldehyde, and 

toluene, in the energy range of –3.0 to 0.0 eV, the peak of Pt d orbitals and the DOS of the 

molecules lie in the same energy, as highlighted with blue arrows. This orbital hybridization near 

the Fermi level can be attributed to the chemisorption process and high adsorption energies. For 
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ethanol and methanol, no overlapping was noticed around Fermi Level, confirming the 

physisorption process. However, an orbital overlap can be observed around energy of –4.0 eV. 

To assess the performance of the Pt-phosphorene gas sensor, recovery times (τ) for VOCs 

were calculated. Acetone, ethanol, formaldehyde, methanol, toluene, CO2, and H2O can be 

desorbed from the surface in visible light and at room temperature after 4.86×10+12, 1.39×10+7, 

7.16×10+12, 1.77×10+3, 3.48×10+15, 1.15×10–4, and 86.9 sec, respectively. Due to the strong 

physisorption or chemisorption of the VOCs, the achieved recovery times are too high for practical 

applications. It was stated that exposure to UV light could facilitate the recovery process by 

diminishing the desorption-barrier [243]. The obtained τ for desorption at room temperature and 

under UV exposure was found to be 4.86×10+8, 1.39×10+3, 7.16×10+8, 0.17, and 3.48×10+11 sec, 

for acetone, ethanol, formaldehyde, methanol, and toluene, respectively. Hence, the Pt-

phosphorene gas sensor has a good potential to be used for alcohol detection with a reasonable 

recovery time, especially methanol. 
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Figure 5-7. Total PDOS curves of gas molecules-Pt-decorated phosphorene (Pt-P) sheet. The dashed line 

means the Fermi level, which was set to be zero. 
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Next, the I-V characteristics were achieved for the sensors before and after molecules 

adsorption based on equation (2) to observe the conductance change. Due to the highly anisotropic 

structure of phosphorene, the electronic transport studied in both armchair, and zigzag directions 

(Figure 5-8) and both left and right electrodes were presumed to be periodic in x and y directions. 

A central region was seamlessly linked to the electrodes (left and right). The size of the central 

region and the electrodes for armchair direction was set to be 13.25 Å × 4.37 Å and 13.25 Å × 

26.25 Å, respectively. Also, these sizes were chosen for the zigzag direction to be 13.13 Å × 26.5 

Å and 13.13 Å × 3.31 Å, respectively. It was noticed that the amount of the current has a large 

difference between the armchair (scale of μA) and zigzag (scale of nA) directions. The anisotropic 

electronic band structure of monolayer phosphorene is the reason for the anisotropic transport 

properties of phosphorene. It was observed (in Figure 5-1 (b)) that both the bottom of the 

conduction band and the top of the valence band have many notable dispersions in the Γ−Y 

direction (reciprocal space) or armchair direction (real space). However, in the zigzag direction 

(real space) or Γ−X direction (reciprocal space), the bands are nearly flat. Therefore, the currents 

along the armchair have a much higher value compared with those along the zigzag direction. 

Another important parameter to evaluate the performance of a gas device is sensitivity. 

Variations of the conductance for the nanosensors prior to and post-exposure to gases is the 

sensitivity (S), which can be obtained by: 

 100
gas pure

pure

G G
S

G

−
=   (14) 

 

where Gpure, and Ggas are the conductivity of the pristine or Pt-decorated phosphorene 

before and after exposure to VOCs, respectively. A comparative bar chart of the sensitivities for 

the pristine and Pt-decorated phosphorene sensors along with armchair and zigzag directions as 

shown in Figure 5-9. 
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Figure 5-8. Illustrations of two probe devices, I–V characteristics calculations for pristine phosphorene 

(P), and Pt-decorated phosphorene (Pt-P) in a, b) armchair, and c, d) zigzag directions. 
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Figure 5-9. The sensitivity of adsorption of the studied gases for pristine (P) and Pt-decorated 

phosphorene (Pt-P) sheets for both (a) Armchair (b) Zigzag directions. 

 

With a bias voltage exerted to the device, the Fermi level of the left electrode shifts upward, 

respecting the right electrode. Hence, the electrical current starts to flow right after the valence 

band maximum (VBM) of the left electrode meets the conduction band minimum (CBM) of the 

right electrode. It can be seen from Figure 8; no current is transmitted through the device in the 

armchair direction until the bias voltage exceeds 1.0 V, also in the zigzag direction, current flows 

when the bias voltage surpasses 1.4 V. Sensitivities were extracted at 2.0 V and presented in Figure 

9. It was observed that the sensitivity of phosphorene toward ethanol and methanol was drastically 

improved by Pt decoration. The sensitivity of 25.2% (26.3%) and 32.8% (41.1%) were achieved 

in armchair (zigzag) direction for ethanol and methanol after decoration, respectively.  

Another aspect of analyzing the device for VOCs is the selectivity of the sensor. In this 

regard, the ratios of the sensitivity of ethanol and methanol over other molecules in the armchair 

direction were obtained. It was noticed that the Pt-decorated phosphorene sensor showed high 

selectivity to methanol and ethanol. For example, for Pt-decorated phosphorene interaction with 

methanol (ethanol), they have sensitivity ratios of 8.16 (6.2), 1.3 (1), 8.9 (6.8), 1 (0.76), 3.9 (3), 

113.1 (86.9), and 13.8 (10.5) for acetone, ethanol, formaldehyde, methanol, toluene, CO2, and 

H2O, respectively, meaning that methanol can be detected selectively.  

A comparison between current work and other 2D materials for VOC gas sensing show 

that pristine and Pt-decorated phosphorene has superiority over other 2D materials. For example, 
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graphene with adsorption energy of –0.36 (acetone), –0.33 (ethanol), –0.21 (methanol), –0.091 

(toluene) eV, [244, 245] C2N with adsorption energies of –0.5 (acetone), –0.52 (ethanol), –0.5 

(methanol), –0.4 (toluene) eV,  [246] silicene with adsorption energies of –0.087 (formaldehyde), 

[247] MoS2 with adsorption energies of –0.16 (acetone), –0.22 (ethanol), –0.11 (formaldehyde) eV, 

[248] MoSe2 with adsorption energy of –0.732 (ethanol) and –0.522 (methanol) eV [249] have less 

adsorption energies in comparison with pristine and Pd-decorated phosphorene sheets for VOCs 

adsorption. 

In a nutshell, our results manifest that the suspended Pt-decorated phosphorene device can 

be suitable for VOCs gas sensing application at room temperature. It is evident that Pt-decorated 

phosphorene-based sensor can be used to detect methanol with high sensitivity, high selectivity, 

and fast recovery time. Moreover, our results disclosed that even though acetone, formaldehyde, 

and toluene were adsorbed stronger than others based on the energy adsorption but other 

parameters such as charge transfer, recovery time, sensitivity, and selectivity also should be taken 

into account in order to make a correct judgment on a sensor’s performance. 

We also considered the impact of the change in size of the Pt nanoparticles on the stability 

of the Pt-Phosphorene structure. Our results (Figure 5-10 and Table 5-2) show that although the 

stability of the phosphorene decreases with increasing the size of the Pt nanoparticles, the structure 

remains very stable by increasing the size of the Pt nanoparticle.  

Table 5-2. The adsorption energy of the different number of Platinum on the pristine Phosphorene 

surface. 

Number of Pt 1 2 3 4 

Adsorption energy (eV) –5.84 –6.33 –8.93 –10.22 
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Figure 5-10. The most stable configuration of different number of Pt on the phosphorene. (a) 2 atoms of 

Pt. (b) 3 atoms of Pt. (c) 4 atoms of Pt. 

We also studied the adsorption behavior of a single methanol on the phosphorene decorated 

with Pt nanoparticles with 1-4 atoms. As can be seen in Figure 5-11 and Table 5-3, the interaction 

between methanol and phosphorene decorated by a nanoparticle contained two Pt atoms is the 

strongest with adsorption energy of –2.43 eV. However, the optimal size is still a single Pt atom 

due to the optimal adsorption energy of –0.908 eV which ensures a fast recovery. 

Table 5-3. The adsorption energy of Methanol on the the different number of Pt- decorated Phosphorene 

surface. 

Number of Pt 1 2 3 4 
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Methanol adsorption 

energy (eV) 
–0.908 –2.43 –0.96 –1.28 

 

 

Figure 5-11. The most favorable adsorption of methanol upon different number of Pt- decorated 

phosphorene. (a) 2 atoms of Pt. (b) 3 atoms of Pt. (c) 4 atoms of Pt. 
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Summary 

We scrutinized the geometric stability and adsorption behavior of pristine and Pt-decorated 

phosphorene with different VOCs (acetone, ethanol, formaldehyde, methanol, toluene) as well as 

CO2 and H2O using the first-principles based on the DFT method. For this purpose, the adsorption 

sites, adsorption energies, charge transfer, minimum distances, recovery time, sensitivity, and 

selectivity were calculated. We found that VOCs are only physisorbed on the pristine phosphorene 

and make no considerable electronic changes after the interaction with pristine phosphorene. 

However, after decorating the surface with Pt atom, the interactions between the VOCs and the 

phosphorene were enhanced, causing modifications in the electronic properties of the sensor upon 

gas exposure. The results reveal that the suspended Pt-decorated phosphorene system is capable 

of detecting methanol with high sensitivity, selectivity, and short recovery time at room 

temperature. Hence, our results give insight into the development of metal-decorated phosphorene-

based gas sensors and deserve further experimental attention for future VOCs gas sensing 

applications. 
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6. Chapter 6 

Theoretical Study on transition metal dichalcogenides 

(TMDs)  

6.1 Detection of Colorectal cancer biomarkers- MoS2 

Early-stage disease and cancer diagnosis are of particular importance for effective patient 

identification as well as their treatment. Breath analysis is a promising method for this purpose 

which can help to detect disease biomarkers. Benzaldehyde, and Indole gas molecules as members 

of volatile organic compounds (VOCs) are composing a proportion of the exhaled breath and 

changes in the level of them from breath can be considered for colorectal cancer biomarkers. Due 

to these incentives, we scrutinized the sensing behavior of Molybdenum disulfide (MoS2) toward 

Benzaldehyde, and Indole gas. We inspected the adsorption of the molecules on the pristine and 

Pd-, Pt-decorated MoS2 by employing density functional non-equilibrium Green's function (DFT-

NEGF). It was disclosed that the molecules were weakly adsorbed upon the pristine MoS2. 

Howbeit, after the decoration of the surface, the adsorption energy and charge transfer of the 

molecules were improved greatly. On the other hand, the band gap was decreased after metal 

decoration. For example, adsorption energy of −2.37 eV, band gap of 1.32 eV was achieved with 

interaction of Indole with Pd-decorated MoS2 and it can be desorbed under UV light and at 

temperature of 698 K with recovery time of 12.8 sec. Ergo, our analysis would help us better 

understand the adsorption mechanism of Pd-, and Pt-decorated MoS2 based gas sensors. It may 

open a new route in early disease detection and colorectal cancer monitoring. 

6.2 Overview 

Colorectal cancer (CRC) or colon cancer is the second most deadly cancer worldwide, and 

amongst the third cause of cancer-related deaths in USA [250-254]. Nonetheless, it is a highly 

treatable and often curable disease if it is found at an early stage before it has spread [255]. 

Detection of CRC at the earliest possible stage is therefore of paramount importance for cancer 

treatment. Currently, the bulk of screening technologies such as colonoscopy is invasive, time-
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consuming, and expensive, but breath analysis might be a particularly promising approach for fast, 

non-invasive, and cheap cancer screening [256]. Newer methods such as Cologuard which 

investigates specific DNA based markers are used for screening. Colonoscopy is done if the results 

come positive in Cologuard for men over 45 years of age. Noninvasive methods such as Cologuard 

can reduce the population of patients requiring tests such as colonoscopy that are expensive and 

invasive. Breath analysis is non-invasive and could potentially be useful for early detection of 

cancer.  

Studies suggest that volatile organic compounds (VOCs) contained in exhaled breath can 

reflect the dysfunction or metabolic disorders [257, 258]. It has been reported that there are more 

than 870 kinds of VOCs in the human breath, which can provide vital information about the health 

status of the patient [231, 259-261]. It has been reported that specific exhaled VOCs are candidates 

for cancer diagnosis, including different types of cancers such as lung, stomach, liver, and breast 

cancers [262-265]. Several works highlighted the evidence of potential VOCs that might serve as 

biomarkers for CRC is accumulating [266-269]. Preliminary studies pointed out that organic 

analytes from exhaled breath like benzaldehyde and indole are associated with CRC cancer [87, 

269, 270]. So, sensing of such compounds from exhaled breath seems indispensable for early 

detection of CRC. 

Over the past years, 2D materials starting with graphene has attracted increased attention 

from various scientists and engineers because of its excellent properties such as mechanical 

stability, biocompatibility, high carrier mobility, and large surface area [71, 271-275]. Different 

materials such as graphene, black, and green phosphorene, and MoS2 have been investigated for 

gas sensing applications [183, 276-278]. Among all 2D materials, MoS2 has already exhibited 

emerging application specially for developing a gas sensor and become focal point of research due 

to its semiconducting nature, high surface-to-volume ratio, tunable band gap [279-282]. Bulk MoS2 

has an indirect band gap of ~1.29 eV and single layer has a band gap of 1.9 eV [283]. This suggests 

one can highly sensitive gas sensing devices based on number of layers and newer device 

configurations.  

MoS2 has been successfully synthesized by various methods such as chemical vapor 

deposition, and hydrothermal [284, 285] and it could be a feasible gas sensor at room temperature 

[286]. MoS2 has progressively played a vital and versatile role in detecting flammable, toxic, and 

disease biomarker gases [287-289]. For instance, adsorption of formaldehyde as an air pollutant 
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has been investigated by Ma et al [289] and shown that formaldehyde is insensitive on pristine 

MoS2. Moreover, several gases such as CO, CO2, NH3, NO, NO2, CH4 have been investigated 

theoretically by density functional theory (DFT) method on MoS2 monolayer, and they found that 

NO, and NO2 can bind strongly in comparison with the other molecules [290]. On the other hand, 

Zhang and Li [173] investigated the adsorption of three potential lung cancer biomarkers like 

isoprene, benzene, and 2-propenal from exhaled breath upon MoS2 monolayer. They utilized the 

DFT method to explore these gas molecules and emphasized that to achieve higher performance, 

surface modification of MoS2 is imperative. 

The weak adsorption of pristine MoS2 to gases necessitates to improve its sensitivity. In 

this regard, to modify the structure, and the sensitivity of MoS2, the introduction of metals as 

decoration has been employed. For this motive, Qian et al [291] have revealed that H2S and SO2 

were adsorbed stronger on the Pt-decorated MoS2 compared to pristine MoS2. In another study, 

Lakshmy et al [292] have investigated adsorption of catechol on pure and noble metal (Pd, Ti, and 

Ag) decorated MoS2. They have found that the adsorption has been ameliorated after MoS2 

decoration [292].  

Nonetheless, to the best of our knowledge, there has been no study so far has addressed the 

sensing mechanism of MoS2 based gas sensor toward colorectal cancer biomarkers. Herein, we 

engaged first principle DFT to scrutinize comprehensively the adsorption behavior of 

benzaldehyde and indole molecules on pristine, Pt, and Pd-decorated MoS2. Our results divulged 

that Pd-decorated MoS2 has promising sensing toward indole and encourages further experimental 

investigation for gas sensor platform development, especially for early colorectal cancer detection. 

6.3 Computational Method 

All the first-principles calculations integrated with non-equilibrium Green’s function 

(NEGF) were executed in Atomistix ToolKit (ATK) package [153, 154, 239]. Perdew-Burke-

Ernzerhof (PBE) formalism with generalized gradient approximation (GGA) was adopted to 

address exchange-correlation functions [293]. 

The Fritz Haber Institute (FHI) pseudopotentials with double-ζ polarized basis sets were 

exploited with a density mesh cutoff of 75 Hartree. To account for the long-range van der Waals 

interactions more accurately, Grimme DFT-D3 van der Waals corrections were employed. The 

revised Perdew−Burke−Ernzerhof exchange− correlation functional was used to obtain a more 

accurate molecule to MoS2 layer distance and binding energy. An adequate large vacuum space of 

https://www.sciencedirect.com/science/article/pii/S0169433221012927?casa_token=2AiVDP-k-SAAAAAA:RibWVuAqiOiGAs_MmSTPfbpIbBabbUv2-gWqb_fClqiwJbJcwaFDTVFo6uWAoWl8FL-J0TopVw#!
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20 Å was examined to eliminate the image–image interactions. For adsorption of gas molecules 

upon pristine P or Pt, Pd-decorated MoS2, the adsorption energy was obtained by: 

𝐸𝑎𝑑 = 𝐸𝑃/𝑃𝑡/𝑃𝑑−MoS2+ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − (𝐸𝑃/𝑃𝑡/𝑃𝑑−MoS2 + 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒)                                                 (1) 

 

Where, 𝐸𝑃/𝑃𝑡/𝑃𝑑−MoS2+ 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒, 𝐸𝑃/𝑃𝑡/𝑃𝑑−MoS2, and 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 are the total energies for 

the pristine (P) or Pt, Pd-decorated MoS2-molecule system, P or Pt, Pd-decorated MoS2, and the 

single molecule, respectively. All the structures were permitted to be fully relaxed, before the 

calculations, till the force and stress acting on the atoms are converging 0.01 eV Å−1 and 0.001 eV 

Å−3, accordingly.  

Based on the Mulliken population analysis, the charge transfer (QT) between the pristine 

or decorated-MoS2 surface and molecules was obtained. Worth to mention that a 

negative Q implicates that the MoS2 sheet withdraws electrons from the molecule and contrarily a 

positive Q indicates that the sheet donates electrons to the molecule [72]. For the primitive Brillouin 

zones, sampling was performed with 3 × 3 × 1 k-points for optimization and was then raised to 5 

× 5 × 1 k-points for electronic computations. 

6.4 First-principles calculations using density functional 

theory: 

First, the geometry, structural properties, and optimized structure of pristine MoS2 

monolayer are investigated. Fig. 1 (a) illustrates the top and side views of bare MoS2 consisting of 

32 S, and 16 Mo atoms after structural relaxation [294]. The electronic band structure of the relaxed 

monolayer was calculated and depicted in Fig. 1 (b). The calculations showed that MoS2 has direct 

band gap of 1.66 eV, that is in good accordance with previous reports [77, 295]. 

https://www.sciencedirect.com/science/article/pii/S2352214318303794#fig1


 

92 

 

 

Figure. 1. (a) Optimized structure of a pristine MoS2 (Two top and front views). Illustration of different 

possible adsorption sites on the surface (Ho, TS, TMo, B). and (b) its corresponding energy band structure. 

The dotted green line designates the Fermi level, which is set to zero. (c) The relaxed molecular structures 

of Benzaldehyde, and (d) Indole. 

Furthermore, to search for the most stable adsorption configurations of atoms, and 

molecules on MoS2, four different positions labeled Ho, TMo, TS, and B were considered which 

denote above the center of the hexagon, top of Mo, and S atoms, and the bridge site between two 

Mo, and S atoms, respectively (shown in Fig. 1(a)). Benzaldehyde and Indole molecules were also 

shown in Fig. 1 (c, d), respectively. 

Next, adsorption of the molecules over MoS2 with considering the possible adsorption sites 

were studied and exhibited in Fig. 2. The gas molecules were placed at a distance of 2 Å above the 

positions. From the most stable configuration upon adsorption of Benzaldehyde, it was found that 

it laid flat on MoS2 with a minimum distance of 3.18 Å between the O atom of the molecule and 

the S atom of MoS2. Indole had taken the same adsorption orientation upon the surface and there 

was a 3.23 Å minimum distance between the H atom of Indole and the S atom of MoS2. 
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Figure. 2. The optimized structures of (a) Benzaldehyde, (b) Indole, adsorption upon bare MoS2 along 

with their electronic band structures for (c) Benzaldehyde, and (d) Indole. The Fermi level was fixed to be 

zero (the dotted green line). 

 

Moreover, the electronic band structures of the above configurations were obtained and 

displayed in Fig 2 (c, d). The amounts of adsorption energies for gas molecules upon interaction 

with pristine MoS2 were obtained to be –1.33, and –1.75 eV for Benzaldehyde, and Indole, 

respectively. The energy band gap of 1.658, and 1.61 eV were found for Benzaldehyde, and Indole, 

respectively. Also, the adsorption energy of –1.33, and –1.75 eV was obtained after the interaction 

of Benzaldehyde, and Indole upon bare MoS2. It is worth mentioning that there is a small alteration 

in the energy band gap after molecule adsorption. For instance, there are 0.002, and 0.05 eV 

changes after adsorption of Benzaldehyde, and Indole upon MoS2, respectively. 

To shed light on the electronic behavior of pristine MoS2 with the molecules, the charge 

transfer was calculated and resulted in a slight electron transfer of 0.005 e from MoS2 to 

https://www.sciencedirect.com/topics/chemistry/electronic-band-structure
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Benzaldehyde, and a charge transfer of 0.052 e from Indole to the MoS2 sheet. All in all, it has 

been noticed that gases were weakly adsorbed on the pristine MoS2 surface, and it seems necessary 

to improve the adsorption behavior of studied molecules. The results are described in Table. 1. 

To improve the sensitivity of the gas molecules, the surface was decorated with Pd, and Pt 

atoms. Because the atoms tend to be adsorbed in various configurations, a number of input 

geometries were taken into account and the most optimized structures were obtained and shown 

in Fig. 3 (a, b). It appeared that they both tend to be adsorbed at top of the Mo atom (TMo) which 

are in good accordance with previous studies, and both exhibit nonmagnetic character [296-298].  

It was observed that the Pd made three bonds with the S atoms of the surface with minimum 

distance of 2.37 Å. Besides, four bonds were created between the Pt and the MoS2’s surface, in a 

way that three bonds are with S atoms and one bond with Mo atom. Also, there is minimum 

distance of 2.32 Å (Pt-S). Furthermore, the adsorption energy of –3.51, and –4.4 eV was calculated 

for Pd, and Pt atoms, respectively, and it can be an indication of strong adsorption. 
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Figure. 3. The relaxed structures of a single (a) Pd-, and (b) Pt- decorated MoS2. Energy band structure 

for adsorption of (c) Pd, and (d) Pt, respectively. Total DOS curves for (a) Pd- MoS2, and (b) Pt- MoS2 

systems. 

 

Accordingly, the energy band structure and density of states (DOS) for these configurations 

were computed and exhibited in Fig. 3. It was divulged that energy band gap of 1.482, and 1.236 

eV was obtained for Pd, and Pt adsorption. From the DOS distribution for both cases, one strong 

peak was noted in vicinity of the Fermi level among the d-orbital of the metal and the surface as 

highlighted by the black arrow. However, there is one small peak (green arrow) between the s-

orbital of Pt and the surface of MoS2.  

Due to large adsorption energy, and the conspicuous changes in energy band gap, 

decreasing from 1.66 eV for pristine MoS2, to 1.482, and 1.236 eV after Pd, and Pt adsorption, 

respectively, it can be concluded that they chemisorbed on the MoS2’s sheet.  
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Moreover, the atomic radii for Pd, Pt, and S are 1.69, 1.77, and 0.88 Å, respectively [210]. 

So, the sum of the corresponding atomic radii for Pd-S, and Pt-S is 2.57, and 2.32 Å, respectively, 

which are less than the obtained minimum distances. This fact confirmed the strong adsorption of 

the metals upon MoS2’s surface. 

Next, adsorption of the molecules on Pd-, and Pt-decorated MoS2 had been studied. To 

assess the adsorption of Benzaldehyde, and Indole upon Pd-, and Pt-MoS2, they were placed at a 

distance of 2 Å above the metals with various molecular orientations. After the full relaxation of 

the structures, the most favorable configurations of the gas molecules on the Pd-, and Pt-decorated 

MoS2 sheet were predicted and demonstrated in Fig. 4.  

 

Figure. 4. The most stable adsorption configurations for (a) Benzaldehyde, and (b) Indole on Pd- MoS2, 

as well as their electronic band gap, respectively. The most optimized structure for interaction of Pt- 

MoS2 with (c) Benzaldehyde, and (d) Indole molecules with their electronic band gap, respectively. 

 

In the quest for finding the most favorable configurations, the interaction strength was 

assessed by computing adsorption energies. The calculated adsorption energies for Pd-MoS2 

toward Benzaldehyde, and Indole were obtained to be −1.91, and −2.37 eV, respectively. It was 

noticed that the adsorption energy of the molecules was augmented after MoS2 decoration 

compared to pristine MoS2. 

https://www.sciencedirect.com/science/article/pii/S0169433221031445#f0020
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After considering and optimizing various structures, Benzaldehyde preferred to be 

adsorbed in parallel to the surface and made a bond between the O atom and Pd metal atom. The 

length of this bond as the minimum distance was measured to be 2.21 Å. Nevertheless, Indole did 

not create any bond with the Pd, and there is a minimum distance of 2.28 Å between the C atom 

and Pd. The atomic radii for O, C, and N are 0.73, 0.77, and 0.56 Å, respectively [210]. The 

calculated atomic distances among Pd-O (2.42 Å), and Pd-C (2.46 Å) are larger than the achieved 

minimum distances, affirming the strong adsorption. 

Additionally, Pt-MoS2 as a sensing platform was tested for Benzaldehyde, and Indole. The 

results divulged that after decoration, adsorption energy was enhanced significantly, for example, 

after adsorption of Benzaldehyde, and Indole on Pt-MoS2, the energy of 2.53, and 2.2 eV was 

released, accordingly. Similarly, Benzaldehyde took the same parallel adsorption over the Pt atom 

as the Pd metal with the same bond Pt-O (minimum distance of 2.13 Å), which is much smaller 

than the atomic distance of 2.5 Å. 

In the case of Indole adsorption on Pt-MoS2, it was seen that it preferred to be adsorbed in 

a horizontal way with respect to MoS2’s surface and made a bond with the Pt atom. There is a 

minimum distance between Pt and N atom of Indole with an amount of 2.25 Å which is again 

smaller than the atomic distance of 2.33 Å. Moreover, the adsorption behavior of decorated MoS2 

toward the molecules was further studied by calculating electronic band structures (Fig. 4). 

Henceforth, the calculated energy band gap of Benzaldehyde over the Pd-, and Pt-MoS2 

was discovered to be 1.478, and 1.341 eV, respectively. In addition, the band gap of Indole 

adsorption over the Pd-, and Pt-MoS2 was found to be 1.322, and 1.336 eV, accordingly. These 

outcomes indicate that the energy bandgap of Pd-, and Pt-MoS2 was changed by more than 

100 meV, after interaction with the associated molecules except Benzaldehyde with Pd- MoS2.  

To better grasp the interaction mechanism, the net total charge transfer (Q) was studied. 

Interestingly, it was found that Benzaldehyde acts as an electron acceptor and it withdraws 0.04, 

and 0.015 e from the Pd-, and Pt- MoS2 sheets, respectively. While Indole plays as an electron 

donor, and it gives 0.094, and 0.185 e to the Pd-, and Pt- MoS2 sheets, respectively. The whole 

calculations were displayed in Table 1. 



 

98 

 

Table 6-1. The calculated adsorption energy (Ead), interaction distance (D), which is the distance between 

the molecule and the MoS2 sheet, net charge transfer (Q), (the negative values of charge indicate a charge 

transfer from the molecule to the surface, and vice versa), energy bandgap (Eg), and recovery time (τ). 

System 
Ead  

(eV) 

D  

(Å) 

Q  

(e) 

Eg  
(eV) 

τ (sec) 
@ T=298 K 

(Visible light) 

τ (sec) 
@ T=698 K 

(Visible light) 

τ (sec) 
@ T=298 K 
(UV light) 

τ (sec) 
@ T=698 K 
(UV light) 

Pristine MoS2 -  - - 1.66 - - - - 

Pristine MoS2-Benzaldehyde –1.33 3.18 0.005 1.658 3.06×10+10 0.004 3.06×10+6 0.004×10–4 

Pristine MoS2-Indole –1.75 3.23 –0.052 1.61 3.86×10+17 4.28 3.86×10+13 4.28×10–4 

Pd-MoS2 –3.51 2.37 - 1.482 2.2×10+47 2.16×10+13 2.2×10+43 2.16×10+9 

Pd- MoS2-Benzaldehyde –1.91 2.21 0.04 1.478 1.96×10+20 61.17 1.96×10+16 61.17×10–4 

 Pd- MoS2 -Indole −2.37 2.28 –0.094 1.322 1.17×10+28 1.28×10+5 1.17×10+24 12.8 

Pt-MoS2 –4.4 2.32 - 1.236 2.45×10+62 5.75×10+19 2.45×10+58 5.75×10+15 

Pt-MoS2-Benzaldehyde –2.53 2.13 0.015 1.341 5.94×10+30 1.83×10+6 5.94×10+26 183 

Pt-MoS2-Indole –2.2 2.25 –0.185 1.336 1.56×10+25 7.58×10+3 1.56×10+21 0.75 

 

To obtain more particular knowledge, the electronic DOS for the cases of the 

Benzaldehyde, and Indole adsorption over the Pd- or Pt-MoS2 has been calculated and represented 

in Fig. 5.  
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Figure. 5. Total DOS curves for Benzaldehyde adsorption on (a) Pd- MoS2, (c) Pt- MoS2, and 

Indole adsorption on (b) Pd- MoS2, and (d) Pt- MoS2 systems, respectively. The dashed line means the 

Fermi level, which was set to be zero. 

It is apparent in Fig. 5, that a few peaks of the DOS of gas molecules happened around the 

Fermi level, confirming the strong interaction between the molecules and metal decorated MoS2. 

The orbital hybridization between d-orbital of the metal atom and the gas has the main contribution 

to the total DOS of the complex system near the Fermi level. These agree well with the obtained 

large adsorption energies and can be seen that metal decorated MoS2 is very sensitive toward the 

targets. 

Finally, in order to further evaluate the performance of a gas sensor, recovery time as one 

of the key important indicators should be considered. A good gas sensor needs to be restored back 

fast to its primitive state after the desorption of the analyte, but it should be noted that a very short 

recovery time is not favorable for realizing detection in a real experiment [299]. The recovery time 
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(τ) is the time needed for the target gas to be desorbed from the sheet and from the transition state 

theory, it is defined [211].  

𝜏 = 𝜔−1exp (
−𝐸𝑎𝑑

𝐾𝐵𝑇⁄ )                                                                                 (2) 

where ω, kB, and T represent attempt frequency, Boltzmann's constant (8.318 ×10-3 

kJ/(mol·K)), and temperature, respectively. In visible light (ω = 1012 Hz) and at temperature of 

T = 698 K, the τ values for pristine, Pd-, and Pt-MoS2 structures toward Benzaldehyde were 

achieved to be 0.004, 61.17, and 1.83 × 10+6 s, respectively.  In the same conditions Indole had τ 

values of 4.28, 1.28 × 10+5, and 7.58 × 10+3 s after adsorption on the pristine, Pd-, and Pt-MoS2 

structures, accordingly. 

It has been reported that τ can be facilitated by exposure to UV light, because of the 

elimination of the desorption-barrier, [243] and the sensor can be applied in practical situations. To 

address this, the sensors were examined under UV light (ω = 1016 Hz), and it was seen that 

Benzaldehyde has a τ value of 183 s after interaction with Pt-MoS2. Also, Indole showed that it 

has τ value of 12.8, and 0.75 s upon Pd-, and Pt-MoS2, respectively. It should be mentioned that 

ambient temperature 298 K was also considered and presented in Table. 1 but it has not shown any 

promising recovery time. 

To make it short, our results suggest that Pd-, and Pt-decorated MoS2 show promises in gas 

molecule sensing applications. It was disclosed that the gases were weakly adsorbed on the pristine 

MoS2, and the adsorption energy for Benzaldehyde, and Indole detection is ameliorated from –

1.33, and –1.75 eV to –1.91 (–2.53) eV, and –2.37 (–2.2) eV after decoration with Pd (Pt), 

respectively. Meanwhile the amount of charge transfer is also enlarged from 0.005, and –0.052 e 

to 0.04 (0.015) e, and –0.094 (–0.185) e after decoration with Pd (Pt), accordingly. Moreover, for 

reusability of the sensor, the recovery time was studied, and it was revealed that Pd-MoS2 has a 

recovery time of 61.17 sec under visible light and T=698 K after interaction with Benzaldehyde. 

However, Indole manifested that it can be desorbed from the Pd-MoS2 with reasonable recovery 

time of 12.8 sec under UV light and T=698 K. Hence, it seems that decoration of the MoS2 with 

the Pd, and Pt metal atoms could reinforce the detection of the target gases. 
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Summary 

In summary, colon cancer is one of the leading causes of death worldwide. Early detection 

of cancer through non-invasive breath analysis is a strategy that could save lives. There is plenty 

of avenues here. First, gas adsorption can be tuned based on number of layers, device configuration 

and decoration with Nobel metals.  We systematically investigated the adsorption energy, stable 

geometry, and electronic properties of the MoS2 monolayer to gas molecules by first-principles 

calculations. Different adsorption locations and molecule orientations are included to distinguish 

the steadiest structures. We studied Benzaldehyde, and Indole as potential biomarkers for 

colorectal cancer as these two markers are present in breath of colon cancer patients. We find that 

Benzaldehyde, and Indole are physisorbed on pristine MoS2 with slight charge transfer, and 

moderate adsorption energy. With the intention of enhancing the adsorption behavior, MoS2 was 

decorated with the transition metals, Pd, and Pt atoms. The results evinced that the Pt, and Pd 

decoration are more favorable for the targets detection, because of the higher adsorption energy, 

charge transfer, and quick recovery time. The calculated results indicated that after decoration of 

MoS2 with Pd, Pt, adsorption energy was increased 0.58, and 1.2 eV toward Benzaldehyde, 

respectively. Furthermore, energy band gap was also decreased 0.18, and 0.317 eV for 

Benzaldehyde adsorption upon Pd, Pt, respectively. Besides, the minimum distances were smaller 

than atomic distances for the targets over Pd-, Pt-MoS2, supporting the strong adsorption. 

Moreover, it was discerned that Pt- MoS2 could be reusable with recovery time of 183, 0.75 sec 

toward Benzaldehyde, and Indole at the temperature of 698 K, and under UV light, respectively. 

and its sensitivity has been improved after decoration. The findings suggest that the Pd-, and Pt- 

MoS2 sensors could be an effective platform to detect Benzaldehyde and Indole. And it provides 

a new idea for the exploration of gas sensing technology, especially in medical applications. 

Pushing the frontiers of 2D nanomaterials for molecular sensing could yield devices for early 

detection of cancer.  
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7. Chapter 7 

Theoretical Study on Novel 2D Materials 

Graphene-like Borocarbonitride (BC6N)- VOCs 

In this work, we employ first-principles density functional theory calculations and non-

equilibrium Green’s function formalism to investigate the potential application of graphene-like 

borocarbonitride (BC6N) for high-performance volatile organic compound (VOC) sensors used for 

human breath analysis. The adsorption behaviors of several VOCs (acetone, ethanol, methanol, 

formaldehyde, and toluene) and interfering gases in exhaled breath (carbon dioxide and water) are 

examined. The BC6N monolayer is a semiconductor with a bandgap of 1.228 eV. It is discovered 

that all the above gas molecules are physisorbed on the pristine BC6N sheet. The energy bandgap 

of pristine BC6N is slightly altered after interaction with the gas molecules. It is revealed that 

introducing a single carbon vacancy in the BC6N sheet can significantly increase the adsorption 

energies of the gas molecules. The modification of current-voltage responses due to VOC’s 

disclose that the sensor shows high sensitivity and selectivity and short recovery toward ethanol. 

Our results suggest that defective BC6N is a compelling and feasible candidate for chemiresistive 

sensors for applications in room temperature breath analysis of VOCs.  

7.1 Overview 

Breath analysis is a non-invasive strategy and a rapid method for disease diagnosis since 

ancient times. Volatile organic compounds (VOCs) in exhaled breath samples of patients are the 

targets of breath analyses [258, 300, 301]. More than 870 kinds of VOCs in the human breath 

provide vital information about dysfunction or metabolic disorders in the human body [231]. The 

detection of serious diseases such as various types of cancers, Parkinson’s disease, diabetes, 

Alzheimer’s disease, chronic kidney disease, and multiple sclerosis using breath analysis was 

reported [302]. Some VOCs in the breath, such as alcohols, ketones, aldehydes, and acids, are 

biomarkers for specific diseases. Hence, understating the level of VOCs leads us to differentiate 

healthy people from sick patients. The concentration of VOCs in the range of 1–5000 parts per 

billion (ppb) can be measured using gas chromatography-mass spectroscopy (GC-MS), which has 
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been used in clinical trials for the diagnosis of different disease through breath analyses [303-305]. 

However, using this technology as a screening tool needs bulky and expensive equipment, time-

consuming preconcentration of samples, and highly trained personnel. 

Room temperature gas sensors based on nanomaterials are promising candidates for breath 

analysis thanks to a high surface-to-volume ratio, band gap changes on gas adsorption, high 

sensitivity and selectivity, fast response time, quick recovery, low cost, low power consumption, 

controllable morphology, small size, and easy use [306]. Graphene, the first world’s discovered 

two-dimensional (2D) material [307, 308], has been extensively investigated for gas sensing and 

biosensing applications. [39, 215, 309-319]. Since the first successful demonstration of graphene 

as a molecular gas sensor [215], the graphene-based VOC sensors have enticed interest in the 

detection of breath biomarkers [320]. Nevertheless, gas sensors based on pristine graphene show 

low sensitivity and selectivity toward diverse VOC molecules [320]. Functionalization with 

organic compounds, nanoparticles, conducting polymers, the introduction of dopants, and defect 

engineering are the effective methods to overcome the limitations associated with carbon based 

nanomaterials [20, 40, 41, 321-331].  

Substitutional doping with Boron (B) and Nitrogen (N) atoms can enhance the sensing 

properties of graphene. Due to their similar atomic radius to the Carbon (C) atoms of the graphene, 

they have been widely employed as dopants for graphene [332-336]. The properties of monolayers 

BC3 and C3N, graphene analogs materials, have been extensively studied [337-341], and the 

potential use of them for gas sensing has been reported [342-352]. We investigated the adsorption 

behavior of different gas molecules on the BC3 monolayer, reporting the high potential of the BC3-

based gas sensor for NO detection and NO2 dissociation [342]. Peyghan et al. reported BC3 

nanotubes as a possible gas sensor for various hazardous gases such as CO [345]. Beheshtian et 

al. studied the electronic sensitivity of pristine, Al-, and Si-doped BC3 sheets toward formaldehyde 

[343]. They disclosed that although formaldehyde gas molecule is weakly adsorbed on the BC3 

sheet, both Al and Si doping enhance the reactivity of the sheet toward the molecule. Moreover, 

Chigo-Anota et al. [344] reported the adsorption behavior of H2O on the BC3 surface. Furthermore, 

the adsorption of gas molecules on the graphene-like C3N has been studied by Ma et al. [346]. It 

was shown that C3N has good sensitivity and selectivity for NO2 and SO2 adsorption [347]. Zhao 
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et al. showed that the adsorption capacity of C3N toward H2S and NH3 can be enhanced by 

introducing monovacancy [352].  

Recently, the BN-co-doped nanographene with a similar atomic arrangement was 

synthesized [353]. The graphene-like borocarbonitride (BC6N) shows a semiconducting behavior 

and offers high carrier mobility comparable to that of black phosphorene [354]. Due to the acceptor 

and donor behavior of B and N atoms, respectively, BC6N could be promising for sensing 

applications [355]. Babar et al. investigated the gas sensing performance of BC6N for common 

gaseous pollutants (CO, CO2, NO, NO2, NH3, H2S, and SO2) and discovered that the 

monovacancies in BC6N enhance the sensitivity of the material toward the molecules [355].  

Due to local charges induced by the presence of B and N atoms, one can expect that BC6N 

show higher sensitivity toward VOCs compared to graphene. In addition to that, BC6N might be a 

promising material for nanoelectronics applications due to high carrier mobility and a moderate 

direct bandgap. Hence, BC6N is chosen as the channel material in an effort to realize a high-

performance VOCs nanosensor. Here, we provide a comprehensive theoretical study on the 

adsorption behavior of different VOCs such as acetone ((CH3)2CO), ethanol (C2H5OH), methanol 

(CH3OH), formaldehyde (CH2O), and toluene (C7H8) molecules as common breath biomarkers on 

the graphene-like BC6N monolayer. These selected VOCs represent different VOC categories of 

ketones, alcohols, aldehydes, and hydrocarbons. We also consider the water (H2O) and carbon 

dioxide (CO2) as interfering gases in exhaled breath that could be barriers for the detection of target 

biomarkers. 

7.2 Computational Method 

Calculations were performed using first-principles density functional theory (DFT) 

methods combined with nonequilibrium Green’s function (NEGF) implemented in Atomistix 

ToolKit (ATK) packag [153, 154, 239].  The Generalized Gradient Approximation of Perdew–

Burke–Ernzerhof (GGA-PBE) with a double-ζ polarized basis set was applied to solve Kohn–

Sham equations and to expand electronic density. In addition, the long-range van der Waals (vdW) 

interactions was considered by employing the Grimme vdW correction (PBE-D2) [156, 157]. To 

avoid the image-image interactions, a vacuum space of 20 Å was considered in z direction in which 

the structures are not periodic. The electronic temperature and plane wave mesh cut-off energy 

were set to be 300 K and 60 Rydberg, respectively. All the structures were fully relaxed using 
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limited-memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS) quasi-Newton method, until the 

the force and the stress on each atom is less than 0.01 eV/Å and 0.001 eV/Å3, respectively. The 

Brillouin zones were sampled using a 3×3×1 Monkhorst-Pack k-point grid during geometry 

optimization. The k-point grid was then increased to 5×5×1 to achieve more accurate results for 

electronic structure calculations.  

The adsorption energy provides quantitative data on the interaction strength between 

adsorbent and adsorbate. The vdW corrected energy of a single VOC molecule on the pristine and 

defective BC6N sheet can be expressed by: 

 
6 6

) –  (  += +ad BC N Molecule BC N MoleculeE E E E  (15) 

 

where 
6 +BC N MoleculeE , 

6BC NE , and MoleculeE are the total energies of the BC6N-Molecule 

complex, pristine BC6N sheet, and the isolated gas molecule, respectively. Furthermore, the co-

adsorption energy of gas molecules on the pristine and defective BC6N sheet is: 

 
6 6 1

 [ –  (  ... )] /
nco ad BC N Molecules BC N Molecule Molecule nE E E E E− + + + +=  (16) 

 

where 
6BC N MoleculesE +

, 
nMoleculeE , and n are the total energy of the BC6N-molecules complex, 

the total energy of the nth isolated gas molecule, and the number of gas molecules that are co-

adsorbed, respectively. 

Moreover, the charge transfer (Q) upon adsorption of the gas molecule on the BC6N sheet 

was obtained using Mulliken population analysis from counting the charge difference between the 

adsorbed and the isolated molecule. A negative Q indicates a charge transfer from the molecule to 

the monolayer sheet, whereas a positive Q shows that the molecule withdraws electrons from sheet.  

The electron transport calculations were carried out using GGA-PBE combined with NEGF 

methods. A fast Fourier transform (FFT) solver is employed to solve Poisson’s equation. The 

electrical current through the device with two metal electrodes under a finite bias voltage (Vb) can 

be calculated using the Landauer-Büttiker formula as follows [356-358]: 
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where f and T are Fermi-Dirac and transmission functions at energy E under the bias 

voltage Vb. Furthermore, L and R are the chemical potentials of the left and right electrodes. The 

bias energy window is / 2L f bE eV = −  and / 2R f bE eV = + . Ef is the Fermi energy, the average 

value of the left and right electrodes’ chemical potentials, which is normally set to zero. The 

Brillouin zone of the device was sampled using 1 × 3 × 50 Monkhorst-Pack k-point in the device 

calculator and 1 × 3 × 1 in the transport calculations. Further, the plane wave mesh cut-off energy 

was set to be 150 Rydberg. 

 

7.3 First-principles calculations using density functional 

theory: 

Based on our calculations, the monolayer BC6N has a 2D hexagonal lattice with eight 

atoms (six C atoms, one B atom, and one N atom) per unit cell, as shown in Figure 7-1 (a). The 

graphene-like atomic lattice of the pristine BC6N was found to be fully planar, showing sp2 

hybridization of the atoms. One can consider BC6N as a graphene lattice where two C atoms are 

replaced by one B atom and one N atom. The hexagonal lattice constant was measured to be 4.99 

Å. Further, the C−C, C−N, and C−B bond lengths were found to be 1.42, 1.45, and 1.47 Å, 

respectively. It was discovered that BC6N is a direct semiconductor with an energy bandgap of 

1.228 eV at K-point, as shown in Figure 7-1 (b). Our findings are in good agreement with the 

literature data [354, 359, 360]. 
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Figure 7-1. (a) Top and side view of the optimized structure of a pristine BC6N sheet and its hexagonal 

unit cell containing six C atoms, one B atom, and one N atom. Bond lengths are given in the unit of Å. (b) 

The corresponding band structure for a pristine BC6N sheet semiconducting behavior with an energy 

bandgap of 1.228 eV at the K-point. The dotted green line indicates the Fermi level, which is set to zero. 

In order to study the interactions between the gas molecules and the pristine BC6N sheet, 

we assumed a 3 × 3 supercell of BC6N that consists of 54 C atom, 9 B atoms, and 9 N atoms. Each 

gas molecule prefers to be adsorbed on the sheet with a special molecular orientation. The 

molecular axis of the molecules can be aligned in parallel or perpendicular with respect to the 

surface of the BC6N sheet. Besides that, in the perpendicular orientation, various atoms can point 

down to the surface of the sheet. Moreover, different adsorption sites (top of B−C−N hexagon, top 

of C hexagon, top of C−C bond, top of C−B bond, top of C−N bond, top of C atom, top of B atom, 

and top of N atom) are available for the molecules to be adsorbed. Henceforth, several 

configurations can be considered as input geometries. In order to find the most stable adsorption 

configurations, all the possible structures were fully relaxed, and their adsorption energies were 

calculated. Based on Equation (1), the more negative energy adsorption is, the stronger the 

interaction between gas molecules the BC6N sheet would be. The most stable adsorption 

configurations with the most negative adsorption energies were chosen for further studies and 

provided in Figure 7-2. Furthermore, adsorption energies, the minimum interaction distances, the 

net charge transfer, and the energy bandgap of the selected configurations were tabulated in Table 

7-1. 
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As can be seen in Figure 7-2, the acetone and ethanol gas molecules prefer to be adsorbed 

in a vertical orientation, where the O atom of the molecules is pointing to the B atom of the BC6N 

sheet. Upon interaction of methanol with BC6N sheet, the molecule adopts a tilted vertical 

orientation with respect to the BC6N surface with its O atom pointed to the C−N bond of the sheet. 

The formaldehyde molecule is adsorbed in a vertical orientation, respecting the BC6N sheet with 

H atom pointed toward the C−C bond and the O atom oriented to the center of B−C−N hexagon. 

Toluene prefers to be adsorbed in a parallel orientation with respect to the BC6N sheet with its 

carbon hexagon aligned to the B−C−N hexagon of the BC6N sheet. For the case of carbon dioxide, 

it is tilted with the O atom oriented toward BC6N. Additionally, the C atom of the molecule is 

placed on top of the C atom of the BC6N. Finally, the water molecule is adsorbed in a parallel 

orientation with respect to the BC6N surface, while its O atom is slightly tilted toward the N atom 

of BC6N. 
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Figure 7-2. The most stable adsorption configurations (top and side view) for (a) acetone, (b) ethanol, (c) 

methanol, (d) formaldehyde, (e) toluene, (f) carbon dioxide, and (f) water molecules on pristine BC6N 

sheet. 
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In order to develop a sensor with an efficient sensing mechanism, the adsorbent-

adsorbate interactions should be strong enough to retain the gas molecule on the sensor and should 

be weak enough to let the gas molecule be removed from the sensor without damaging the 

properties of sensor’s material. The obtained adsorption energies of acetone-, ethanol-, methanol-

, formaldehyde-, toluene-, carbon dioxide-, and water-adsorbed pristine BC6N sheet were found to 

be −0.381, −0.378, −0.316, −0.228, −0.910, −0.253, and −0.263 eV, respectively. These values 

suggest that all gas molecules were weakly physisorbed on the pristine BC6N sheet, while only 

toluene molecule was strongly physisorbed on the sheet. It should be mentioned that the obtained 

adsorption energies for VOCs are adequately large to tolerate thermal disturbance at room 

temperature ( ). Because of the fewer number of total atoms in the O-functionalized 

VOCs, the O-based VOCs show smaller adsorption energies in comparison with toluene (an 

aromatic hydrocarbon) that lacks O group. the obtained adsorption energies for VOCs on pristine 

BC6N are greater than those reported for acetone (−0.36 eV) [244], ethanol (−0.33 eV) [244], 

methanol (−0.21 eV)  [361], formaldehyde (−0.091 eV)  [245], toluene (−0.52 eV) [244], carbon 

dioxide (−0.03 eV) [362], and water (−0.05 eV) [362] on pristine graphene sheet. The interactions 

between VOCs and BC6N are also stronger than those found for acetone (−0.16 eV) and ethanol 

(−0.22 eV) with pristine MoS2 sheet [248]. Also, the adsorption energies of acetone, ethanol, and 

toluene on monolayer black phosphorus were found to be −0.320 eV, −0.214 eV, and −0.432 eV, 

respectively, which are less than those achieved for pristine BC6N [235]. Similarly, the interaction 

between ethanol (−0.20 eV) and acetone (−0.26 eV) with blue phosphorene is weaker than those 

with BC6N [363]. It can be concluded that BC6N sheet potentially may offer better perfromance 

toward VOCs among 2D materials. Besides adsorption energy, the coverage (the quantities of 

adsorption density) is an important factor that defines the sensitivity of a material. More VOC 

molecules adsorbed on the surface of the sensor results in an enhanced sensitivity. Therefore, the 

effect of the VOCs concentration and the co-adsorption of various species on the sensor 

performance was studied. For example, the co-adsorption of one acetone and one ethanol molecule 

and the co-adsorption of two and three acetone molecules were considered. The most stable co-

adsorption configurations of gas molecules on pristine BC6N sheet are presented in Figure 7-3. As 

can be seen in Figure 7-4, with increasing the quantity of VOCs from same species and with co-

adsorption of VOCs from different species on the pristine BC6N sheet, the absolute value of co-

adsorption energies increase, indicating an enhancement in the sensitivity of the sensor. 

25BK T meV
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Figure 7-3. The relaxed structures of co-adsorbed gas molecules on pristine BC6N sheet. 

 

Figure 7-4. The co-adsorption energies of gas molecules on pristine BC6N sheet. 
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The recovery time of a sensor after gas exposure ( ) can be estimated using the 

conventional transition state theory as follows [211]: 

 
0

1 exp( / )ad BE k T− =  −  (18) 

 

Here  is the attempt frequency, T is the temperature, and kB is the Boltzmann constant. 

It is expected that at a constant temperature, small adsorption energies result in a fast desorption 

process of the gas molecules. To capture the gases reversibly, the adsorption energies suggest 

being between −0.60 eV to −1.0 eV. Table 7-1 lists the recovery time of the above systems. The 

obtained recovery times for desorption of acetone, ethanol, methanol, formaldehyde, toluene, 

carbon dioxide, and water from pristine BC6N sheet at room temperature in visible light (

) were 2.6×10−6, 2.3×10−6, 2.1×10−7, 6.8×10−9, 2.0×10+3, 1.8×10−8, 2.6×10−8 sec, 

respectively. The longer recovery time of an individual toluene molecule form pristine BC6N can 

be decreased to 0.28 sec by increasing the temperature to 400 K.  

The physisorption of the gas molecules on the pristine BC6N sheet resulted in large 

interaction distances. The interaction distances between acetone, ethanol, methanol, formaldehyde, 

toluene, carbon dioxide, and water molecules and BC6N sheet were 2.51 (O−B), 2.49 (O−B), 2.58 

(O−C), 2.63 (O−N), 2.69 (H−C), 2.84 (O−C), and 2.88 (O−N) Å, respectively. The covalent radii 

are 0.82, 0.77, 0.75, 0.73, 0.37 Å for B, C, N, O, H atoms, respectively [364]. Since the interaction 

distances are less than the sum of corresponding covalent radii of the atoms, it can be deduced that 

all gas molecules are physically adsorbed on the surface of the BC6N sheet. Due to the 

physisorption behavior, a small net charge was transferred between the gas molecules and the 

pristine BC6N sheet. The total charge transfer for acetone-, ethanol-, methanol-, formaldehyde-, 

toluene-, carbon dioxide-, and water-adsorbed pristine BC6N sheet were measured to be 0.056, 

0.054, 0.029, 0.043, 0.036, 0.014, and 0.015 e, respectively. Except for toluene that withdraws 

electrons form the sheet, other gas molecules act as charge donors.  

In addition to satisfactory adsorption energy for a gas molecule-sensor system, the 

electrical properties of the sensor need to change upon the exposure of gas molecules in order to 

develop a reliable sensor. Electronic band structures of the above configurations are provided in 

Figure 7-5. One can see that upon adsorption of the molecules with the BC6N, the electronic band 

structures of the pristine BC6N remained almost unchanged near the Fermi level. This is in 

0
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agreement with the obtained small values of adsorption energy. The energy bandgap of pristine 

BC6N (1.228 eV) was slightly (<8 meV) altered after interaction with the gas molecules. The 

obtained energy bandgaps for of acetone-, ethanol-, methanol-, formaldehyde-, toluene-, carbon 

dioxide-, and water-adsorbed pristine BC6N sheet were found to be 1.225, 1.220, 1.223, 1.220, 

1.220, 1.224, and 1.224 eV, respectively. The electrical conductivity (σ) of a semiconductor 

material can be determined by the energy bandgap (Eg) [165]:  

 exp( / 2 )g BE k T  −  (19) 

The sensitivity (S) which is the variation of the σ for the nanosensors with and without gas, 

can be expressed as [165]: 

 100
gas pure

pure

S
 − 

= 


 (20) 

Here σgas and σpure are the conductivity of an isolated BC6N sheet and the conductivity of 

gas molecule adsorbed-BC6N sheet, respectively. Using Equations (4) and (5), pristine BC6N 

showed 6.1%, 14.7%, 9.5%, 14.7%, 14.7%, 7.6%, and 7.6% sensitivity toward acetone, ethanol, 

methanol, formaldehyde, toluene, carbon dioxide, and water molecules, respectively. 
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Table 7-1. The calculated adsorption energy (Ead), interaction distance (D), which is the distance between 

the molecule and BC6N sheet, charge transfer (Q), energy bandgap (Eg), and recovery time (τ). The 

negative values of charge indicate a charge transfer from the molecule to the nanotube. 

System 
Ead  

(eV) 

D  

(Å) 

Q  

(e) 

Eg  

(eV) 

τ  

(sec)   

Pristine BC6N -  - - 1.228 - 

Acetone-Pristine BC6N −0.381 2.51 −0.056 1.225 2.6×10−6 

Ethanol-Pristine BC6N −0.378 2.49 −0.054 1.220 2.3×10−6 

Methanol-Pristine BC6N −0.316 2.58 −0.029 1.223 2.1×10−7 

Formaldehyde-Pristine BC6N −0.228 2.63 −0.043 1.220 6.8×10−9 

Toluene-Pristine BC6N −0.910 2.69 +0.036 1.220 2.0×10+3 

Carbon dioxide-Pristine BC6N −0.253 2.84 −0.014 1.224 1.8×10−8 

Water-Pristine BC6N −0.263 2.88 −0.015 1.224 2.6×10−8 

Defective BC6N - - - 0 - 

Acetone-Defective BC6N −0.527 2.60 −0.067 0 7.4×10−4 

Ethanol-Defective BC6N −0.754 2.45 −0.071 0 4.9 

Methanol-Defective BC6N −0.750 2.58 −0.077 0 4.2 

Formaldehyde-Defective BC6N −0.647 2.51 −0.082 0 7.7×10−2 

Toluene-Defective BC6N −1.00 2.66 −0.063 0 6.8×10+4 

Carbon dioxide-Defective BC6N −0.315 2.82 −0.039 0 2.0×10−7 

Water-Defective BC6N −0.458 2.77 +0.026 0 5.1×10−5 
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Figure 7-5. Energy band structures of (a) acetone, (b) ethanol, (c) methanol, (d) formaldehyde, (e) 

toluene, (f) carbon dioxide, and (f) water molecules on pristine BC6N sheet. The dotted green line 

indicates the Fermi level, which is set to zero. 

Similar to graphene, defects in the BC6N sheet are inevitably generated 

during the fabrication process due to the imperfect growth conditions [365]. They can also be 

formed during the harsh treatments of the film, such as plasma oxidation [366, 367], ion and 

electron irradiation [368], or chemical treatments [369]. Vacancy defects with different sizes can 

be formed by knocking atoms out of BC6N lattice. The electronic and transport properties of the 

BC6N lattice can be affected by these unavoidable defects. Hence, it is necessary to investigate the 

impacts of vacancy defects on the electronic and gas sensing properties of the BC6N sheet. Here, 

we considered a single atom vacancy defect in the graphene-like BC6N sheet. The single vacancies 

can be created if a single B, C, or N atom is missing in the BC6N lattice. As can be understood 

from the unit cell of the BC6N lattice in Fig. 1(a), four different defective BC6N structures can be 

considered: 1) removing C atom next to N atom from the lattice (DC-N-BC6N), 2) removing  C 

atom next to B atom from the lattice (DC-B-BC6N), 3) removing  N atom from the lattice (DN-

BC6N), and 4) removing  B atom from the lattice (DB-BC6N). The optimized defective BC6N 
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structures are shown in Fig. 5.  The structural stability can be studied regarding the defect 

formation energy as follow: 

 
6 6

) –  (  PD form D BC N BC N atomE E E− − −= −   (21) 

 

where , , and are the total energy of the defective BC6N, the total 

energy of the pristine BC6N, and the chemical potential of the missing atom. To calculate the 

chemical potentials of B, C, and N atoms, our reference systems were β-rhombohedral boron, 

graphite, and N2 in the gas phase. The defect formation energies were calculated to be 4.27, 8.64, 

8.15, and 6.22 for DC-N-BC6N, DC-B-BC6N, DN-BC6N, and DB-BC6N, respectively, signifying that 

the formation of single C atom vacancy adjacent to N atom is experimentally more likely to occur. 

Interestingly, the formation energy of the DC-N in the BC6N sheet is less than the formation energy 

of a single C vacancy in the graphene sheet (7.5 eV) [365], suggesting that DC-N can be easily 

formed in the BC6N. Therefore, we selected the DC-N-BC6N structure for further studies. It should 

be added that similar to graphene [370, 371], a single C atom adjacent to N atom vacancy in the 

BC6N sheet undergoes a Jahn-Teller distortion, leading to two saturation C bonds and one N 

dangling bond toward the missing C atom. This results in the formation of a five-membered and a 

nine-membered ring, as shown in Figure 7-6 (a). Our observations correspond well with the 

previous report [355].  

 

6D BC NE − 6P BC NE − atom
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Figure 7-6. The most stable adsorption configurations (top and side view) for defective BC6N sheet with 

one (a) C vacant adjacent to N atom, (b) C vacant adjacent to B atom, (c) N vacant, and (d) B vacant. 

To focus on the effects of single vacancy defect on the sensing capability of the BC6N 

sheet, the gas molecules were placed at the center of the defects with various orientations, and the 

structures were fully relaxed. The most stable configurations of adsorbed gas molecules on the DC-

N-BC6N sheet are depicted in Figure 7-7.  

The adsorption of gas molecules induces significant bending and buckling in the defective 

BC6N around the defect area in compassion with a pristine sheet that almost retains its 

planarity after interaction with the molecules. This buckling is occurred due to the gas molecules 

which push the N atom with dangling bond in the defective BC6N sheet out of the plane in the 

opposite direction where the molecule is located. It was discovered that upon exposure acetone to 

the defective BC6N sheet, the molecule adopts a vertical orientation with respect to the plane of 

the sheet with O atom of acetone pointing to the N atom of the defective BC6N. The minimum 

atom-atom distance between the acetone and defective BC6N (O−N) was found to be 2.60 Å. The 
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ethanol adsorption mechanism on the defective BC6N sheet shows similar behavior to acetone with 

the minimum atom-atom distance between the molecule and sheet of (O−N) 2.45 Å. Upon 

interaction of methanol and formaldehyde molecules with defective BC6N sheet, the molecules 

adopt a tilted vertical orientation with respect to the surface of the sheet with the minimum atom-

atom distance between the methanol/formaldehyde molecule and defective BC6N (O−N) was 

found to be 2.58/2.51 Å. In the case of toluene, the molecule prefers to be adsorbed in a parallel 

orientation with respect to the plane of the defective BC6N. The minimum interaction distance 

between the toluene and defective BC6N (H−C) was found to be 2.66 Å. The carbon dioxide and 

water molecules were also aligned parallel to the defective BC6N surface with C and O atom 

pointing toward N atom of the sheet, respectively. The minimum atom-atom distance between the 

carbon dioxide and defective BC6N (C−N) and between the water and defective BC6N (O−N) were 

calculated to be 2.85 and 2.77 Å, accordingly. It was discovered that the single vacancy defect in 

the BC6N increases the adsorption energies of the gas molecules. The adsorption energies of 

acetone-, ethanol-, methanol-, formaldehyde-, toluene-, carbon dioxide-, and water-adsorbed 

defective BC6N sheet were calculated to be −0.527, −0.754, −0.750, −0.647, −1.0, −0.315, and 

−0.458 eV, respectively. In comparison with pristine BC6N sheet, the adsorption energies of 

acetone, ethanol, methanol, formaldehyde, toluene, carbon dioxide, and water molecules were 

increased 1.38, 1.99, 2.37, 2.83, 1.11, 1.24, and 1.73 times, respectively, after introducing a single 

vacancy in the sheet. Based on the obtained adsorption energies, it can be assumed that toluene 

was strongly physisorbed on the defective BC6N sheet. Furthermore, ethanol, methanol, and 

formaldehyde molecules were moderately physisorbed on the DC-N-BC6N, while acetone, carbon 

dioxide, and water were weakly physisorbed. The total charge transfer for acetone-, ethanol-, 

methanol-, formaldehyde-, toluene-, carbon dioxide-, and water-adsorbed defective BC6N sheet 

was found to be 0.067, 0.071, 0.077, 0.082, 0.063, 0.039, and 0.026 e, respectively, showing an 

increase in charge transfer between molecules and the BC6N after formation the DC-N. All gas 

molecules donate electrons to the sheet, except for water molecule that acts as an electron acceptor. 

From Equation (3), the recovery times for desorption of acetone, ethanol, methanol, formaldehyde, 

toluene, carbon dioxide, and water from defective BC6N sheet at room temperature in visible light 

( ) were calculated to be 7.4×10−4, 4.9, 4.2, 7.7×10−2, 6.8×10+4, 2.0×10−7, 5.1×10−5 sec, 

respectively. In addition, the recovery time of toluene can be decreased to 3.9 sec by heating the 

sensor at 400 K. The obtained values for adsorption energies, charge transfer, and recovery times 
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suggest that defective BC6N has the potential to capture ethanol, methanol, formaldehyde, and 

toluene reversibly. However, electronic transport properties change of the material by gas sensing 

should be evaluated in order to develop a reliable sensor.  
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Figure 7-7. The most stable adsorption configurations (top and side view) for (a) acetone, (b) ethanol, (c) 

methanol, (d) formaldehyde, (e) toluene, (f) carbon dioxide, and (f) water molecules on defective BC6N 

sheet. 
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Similar to the pristine BC6N sheet, with increasing the coverage of VOCs from the same 

species and with co-adsorption of VOCs from various species on the defective BC6N sheet, the 

absolute value of co-adsorption energies increase, implying that the sensitivity of the sensor is 

improved (see Figure 7-8). The most stable adsorption configuraions of VOCs on the defective 

BC6N sheets are provided in Figure 7-9.  

 

Figure 7-8. The co-adsorption energies of gas molecules on defective BC6N sheet. 
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Figure 7-9. The relaxed structures of co-adsorbed gas molecules on defected BC6N sheet. 

To gain insight into the physisorption of gas molecules on the defective BC6N, the 

electronic band structures and density of states (DOS) of all aforementioned configurations were 

calculated, see Figure 7-10 and Figure 7-11. In contrast to semiconducting pristine BC6N, the 

defective BC6N shows metallic behavior. Because of the increase in the local DOS at the Fermi 

energy level, which is spatially localized on the N dangling bond, the semiconductor to metal 

transition occurred. It should be noted that gas molecule’s adsorption has almost no change in the 

energy bandgap of the defective BC6N sheet. As can be seen in Figure 7-11, few or disappearance 

of the DOS of gas molecules around the Fermi level, confirming the weak interaction between 

them and defective BC6N sheet through the physisorption process. However, the adsorbed VOCs 

contribute deeply to valence and conduction bands; hence, the gas molecules have no relevant 

influence on the electronic properties of the defective BC6N around the Fermi level. This agrees 

well with the obtained small adsorption energies. Although the electronic properties of the 

semiconducting pristine BC6N sheet and the metallic defective BC6N sheet are not much impacted 

by the adsorption of VOCs, the charge transfer between the sheets and the VOCs during adsorption 

process could change the resistance of the system which can be experimentally measured.    
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Figure 7-10. Energy band structures of (a) acetone, (b) ethanol, (c) methanol, (d) formaldehyde, (e) 

toluene, (f) carbon dioxide, and (f) water molecules on defective BC6N sheet. The dotted green line 

indicates the Fermi level, which is set to zero. 
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Figure 7-11. Total DOS curves for (a) acetone, (b) ethanol, (c) methanol, (d) formaldehyde, (e) toluene, 

(f) carbon dioxide, and (f) water molecules on defective BC6N sheet. The dotted green line indicates the 

Fermi level, which is set to zero. The dashed lines indicate the Fermi level, which are set to zero. 
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 To monitor the resistivity change of the metallic defective BC6N, the transport 

transmission, and the corresponding I−V characteristics of the sheet before and after gas molecules 

adsorption were calculated using Equation (2). Figure 7-12 (a) shows the geometry of the device 

configuration with two probes. The right and left electrodes are periodic in the transport direction 

(z-direction). The central region is seamlessly connected to the right and left electrodes. To screen 

out the perturbation inside the device in the sensing region, the electrode regions are extended into 

the central region, called screening regions. The size of the electrodes and central region were 

chosen to be 14.76 Å × 8.52 Å and 14.76 Å × 34.10 Å, respectively. The I−V curves of defective 

BC6N device with and without the gas adsorption are presented in Figure 7-12 (b)-(h). By applying 

a bias to the device, the Fermi level of the left electrode shifts upward with respect to that of the 

right electrode. When the bias voltage surmounts the threshold voltage at which the conduction 

band minimum of the right electrode reaches the valence band maximum of the left electrode, the 

current starts to flow. As can be seen in Figure 7-12 (b), when the bias voltage is less than 0.6 V, 

no current passes through the bare defective BC6N device. This value attributes to the energy 

bandgap of the confined defective BC6N nanosheet with a width of 14.76 Å. With increasing the 

bias voltage, the I−V curve of the bare device presents a parabolic growth trend. The current 

passing through the bare defective BC6N was 20 µA at 2 V. Introduction of gas molecules in the 

center of the scattering region caused little impact on the current tunneling through the energy 

band gaps, keeping the threshold voltage of the bare device almost unchanged after interaction 

with the gas molecules. The I−V of the bare defective BC6N slightly changed upon adsorption of 

acetone, indicating low sensitivity of the sensor for detection of the molecule. Despite the large 

adsorption energy for the toluene molecule, the conductivity of the sensor was hardly altered after 

interaction with toluene, proving that the evaluation of the sensor based on the adsorption energy 

is not enough for selecting a high-performance sensor. However, adsorption of ethanol, methanol, 

and formaldehyde gas molecules on the defective BC6N bring about significant changes in the 

resistivity of the sensor for bias window between 0.8 to 1.6 V. The sensor sensitivity (GTG – 

GB)/GB×100 was calculated, where GB is the conductance of the bare defective BC6N device, and 

GTG is the conductance of defective BC6N device in the presence of the target gas molecules. Table 

7-2 lists the sensitivity (%) of the sensor toward various gas molecules at bias voltages of 1.0, 1.2, 

and 1.4 V. When 1.2 V bias voltage was applied to the sensor, 48.8%, 49.1%, and 47.0% sensitives 
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were achieved for sensing ethanol, methanol, and formaldehyde, respectively. Interestingly, at 1.0 

and 1.4 V, the sensor showed high sensitivities of 84.3% and 61.0%, respectively, toward ethanol 

along with low sensitivities toward other gas molecules, indicating that the sensor can selectively 

detect ethanol. Figure 7-13 (a) presents the sensitivities of defective BC6N sheet (at a bias voltage 

of 1.4 V) and pristine BC6N sheet toward various VOCs. The obtained sensitivities for defective 

BC6N sheet toward ethanol are 4.15 times greater than those found for the pristine BC6N sheet. To 

quantify the selectivity of the sensor for ethanol detection, the ratios of the sensitivity of ethanol 

to the sensitivity of other VOCs were calculated and presented in Figure 7-13 (b). The sensitivity 

ratios of ethanol to acetone, methanol, formaldehyde, toluene, CO2, and water for defective BC6N 

sheet as channel material are 35.8, 33.8, 3.9, 6.9, 23.4, and 25.4, respectively, suggesting that 

excellent selective detection of ethanol can be achieved. Although the adsorption energies of 

ethanol (−0.754 eV) and methanol (−0.750 eV) on defective BC6N sheet are very close, one can 

see that the sensor with the defective BC6N as channel material can detect ethanol with high 

sensitivity (61.0%) and selectivity (SEthanol/SMethanol = 33.8). As a result, adsorption energy alone 

might not be a good predictor for the performance of the resistive gas sensor. 

Table 7-3 compares the performance of the VOCs sensors based on various 2D materials. 

As can be seen, the interactions between VOCs and defective BC6N sheet are stronger than those 

with other 2D materials such as graphene [244, 245], MoS2 [248, 372], defected MoS2 [248], 

MoSe2 [249], phosphorene [235, 363, 373], defected phosphorene [235], germanane [374], silicene 

[247], and so on. However, the values of adsorption energies for VOCs on some materials like 

borophene [375], TiO2 [376], and MXene (Ti3C2(OH)2) [377] are higher than those on BC6N 

sheets. Although ethanol binds to graphyne with an adsorption energy of −0.354 eV, the sensor 

experiences 222.2% energy bandgap changes after interaction with the molecule, proving that low 

adsorption energy does not necessarily lead to a low response [378]. Moreover, while ethanol is 

strongly chemisorbed on the borophene with an adsorption energy of −1.75 eV and causes 

276.19% energy bandgap variation, the sensor suffers a very long recovery (~1017 sec at room 

temperature under UV), which hinders its application to be used as a reusable gas sensor. It is 

worth mentioning that the bandgap variation (%) in Table 3 was defined as (EgG – EgB)/EgG×100, 

where EgG is the bandgap of the bare 2D material, and EgG is the bandgap of the 2D material in 

presence of the target gas molecules [378]. Hence, the bandgap variation does not represent the 

sensitivity as we calculated in this work. Our proposed sensor based on the defective BC6N sheet 
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indicates higher sensitivity toward ethanol in comparison with the black phosphorene-based sensor 

(9%) [235]. It should be added that the sensor exhibited low sensitivities toward carbon dioxide 

and water molecules, although the changes in current are more pronounced for the former 

molecule. This suggests that H2O and CO2 gas molecules, as interfering gases in exhaled breath 

cannot limit the detection of the target biomarkers. Overall, our findings suggest that defective 

BC6N can be a compelling 2D material to achieve highly sensitive and selective chemiresistive 

VOC sensors with fast recovery for breath analysis applications. 

 
Table 7-2. The sensitivity (%) of the sensor based on defective BC6N with two electrodes toward acetone, 

ethanol, methanol, formaldehyde, toluene, carbon dioxide, and water molecules at bias voltages of 1.0, 

1.2, and 1.4 V. Negative (positive) sensitivity means that the current of the sensor dropped (enhanced) 

after interaction with the gas molecule. 

  Target 

Gases 

Bias 

Voltage 

Acetone 

 
 

 

Ethanol 

 
 

Methanol 

 
 

Formaldehyde 

 
 

Toluene 

 
 

Carbon dioxide 

 
 

Water 

 
 

1.0 V −10.6 −84.3 +5.0 +5.3 −9.0 −26.9 −9.5 

1.2 V −13.4 −48.8 −49.1 −47.0 −10.3 −19.9 −16.8 

1.4 V +1.7 −61.0 +1.8 −15.4 −8.8 −2.6 +2.4 
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Table 7-3. Theoretically reviewed 2D materials for VOCs sensing. 

2D Sensing 
Materials 

Analytes 
Adsorption 
Energy (eV) 

 Sensor's Performance Refs. 

Graphene 
Acetone, Ethanol, 

Methanol, Toluene 
−0.36, −0.33, 
−0.21, −0.091 

NR 
[244, 
245] 

Graphdiyne  
Acetone, Ethanol, 
Propanol, Toluene 

−0.50, −0.52, 
−0.50, −0.40 

NR [379] 

C2N 
Acetone, Ethanol, 
Propanol, Toluene 

−0.25, −0.23, 
−0.28, −0.34 

NR [379] 

Graphyne Methanol, Ethanol −0.345, −0.354 52.63%, 222.2% Bandgap variations [378] 

MoS2 
Acetone, Ethanol, 

Propanol, Formaldehyde 
−0.16, −0.22, 
−0.22, −0.11 

NR 
[248, 
372] 

SV-MoS2 
Acetone, Ethanol, 

Propanol 
−0.56, −0.66, 

−0.60 
NR [248] 

MoSe2 Methanol, Ethanol −0.522, −0.732 21.29%, 0% Bandgap variations [249] 

Black 
Phosphorene 

Acetone, Ethanol, 
Toluene 

−0.320, −0.214, 
−0.320 

9% sensitivity for ethanol and 12.34 ns 
recovery time 

[235] 

Blue 
Phosphorene 

Acetone, Ethanol, 
Propanol 

−0.26, −0.20, 
−0.26 

NR [363] 

SV-Blue 
Phosphorene 

Acetone, Ethanol, 
Propanol 

−0.53, −0.45, 
−0.51 

NR [363] 

Green 
Phosphorene 

Methanol, Ethanol −0.393, −0.686 4.93%, 19.06% Bandgap variations [373] 

Borophene Ethanol −1.75 276.19% Bandgap variations [375] 

Germanane Methanol −0.703 0.52% Bandgap variations [374] 

Silicene Formaldehyde −0.087 NR [247] 

GeS 
Acetone, Ethanol, 

Methanol 
−0.509, −0.450, 

−0.379 
NR [380] 

Ti3C2(OH)2 Acetone −0.774 0.97% response at 100 ppm [377] 

TiO2 Acetone −0.86 NR [376] 

BC6N 
Acetone, Ethanol, 

Methanol, 
Formaldehyde, Toluene 

−0.381, −0.378, 
−0.316, −0.228, 

−0.910 

6.1%, 14.7%, 9.5%, 14.7%, 14.7% 
Sensitivities 

This 
work 
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D-BC6N 
Acetone, Ethanol, 

Methanol, 
Formaldehyde, Toluene 

−0.527, −0.754, 
−0.750, −0.647, 

−1.00 

1.7%, 61.0%, 1.8%, 15.4%, 8.8% 
Sensitivities 

Highly selective to Ethanol 

740 s, 4.9 s, 4.2 s, 77 ms, 6800 s 
recovery time 

This 
work 
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Figure 7-12. (a) Schematic structural model of a gas sensor based on defective BC6N with two electrodes. 

I−V characteristics of BC6N sensor after (b) acetone, (c) ethanol, (d) methanol, (e) formaldehyde, (f) 

toluene, (g) carbon dioxide, and (h) water molecules adsorption. 
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Figure 7-13. (a) Sensitivity of pristine and defective BC6N sensor toward acetone, ethanol, methanol, 

formaldehyde, toluene, carbon dioxide, and water gas molecules. (b) The selectivity of pristine and 

defective BC6N sensor for ethanol detection. 

 

Summary 

We investigated the adsorption of various gas molecules (acetone, ethanol, methanol, 

formaldehyde, toluene, carbon dioxide, and water) on the monolayer BC6N sheet using first 

principles DFT calculations and inspected its potential for application in VOC sensors used in 

breath analysis. To this end, the adsorption sites, adsorption energies, charge transfer, and 

interaction distances were determined. We discovered that defective BC6N exhibits considerable 

sensitivity toward the considered gas molecules. No noticeable changes were observed in the 

electronic properties of the pristine BC6N after interaction with the gas molecules. It was disclosed 

that single vacancies, could appreciably enhance the adsorption energies of the gas molecules and 

the values of charge transfer. The I−V characteristics of the defective BC6N sheet were calculated 

before and after gas adsorption using the NEGF formalism. It was discovered that the sensor based 

on defective BC6N shows high sensitivity and selectivity to ethanol in the presence of water 
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making it suitable for breath analysis of alcohols. The sensitivity of the sensor was not restricted 

by the interfering gases, such as H2O and CO2 gas molecules in exhaled breath. The recovery time 

of the VOC sensor was found to be very short. Therefore, our findings suggest that defective BC6N 

is a potential material for detection of different biomarkers in human breath.  
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8. Chapter 8 

Theoretical Study on Novel 2D Materials 

Phosphochalcogenide, (PdPSe, and PsdPS)-Inorganic Gas 

Molecules  

In recent years there exist considerable and ongoing demands for tracing gas molecules for 

the purpose of environmental monitoring, public health, and early disease diagnosis. Two-

dimensional (2D) materials, owing to their large active area and appealing electrical, optical, and 

mechanical characteristics, are highly promising candidates for designing advanced next-

generation gas sensors. Motivated by the latest experimental advance in the fabrication of 

palladium phosphide selenium (PdPSe), in this work we explore PdPS and PdPSe monolayers as 

novel platforms for the detection of harmful gas molecules including CO, CO2, NH3, NO, and 

NO2. Herein, we utilized first-principles density functional theory calculations to investigate the 

adsorption behavior of hazardous gases on the PdPS/PdPSe-based sensor. We firstly found that 

the PdPS and PdPSe monolayers are semiconductors with appealing bandgaps. Next, we 

systematically assessed the most favorable adsorption configurations and examined the electronic 

properties of gas-adsorbed PdPS/PdPSe monolayers. It was manifested that CO, CO2, and NH3 gas 

molecules are physisorbed on the PdPS, and PdPSe, while upon adsorption of NO, and NO2, the 

band gap changed significantly, especially for NO2, the PdPS/PdPSe sensor undergoes a 

semiconductor to metal transition. It was moreover realized that after adsorption of NO, and NO2, 

respectively, over PdPS energies of 0.98, 1.01 eV are released, and over PdPSe energies of 1.12, 

and 1.21 eV are emitted. According to calculated recovery time, the PdPS platform yields a quick 

recovery after exposure to NO, and NO2 with times of 4.33 and 11.9 s, respectively, at room 

temperature and under UV light. PdPSe nonetheless exhibits a recovery time of 1.74 s at 498 K 

and under visible light after interaction with NO2. Our study results suggest PdPS, and PdPSe 

platforms are eminently promising for detecting NO2 molecule. 
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8.1 Overview 

In recent years, the environment, global biological ecosystems, and human health have 

been threatened by the continuous production of air pollutants [381-384]. The typical gaseous 

pollutants are carbon dioxide, ammonia, and nitrogen dioxide arising from fossil fuel burning and 

industrial activities [385]. Amid main pollutant gases, nitrogen oxides, such as NO and NO2, 

carbon oxides such as CO, and CO2 along with NH3 are important [240, 386-388]. Additionally, 

they can cause severe damage to the respiratory system, for example, NO2, and CO is considered 

as one of the suffocating agents for humans and can decrease lung function [389, 390]. Hence, the 

monitoring, detection, and elimination of these harmful gases are of great interest due to their 

environmental, public health, and economic relevance. Since the emergence of graphene as the 

first two-dimensional (2D) nanomaterials, they have been increasingly receiving interest toward 

2D materials due to their exceptional properties, such as high surface area, strong surface activities, 

low cost, and fascinating transport properties [215, 391, 392]. Moreover, because of outstanding 

structural and electrical properties, 2D materials are highly appealing for numerous advanced and 

critical applications, such as nanoelectronics, optoelectronics, catalysis and gas sensors [393]. In 

this regard, various 2D nanomaterials have been studied so far for gas sensing applications, such 

as graphene [39, 394],  silicene [395], germanene [396, 397], black phosphorene [182], green 

phosphorene, boron nitride [398], and borocarbonitride (BC6N) [222, 232].  

To date, extensive researches have been conducted on the gas sensing application of 2D 

materials, like using graphene towards toxic gaseous species (such as CO2, CO, NO2, NH3) [39], 

nonetheless, bare graphene shows low sensitivity toward the studied toxic gases. In addition, 

sensing performance of transition-metal dichalcogenides like MoSe2 and MoTe2 toward NO, NO2, 

and NH3 gas molecules have been investigated [399], but it was reported aforementioned pristine 

sheets are not sensitive to the small gas molecules and they were weakly adsorbed. Furthermore, 

silicene was used as a platform for the detection of NO, NO2, NH3, and CO gases [395]. Based on 

density functional theory (DFT) and nonequilibrium Green’s function method, the structural 

configurations, adsorption sites, adsorption energies, and charge transfer of all studied gas 

molecules on the silicene nanosensors were systematically discussed. However, it was seen that 

pristine silicene is not sensitive enough to the considered gases. By the same token, the adsorption 

behavior of common gases such as CO, CO2, NH3, NO, and NO2 molecules on germanene was 

investigated by the density functional theory method [397], and it was found that they were weakly 

https://www.sciencedirect.com/topics/physics-and-astronomy/silicene
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adsorbed on the germanene. In another study, the adsorption of NO, NO2. CO, and NH3 molecules 

on black phosphorene have been investigated [227]. It was found that the adsorption was improved 

but there are still not sufficient practical values, and CO, and NH3 molecules were weakly 

adsorbed. The physisorption of common gas molecules on the studied materials limits their 

immediate potential for gas sensing. 

Following the latest advances in the synthesis of phosphochalcogenides PdPX (X = S, Se) 

[400, 401] nanosheets, they have attracted enormous attentions and they have been used as a 

semiconductor for photocatalysts water splitting [402, 403]. The stability of the palladium 

phosphide sulfide (PdPS) monolayer was confirmed by calculating phonon band dispersions [403] 

and it yields multiple active sites for hydrogen evolution reaction. Very recently, penta-PdPSe, a 

novel 2D pentagonal material with a novel low-symmetry orthorhombic structure, was introduced 

to the 2D family [404], it is also exhibited high anisotropic optical, electronic, and optoelectronic 

properties. Moreover, noble PdPS was synthesized lately by the method of chemical vapor 

transition (CVT) and used for polarized detection application [405] and it showed superior 

optoelectrical properties. As novel experimentally realized 2D systems, it is an important question, 

whether these nanosheets can be employed as efficient nanosensors for common harmful gas 

molecules, such as CO, CO2, NH3, NO, and NO2, which are all of great practical interest for 

medical, and environmental applications, on the PdPS and PdPSe nanosheets. Therefore, the 

objective of the present is to conduct a systematic and comprehensive investigation gas sensing 

performance of PdPS and PdPSe monolayers for the above-mentioned gases by employing first-

principles DFT calculations.  

8.2 Computational Method 

All first-principles calculations were performed employing Atomistix ToolKit (ATK) 

package, using DFT method [153, 154]. The generalized gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) exchange–correlation functional was also employed. In order to 

describe the long-range vdW interactions, the Grimme van der Waals (vdW) correction (PBE-D3) 

was adopted [157]. For the purpose of evaluation of the adsorption stability and interaction 

between the gas molecules and the PdPS/PdPSe sheet, their adsorption energy (Ead) was defined 

as: 

 𝐸𝑎𝑑 = 𝐸𝑃𝑑𝑃𝑆/𝑃𝑑𝑃𝑆𝑒+𝑋 − (𝐸𝑋 + 𝐸𝑃𝑑𝑃𝑆/𝑃𝑑𝑃𝑆𝑒) (22) 
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where E(PdPS/PdPSe+X) is the total energy of the molecule adsorbed on the PdPS/PdPSe 

surface, and E(X) and E(PdPS/PdPSe) are the energies of the corresponding molecule and single 

PdPS/PdPSe monolayer. In this calculation, negative adsorption energy represents that the 

interaction is exothermic and energetically favorable. Furthermore, the electronic temperature and 

the energy mesh cut-off to be 300°K and 45 Hartree were set, respectively. The Fritz Haber 

Institute (FHI) pseudopotentials with a double-zeta basis set were used. The primitive Brillouin 

zone was sampled using 5 × 5× 1 special k-points under the Monkhorst-Pack scheme for 

optimization and 6 × 6× 1 k-points for electronic calculations. To eradicate the interaction between 

adjacent periodic sections a sufficiently large vacuum space of 20 Å in the z direction was 

considered. Moreover, in optimization, the convergence tolerances of force and stress on each 

atom were selected to be less than 0.01, and 0.001 eV/Å, respectively. Charge transfer (Q) upon 

adsorption of the gas molecule on the PdPS/PdPSe sheets was analyzed employing Hartwigsen–

Goedecker–Hutter (HGH) pseudopotentials with Tier 5 basis set. It is worth mentioning that the 

negative values of charge specify a charge transfer from molecule to the PdPS/PdPSe sheets. 

Dynamical stability was also investigated using phonon band structure calculations. 

Generally, a gas detection device can be divided into three regions to explore its transport 

properties, the central (scattering) region, left, and right leads (electrodes), as depicted in Figure 

8-1 (b, e). The conductance of the sensor is related to the transmission coefficient at the Fermi 

level and can be defined as: 

 C(ε)= G0 T(ε) (23) 

Here, G0 = 2e2/h is the quantum conductance, T(ε), e, and h is the electron transmission 

coefficient, electron charge and Planck's constant, respectively. T(ε) can be defined as below from 

the Green’s function: 

 T(ε)= ΓL(ε) G(ε) ΓR(ε) Gϯ(ε) (24) 

 

In this equation, ΓL, R (ε)= (∑L(R)(ε)- (∑L(R)(ε)) ϯ)/ i, in which ΓL, R is the broadening function 

of left (right) lead. ∑L(R) (ε) is the lead self-energy of the left (right) lead. 
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Figure 8-1. (a) Bonds between Pd, P, and S atoms. (b) Schematic of PdPSe-based gas device (c) 

Electronic Band structure of PdPS unit cell by PBE, and HSE calculations. (d) Bonds between Pd, P, and 

Se atoms. (e) Schematic of PdPSe-based gas device (f) Electronic Band structure of PdPSe unit cell by 

PBE, and HSE calculations. 
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8.3 First-principles calculations using density functional 

theory: 

PdPS, and PdPSe monolayers exhibit orthorhombic configurations and each Pd atom is in 

square-planar coordination, surrounded by two sulfur (two selenium for PdPSe) and two 

phosphorus atoms (Figure 8-1 (a, d)). The rectangular in-plane lattice parameters were found to be 

5.65, and 5.69 Å and 5.84, and 5.89 Å for PdPS and PdPSe monolayers, respectively, in close 

agreement with previous experimental and theoretical reports [403, 404]. It needs to be mentioned 

that the sizes of 17.07 × 17.16 × 20 Å, and 17.52 × 17.69 × 20 Å were selected for PdPS, and 

PdPSe sheets, respectively. Moreover, as shown in Fig. 1 for the unit cells of PdPS, and PdPSe 

monolayers the electronic band structures were calculated, and the energy band gap of 1.196, and 

1.107 eV (by the PBE approach) was achieved, respectively. Additionally, the energy band gap of 

2.15, and 2 eV was found by the Heyd-Scuseria-Ernzerhof (HSE) approach for PdPS, and PdPSe, 

respectively, which the band gaps are in good agreement with literature data [402, 406]. It is worth 

mentioning that the dynamic stability of both structures (PdPS, and PdPSe) was examined using 

phonon spectrum calculation (Figure 8-2), and it was found that they both have dynamic stability. 

The side and top views of the optimized PdPS, and PdPSe monolayers are illustrated in Figure 8-3 

(a, c). The partial density of states (DOS) was calculated for PdPS, and PdPSe monolayers as 

shown in Figure 8-3. As it was shown in Figure 8-3 (b, d), the d orbital of Pd atom overlapped 

with p orbital of S (Se), and s orbital of P atoms, which indicates that there are strong bonds 

between the atoms within the monolayer and the d orbital of Pd is the main contribution to 

conduction band minimum (CBM) and valence band maximum (VBM).  
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Figure 8-2. Phonon band structure for (a) PdPS, and (b) PdPSe monolayers 
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Figure 8-3. (a) Optimized structure of PdPS-based gas device in both view (side and top) along with 

possible adsorption sites on the surface (b) DOS of the PdPS monolayer (c) Optimized structure of 

PdPSe-based gas device in both view (side and top) along with possible adsorption sites on the surface (d) 

DOS of the PdPSe monolayer. 

 

Next, we shift our attention to study the adsorption of CO, CO2, NH3, NO, and NO2 gas 

molecules over PdPS, and PdPSe monolayers. Due to fact that the molecules tend to be adsorbed 

in various configurations, different sites on the PdPS/PdPSe should be taken into account. 

Different possible sites for adsorption were considered as highlighted in Figure 8-3 (a, c) including 

the top of Pd, P, and S (Se) atoms and the center of the Pd-P-S (Pd-P-Se) ring. Thus, the gas 

molecules were placed at a distance of 2 Å over the assumed sites with several molecular 
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orientations. For CO and NO diatomic molecules, they can be placed in perpendicular directions 

with respect to the surface, in which both N/C, and O atoms can be pointed toward the surface of 

PdPS, and PdPSe. Moreover, CO2, and NO2 as triatomic molecules, and NH3 as the tetratomic 

molecules can be placed in a way that the O atoms of CO2, and NO2, and H atom of NH3 pointed 

down or up with respect to the PdPS, and PdPSe surfaces. Accordingly, the most relaxed 

configurations of the gas molecules on the PdPS, and PdPSe sheets were predicted and are also 

illustrated in Figure 8-4, and Figure 8-5, respectively. All the structures were allowed to reach 

energy minimized configuration based on their original configurations, and the lowest adsorption 

energy configurations were defined. The adsorption energy of –0.769, –0.639, –0.863, –0.984, and 

–1.01 eV was achieved for CO, CO2, NH3, NO, and NO2 gas molecules upon PdPS monolayer, 

respectively. In case of CO, and NO molecules, they both tilted a little from vertical orientation 

with respect to the PdPS surface. CO adsorbed with its C atom pointed to the Pd atom of the sheet 

with a minimum distance of 2.52 Å (C-Pd), also NO adsorbed in the same orientation, its N atom 

pointed to the Pd atom with a minimum distance of 2.51 Å (N-Pd). CO2 molecule however 

adsorbed approximately horizontally with respect to the surface of the PdPS monolayer, in which 

there is a minimum distance of 3.16 Å between the O atom and S atom (O-S) of the substrate. The 

NH3 molecule nonetheless presents a more complicated adsorption mechanism than the previous 

molecules, in a way that it prefers to adsorb horizontally in a way that N atom is pointed toward 

the surface. In this case, it was found that there is a minimum distance of 2.66 Å between the H 

atom and S atom (H-S) of the monolayer. Last but not least we examine the adsorption of NO2 

molecule. After the energy minimization, it was observed that the N atom pointed down toward 

the substrate surface, with a 2.5 Å between N, and Pd atoms (N-Pd). Additionally, the adsorption 

energies of –0.57, –0.53, –0.54, –1.12, and –1.21 eV were measured for CO, CO2, NH3, NO, and 

NO2 gas molecules over PdPSe surface, respectively. Herein, for CO, and NO molecules, they 

adopt the same adsorption behavior as adsorption upon PdPS, there is a minimum distance of 3.20 

Å (C-Se), and 2.30 Å (N-Pd) for CO, and NO, respectively. 

 In case of CO2, and NO2, they both showed similar adsorption expression and there are 

minimum distances between O atom of CO2, and Se atom (O-Se) with an amount of 3.40 Å, and 

for NO2, there is 2.37 Å minimum distance between N, and Pd atoms (N-Pd). Nonetheless, the 

NH3 molecule adsorbed horizontally in a way that its N atom pointed up, it was found that there is 

a minimum distance of 2.97 Å between the H atom and Se atom (H-Se) of the sheet. Additionally, 
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atomic radii for S, Se, Pd, P, O, C, N, and H atoms are 0.88, 1.03, 1.69, 1.07, 0.48, 0.67, 0.56, and 

0.53 Å, respectively [210]. So, the sums of the atomic radii for C-Pd, N-Pd, O-S, and H-S, are 

2.36, 2.25, 1.36, and 1.41 Å, respectively for PdPS adsorption with the molecules. Also, for PdPSe 

monolayer, there are sums of the atomic radii of 1.7, 2.25, 1.51, and 1.56 Å for C-Se, N-Pd, O-Se, 

and H-Se, respectively. Henceforth, it is evident that for CO, CO2, and NH3 the sums of 

corresponding atomic radii are much less than the corresponding obtained minimum distance 

between atoms, offering that they were physisorbed. However, the sums of corresponding atomic 

radii for NO, and NO2 are indeed close to the corresponding calculated minimum distances, 

recommending that the adsorption between NO, and NO2 could be considered as chemisorption. 

To enhance the understanding of the effects of gas molecules adsorption, the electronic 

band structure and band gaps for the configurations were explored as illustrated in Figure 8-4 and 

Figure 8-5 for each considered gas over PdPS and PdPSe monolayers, respectively. The energy 

band gap of PdPS (1.196 eV) decreases to 1.082, 1.057, and 1.055 eV upon interaction with CO, 

CO2, and NH3, respectively, equivalent with only 9.5, 11.6, and 11.7% band gap alteration (ΔEg) 

after the interaction. For the cases of NO, and NO2 molecules adsorption on the PdPS sheet, the 

band gap alteration becomes interestingly considerable. From Figure 8-4 (i) can be noticed that 

there is a drastic band gap change after NO adsorption (with an amount of 0.02 eV), and it can be 

perceived that the Fermi level shifted to the conduction band, and it shows n-type semiconducting 

behavior. Furthermore, from Figure 8-4 (j) can be seen that there is a flat band on the Fermi level, 

suggesting that NO2-PdPS complex has metallic behavior. 

In general, because of close atomic and electronic properties the adsorption of the considered gas 

molecules over PdPSe monolayer show similar behavior as PdPS counterpart. In this case, changes 

of 24.8, 25.4, and 25.8 % occur in band gap for the adsorption of CO, CO2, and NH3, respectively. 

Moreover, we predicted the same drastic decrease in band gap alteration in PdPSe monolayer 

(1.107 eV) after NO adsorption (0.06 eV). Analogous to PdPS, after NO2 adsorption on PdPSe, 

the energy band gap decreased noticeably to 0 eV as it is obvious from Figure 8-5 (j), suggesting 

that NO2-PdPSe shows the metallic behavior. To shed light on the adsorption process of the gases 

upon the PdPS-/PdPSe-based sensor, the net total charge transfer was studied and calculated. 

Based on the calculations, CO, CO2, NH3, and NO gas molecules donate a net charge of 0.158, 

0.036, 0.102, 0.196 e to the PdPS sheet, respectively. In contrast, after the adsorption of NO2, it 

withdraws a net charge of 0.015 e from the PdPS sheet. Regarding the PdPSe sheet, CO2, NH3, 
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and NO molecules give electrons to the surface with a net charge of 0.004, 0.103, 0.121 e, but, for 

CO molecule, it acts as an electron acceptor with a negligible net charge of 0.001 e. When it comes 

to NO2 adsorption, there is a large charge transferring with an amount of 0.145 e that is transmitted 

from the PdPSe surface to the molecule. 

 
Figure 8-4. The most stable adsorption configurations (top and side view) for CO, CO2, NH3, NO, and 

NO2 gas molecules adsorption on the PdPS along with their corresponding electronic band structure. 
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Figure 8-5. The most stable adsorption configurations (top and side view) for CO, CO2, NH3, NO, and 

NO2 gas molecules adsorption on the PdPSe along with their corresponding electronic band structure. 

 

One critical parameter for the assessment of the gas sensors is their ability to rapidly 

recover after exposure to the gas molecule. According to the conventional transition state theory 

and Van’t-Hoff-Arrhenius expression [211], recovery time (τ) is an important factor for 

performance evaluation as defined follow: 

τ = A-1 e(–Ead/KBT)                                      (4) 

Here A is the attempt frequency, T is temperature and KB is the constant of Boltzmann (8.318 ×10-

3 kJ/(mol·K)). It is noteworthy that attempt frequency (A) is 1012, and 1016 Hz for visible and UV 

light conditions, respectively. and Two different temperatures (298, and 498 K) and lights (visible 

and UV) [232] were opted to calculate τ of the PdPS, and PdPSe monolayers for the gas molecules 

as detailed in Table 8-1. Regarding the equation, the τ of gas desorption is proportional to 

adsorption energy and inversely proportional to temperature. Nevertheless, for the case of PdPS 

monolayer, it was found that at 298 k and under visible light, CO was desorbed from the surface 

with the recovery time of 10.3 s, and the τ for NH3 detection was obtained 389.53 s, but for other 

gas molecules, the recovery time is either short or long (0.0636, 4.33×10+4, and 1.19×10+5 s for 
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CO2, NO, and NO2). It was noticed that with the same condition (298 k and visible light), PdPSe 

exhibits recovery time, τ of 0.0043, 9.13×10–4, 0.0013, 8.62×10+6, and 2.86×10+8 s for CO, NH3, 

CO2, NO, and NO2 molecules, respectively. It is worth mentioning that gas sensors in real 

experiments should hold and detect the gas within a reasonable time, not too short, or long [5, 243, 

407]. Interestingly, the recovery time for NO, and NO2 adsorption were found to be 4.33, and 11.9 

s under UV light and at 298 k, which are acceptably short. Besides, the τ of 0.21, and 1.74 s were 

calculated for NO, and NO2 gases at 498 k, respectively, under the visible light. These results 

highlight that PdPS and PdPSe nanosheets are appealing gas sensors with quick recovery times, 

particularly for sensing of NO, and NO2 molecules. 

Table 8-1. The calculated adsorption energy (Ead), interaction distance (D), which is the distance between 

the molecule and the PdPS/ PdPSe sheets, charge transfer (Q), the negative values of charge indicate a 

charge transfer from the molecule to the nanotube, energy bandgap (Eg), and recovery time (τ). 

System 
Ead  

(eV) 

D  

(Å) 

Q  

(e) 

Eg  
(eV) 

τ 
@ T=298 K 

(visible light) 

τ 
@ T=498 K 

(visible light) 

τ 
@ T=298 K 
(UV light) 

PdPS -  - - 1.196 
- - - 

PdPS- CO –0.769 2.52 –0.158 1.082 
10.3 6.02×10–5 0.001 

PdPS- CO2 –0.639 3.16 –0.036 1.057 
0.0636 2.91×10–6 6.3×10–6 

PdPS- NH3 –0.863 2.66 –0.102 1.055 
389.5356 5.38×10–4 0.039 

PdPS- NO –0.984 2.51 –0.196 0.02 
4.33×10+4 0.009 4.33 

PdPS- NO2 –1.01 2.5 0.015 0 
1.19×10+5 0.016 11.9 

PdPSe -  - - 1.107 
- - - 

PdPSe -CO –0.57 3.20 0.001 0.832 
0.0043 5.84×10–7 4.33×10–7 

PdPSe -CO2 –0.53 3.40 –0.004 0.825 
9.13×10–4 2.3×10–7 9.13×10–8 

PdPSe- NH3 –0.54 2.97 –0.103 0.821 
0.0013 2.9×10–7 1.34×10–7 

PdPSe- NO –1.12 2.30 –0.121 0.06 
8.62×10+6 0.21 862.16 

PdPSe- NO2 –1.21 2.37 0.145 0 
2.86×10+8 1.74 2.86×10+4 
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In order to track the adsorption mechanism, the projected DOS (PDOS) of the gases on the 

PdPS, and PdPSe surfaces was studied and displayed in Figure 8-6, and Figure 8-7. It was revealed 

that after adsorption of CO, CO2, and NH3, no orbital hybridization happened between the 

molecule and the surface, which means that there is no strong adsorption. Nonetheless, after 

adsorption of NO, and NO2 on both PdPS, and PdPSe, there is a peak in the vicinity of the Fermi 

level, indicating that electronic properties of the PdPS, and PdPSe sensor have been changed as 

spotted with red, and green arrows, respectively. Specifically, after adsorption of NO2, a peak at 

Fermi level appeared meaning that there is a considerable alteration in electronic properties of the 

device, and the sensor transformed from semiconductor to metallic. These discoveries justified the 

results from the band structure calculation for the gas molecules. 
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Figure 8-6. Density of states (DOS) for adsorption of (a) CO, (b) CO2, (c) NH3, (d) NO, and (e) NO2 gas 

molecules upon PdPS monolayer. 
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Figure 8-7. Density of states (DOS) for adsorption of (a) CO, (b) CO2, (c) NH3, (d) NO, and (e) NO2 gas 

molecules upon PdPSe monolayer. 

 

Eventually, to investigate the adsorption of gases on the conductance of the PdPS, and 

PdPSe the quantum conductance of the PdPS/PdPSe-based sensor prior to and post gas adsorption 

has been studied as demonstrated in Figure 8-8. Based on the two-point probe sensor as was shown 

in Figure 8-1 (b, e) and described earlier in equations 2, and 3, the changes of conductance have 

been inspected. It is apparent that after adsorption of CO, CO2, and NH3 on the PdPS, and PdPSe, 

the conductance decreases and increases slightly at low energies but on the other hand the change 

of conductance for NO-, and NO2-PdPS/PdPSe systems is more obvious at low energies.  
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Figure 8-8. Quantum conductance of (a) PdPS-, (b) PdPSe-based device prior to and post adsorption of 

the gas molecules. 

 

So, these findings are in great accordance with the preceding results, and the peak around 

the Fermi level for the NO approves the semiconducting behavior of it, and for the NO2 adsorption, 

affirms its metallic behavior. Additionally, the adsorption of H2 molecule upon PdPS/PdPSe 

structures was studied, and the adsorption energy of -0.35, and -0.12 eV was achieved for H2 

molecule adsorption on PdPS and PdPSe monolayers, respectively, which is indicative of weak 

adsorption. 

Overall, it can be deduced that PdPS/PdPSe-based gas sensor has wonderful potential for 

detection of NO2, and NO, on account of the fact that there are considerable conductance changes 

after adsorption, along with fairly large adsorption energy and short recovery time. 
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Summary 

In summary, based on the density functional theory calculations, we have examined the 

adsorption of some small gas molecules (NO2, NO, CO2, CO, and NH3) on the novel PdPS, and 

PdPSe monolayers. Various adsorption locations of gas molecules on the PdPS, and 

PdPSe monolayer were tested and the most stable configurations have been selected for further 

investigation. We have noted that the CO, CO2, and NH3 gases adsorption on the PdPS, and PdPSe 

sheets involved physisorption due to the small adsorption energies and small band gap variation, 

for example, there are band gap changes of 9.5, 11.6, and 11.7% from the band gap of PdPS for 

the corresponding molecules. Significant band gap change happened for NO2, and NO, 

respectively, in which that band gap changed from 1.196 (for PdPS) to 0.02 eV after NO 

adsorption, but in the case of NO2, on both PdPS, and PdPSe, band gap suddenly decreased to 0, 

which is indicative of metallic behavior. The results have divulged that PdPS-, and PdPSe-based 

gas sensor can be used as potential candidates in NO, NO2 detection, especially for NO2 with 

reasonable adsorption energy (–1.01, and –1.21 eV for PdPS, and PdPSe, respectively) and 

recovery time of 11.9 s at room temperature for PdPS, and recovery time of 1.74 s at 498k for 

PdPSe. Thus, the PdPS-, and PdPSe-based gas sensors may provide novel sensing platforms and 

they require further experimental investigation. 
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9. Chapter 9 

Experimental Study on CNT Sensor- Lung Cancer 

The detection of low concentration formaldehyde as a potential breath marker for lung 

cancer is a technical challenge in the current gas sensor field due to its weak electrical signal and 

its susceptibility to humidity. Here, we report on a combination of density functional theory (DFT) 

and experimental data to establish that aldehydes in super-saturated water vapor (80% humidity) 

can be detected using nanotubes molecular field-effect transistors. A thin film of high-purity 

semiconducting single-wall carbon nanotubes (SWCNTs) network and a catalytic metal were used 

as the sensing material.  The fabricated back-gated Pt-decorated SWCNT FET sensors showed a 

response of 26.99% to 300 ppm formaldehyde at room temperature and humidity of 80% which is 

11.58 times greater than that obtained for its detection using back gated bare SWCNT FET. DFT 

calculation also confirmed that the sensitivity of Pt-decorated SWCNT toward methanediol 

(formaldehyde in humidity) detection is 7.29 greater than that obtained for methanediol detection 

using pristine SWCNT. Moreover, the fabricated back-gated Pt-decorated SWCNT FET sensors 

exhibited a good recovery of 115 sec towards 300 ppm formaldehyde at 70 °C with sub-ppb 

theoretical calculation limit-of-detection (LOD). Hence, back-gated Pt-decorated SWCNT FET 

sensor is a promising candidate for easy screening of lung cancer patients. 

9.1 Overview 

The ability to use human breath non-invasively to diagnose various disease states has been 

attempted since antiquity.  Ancient physicians have used the smell of breath and urine, the color 
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of stools to determine a person’s physiological state. These are a small molecule volatile organic 

compounds (VOCs) as a result of changes in body’s metabolism, indicating a pathophysiological 

process occurring inside the body.  For example, a sweet and fruity odor of breath can be a sign of 

uncontrolled diabetic ketoacidosis, a sewer smell of breath can be an indication of lung disease 

and bacterial proliferation, and a fishy smell can be indications of liver ailments [21]. VOCs are 

mainly endogenous, produced due to body’s normal metabolic processes, but exogenous VOCs 

exist in abundant quantities due to human activity.  

A variety of VOCs are found in the indoor air that can be hazardous and can significantly 

put the health of populations in danger if not checked on a regular basis. Aldehydes and other 

volatile organic compounds (VOCs) are chemicals categorized with low boiling points from 50–

260 °C; therefore, they can be found indoors in the gaseous phase and poses a considerable risk 

for human health [408, 409]. Typically, the indoor concentration of VOCs in winter is higher (at 

least 3 times) than that during the summer, although summer-oxidant episodes can make select 

VOCs go many times higher, especially in large and industrialized cities  [410-412]. 

Formaldehyde, acetaldehyde, pentanal, and hexanal are dominant aldehydes found indoors in 

bedrooms, living rooms, kitchens, and newly manufactured homes and furniture can pose a risk 

to human health over long exposures [413-423]. Because of its known hazardous properties for 

humans, there are guidelines to prevent health risks established by the World Health 

Organization (WHO) [424]. Studies have shown a positive association between high levels of 

aldehydes and other VOCs indoors and sick building syndrome occurrences, respiratory 

problems of which include asthma and wheezing, nasal cancer, gastric cancer, oral cancer, lung 

cancer and leukemia [20, 182, 183, 425-433]. Formaldehyde continues to receive substantial 

publicity due to its elevated presence (77 ppb) in the air of Federal Emergency Management 
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Agency (FEMA) trailers after the hurricane Catrina disaster [434, 435]. Inhaled formaldehyde 

at sufficient concentrations has been established as a carcinogen for nasal tumors and leukemia 

in rodents [425]. Other non-cancerous endpoints associated with formaldehyde exposure 

includes reproductive problems, developmental problems in children, neurological problems, 

and immune system problems [425]. The threshold of formaldehyde for developing nasal tumors 

is between 6 ppm and 15 ppm [425]. Exposures at 6 ppm and above for sufficient duration 

produce substantial genomic and histopathological derangements directly associated with the 

development of nasal tumors [425]. Similarly, sufficient evidence exists for acetaldehyde as a 

carcinogen for hamsters and rats, causing lung and nasal cancers [436].   

The use of nanomaterials such as quantum dots, nanotubes, nanosheets, nanoflowers, etc. 

whose size ranges between 1-10 nm is attractive for chemo molecular sensing due to a number 

of benefits such as room temperature operation, significant modulation of conductance with 

exposure to hazardous VOCs, modulation of selectivity with different catalytic metals and ability 

to be integrated with electronics. Nanotechnology-based approaches can be highly 

transformative, potentially enabling the integration of sensor arrays into smartphones, smart 

thermostats, smart fire-alarms, sensors in the cooking range to monitor VOCs in kitchen, sensor 

arrays in the bedroom to monitor VOCs while asleep and even in personal clothing. These 

sensors could be connected to a central network that can continuously analyze the presence of 

VOCs inside homes, office buildings, and hospitals during all times of the year. Recent 

approaches using nano-sensor arrays and classifiers were able to diagnose and classify 17 

diseases from 1404 subjects via pattern analysis of exhaled molecules [437, 438]. However, in 

both these studies, significant molecular modification was needed of the nanotubes/nanowires 
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with organic molecules for VOC detection and multiple VOC’s had affinity to the same sensors, 

needing classification.  

Among all available materials, carbon nanotubes (CNTs) have exhibited emerging 

advances especially for fabricating field-effect transistor (FET)-type gas sensors for VOCs 

detection [439, 440]. Similarly, single-wall carbon nanotubes (SWCNT) molecular sensors have 

been reported to detect lung cancer biomarkers from exhaled breath by coating the sensors with 

a variety of thin (0.5−1.0 μm in thickness) organic films [441]. The sensors array showed 

discrimination between the volatile organic compounds (VOCs) found in the breath of patients 

with lung cancer, relative to healthy controls when exposed to breath for 10 minutes, especially 

if the sensors array is preceded with either water extractor and/or pre-concentrator of VOCs 

[441]. While sensitive, such thick organic films may have a lower shelf-life and can enable drift 

in the sensors over long periods of time. An ideal chemical sensor for breath print analysis should 

be sensitive at very low VOC concentrations in the presence of water vapor because the headspace 

of clinical samples is fully humidified [437, 438]. This is a significant challenge for nanomaterial-

based sensors as a nonspecific binding of water vapor competes with trace concentrations of 

target analyte for adsorption sites. For certain VOC sensing, hydrophobic receptors, such as 

stacks of polycyclic aromatic hydrocarbons (PAHs), have good discrimination of VOC and water 

signal [442]. Yet, for most trace breath biomarkers, removal or separation of humidity is 

necessary for large and reproducible sensor responses. However, a combination of fundamental 

and experimental studies has been lacking for aldehyde (VOC) detection from/mimicking human 

breath.   

Here in this work, we report on a combination of an experimental data and first-principle 

calculations based on density functional theory (DFT) to establish that aldehydes at ppb level in 
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super-saturated water vapor (mimicking human breath) can be detected using nanotube 

molecular FETs. It is worth mentioning that due to the attractive features of FET-based gas 

sensors such as small size, easy integration, mass-production capability, and low-cost 

manufacturing, we developed a FET-type SWCNT. We establish that SWCNT FETs ‘decorated’ 

with metal atoms and clusters have high selectivity in preferring low energy adsorption sites for 

aldehydes in the presence of water vapor that enables the detection of trace amounts of 

formaldehyde in super-saturated water vapor (80% humidity). The metal decoration is also much 

more stable compared to organic functionalization methods and can potentially enable a longer 

operational and shelf lives. These combined theoretical and experimental results have important 

implications both for the fundamental understanding of SWNT/molecular interactions in the 

presence of water vapors and for the development of large sensor arrays for the detection of 

human volatolomes and environmental exposure. 

9.2 Experimental Method 

Back-gated CNFET sensors were fabricated on a 4-inch heavily n-doped Si wafer, which 

also works as the back-gate electrode with a 100 nm thick SiO2 layer on top of it as the gate 

dielectric. Standard photolithography was done to pattern source/drain interdigitated electrodes 

(IDEs). Then, 10 nm Cr and 90 nm Au layers were deposited using e-beam evaporation, followed 

by an ultrasonic vibration-assisted lift-off process to form source/drain IDEs. 10 pairs of IDEs (5/5 

μm, electrode/gap) were defined. Next, 100 μl of the 99% Iso-semiconducting SWNTs suspension 

was mixed with 85 ml of DI water and 15 ml of 1% w/v SDS, for a final concentration of 1 μg/100 

ml. After 1 hr ultrasonication at room temperature, the uniform solution was vacuum filtered over 

the cellulose membrane with 0.05 μm pore size. The filter was then rinsed by isopropanol and DI 

water to remove the excess nanotubes. In the next step, the CNT film network was pressed onto 
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the SiO2 surface for 30 min, followed by transferring to an acetone vapor bath to dissolve the 

overlaying filter membrane. The wafer was then annealed at 250 °C to decrease the resistance of 

the devices. Finally, the 200×200 µm2 CNT channel regions were created by photolithography, 

followed by oxygen plasma etching to remove the extra CNTs. 147 sensors with 3.5×7.2 cm2 size 

chips were obtained after dicing the 4-inch silicon wafer. For decoration of SWCNTs with Pt, Pd, 

or Ni nanoparticles, a 5 Å-thick metal film was deposited onto the networked SWCNTs using an 

e-beam evaporation technique with a low evaporation rate of 0.1 Å/s. For decoration ITO 

nanoparticles on SWCNTs, a 5 Å-thick ITO film was deposited onto the networked SWCNTs 

using a sputtering technique. 

Structural Characterization 

SEM and AFM images of the CNT film were obtained using JEOL JSM-7000F and Park 

Systems XE-70 instruments, respectively. Raman spectroscopy measurements were performed 

using a Horiba XploRa Raman microspectrometer. 

Materials  

The Iso-semiconducting SWNTs (diameter: 1.2–1.7 nm, length: 100 nm–5µm, purity: 

>99%, concentration: 1 mg CNT in 100 ml surfactant solution) were supplied by Nanointegris 

LLC. A 4-inch heavily n-doped Si wafer (crystal direction: <100>, dopant/type: As/N, sheet 

resistance: <0.005 ohm-cm, thickness: 525±25 µm) with a thermally grown 100 nm thick SiO2 

layer on the polished side was purchased from WaferPro. Sodium dodecyl sulfate (SDS) was 

purchased from Sigma-Aldrich. The membrane filter with 0.05 μm pore size was supplied by 

Millipore Sigma. Formaldehyde solution 37 wt. % in H2O was purchased from Fisher Scientific. 

Deionized water (DI) used in this experiment was obtained by using a Milli-Q water system. 
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Construction of Nanotube Molecular Sensors 

Figure 9-1 (a) presents the schematic of the back-gated nanotube molecular sensors for 

breath analysis. The schematic flow of the fabrication process is shown in Figure 9-1 (b). The 

details of the fabrication process can be seen in the Methods section. Figure 9-1 (c) illustrates a 

photograph of an entire Si wafer consisting of 147 sensors. Moreover, a photograph of a single 

device with 3.5×7.2 cm2 size and optical microscopy image of its interdigitated electrodes are 

presented in Figure 9-1 (d). The interdigitated electrodes have a total finger area of 5 µm×175 µm 

and gap size of 5 µm. The Iso-semiconducting SWNTs (diameter: 1.2–1.7 nm, length: 100 nm–

5µm, purity: >99%) were used in this study. Figure 9-1 (e) shows the Raman spectroscopy of CNT 

films suggesting a Radial breathing mode (RBM) mode (174 cm−1), a small D band (1340 cm−1), 

a very large G band (1590 cm−1), and a pronounced 2D band or G’ band (2673 cm−1). The large 

G/D band ratios (~30) suggest extremely low levels of amorphous carbon and damaged nanotubes. 

Figure 9-1 (f) presents the scanning electron micrograph (SEM) of SWCNTs and the atomic force 

microscopy (AFM) image of the nanotubes is presented in the inset, indicating a uniform network 

density of the nanotubes in a random arrangement.  
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Figure 9-1. (a) Conceptual illustration of a back-gated metal-decorated CNT FET. (b) Flowchart of device 

fabrication. (c) Photograph of an entire wafer consisting of 147 sensors. (d) Photograph of a single device 

and optical microscopy image of its interdigitated electrodes. (e) Raman spectroscopy of carbon 

nanotubes; a small D band, large G band and pronounced 2D band suggest the carbon nanotube structure. 

(f) SEM image of nanotubes; the inset is an AFM image of a nanotube film. 

 

Gas Sensing System  

The response of back-gated CNT-FET sensors to humidity and formaldehyde was 

measured using a home-made sensing system. The clean dry air (CDA) was split into two separate 

lines, each controlled by a mass flow controller (MFC) (Alicat Basis-BC-L0020). The lines were 

connected to two bubblers. Injected formaldehyde was generated by blowing air through the first 

bubbler containing diluted formaldehyde in DI water. The second bubbler containing DI water was 

used to dilute the formaldehyde and adjust the humidity level. After bubblers, the gas lines were 
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combined and introduced to the gas sensing chamber. Purging of the chamber was performed in 

N2. The humidity and the temperature of the chamber were monitored with a humidity sensor 

(Honeywell HIH-4000-001) and a temperature sensor (Thorlabs-TSP01). During the experiments, 

the temperature of the air mixture was ~23 °C, and relative humidity was ~80%. A resistive foil 

heater (ThorLab-TLK-H) and a heater controller (ThorLab-TC200) were employed to heat up the 

sensors. The formaldehyde concentration was measured by placing detector tubes in the gas 

sensing chamber (Gastec 91M, 91L, 91PL). All MFCs, solenoid valves, heaters, sensors were 

operated by a LabView program. An Agilent 4156C semiconductor parameter analyzer equipped 

with a custom LabVIEW interface was used for monitoring the sensors and data collection. Figure 

9-2 schematically shows the sensor device and gas sensing system. The details are presented in the 

Methods section. 

 

Figure 9-2. Schematic diagram of gas sensing setup. 
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9.3 Computational Method 
 

The theoretical investigations based on first-principle density functional theory (DFT) 

calculations were carried out to predict the adsorption behavior of formaldehyde (CH2O), water 

(H2O), and methanediol (CH2(OH)2) molecules on the pristine SWCNT and Pt-decorated SWCNT 

using Atomistix ToolKit (ATK) package [153, 154, 443]. The Generalized Gradient 

Approximation of Perdew-Burke-Ernzerhof (GGA-PBE) exchange-correlation functional with a 

double-ζ basis set was used to relax the structures. In order to describe long-range vdW interactions 

[156], the Grimme van der Waals (vdW) correction (PBE-D2) [157] was also included. The 

electron temperature was 300°K, and the energy mesh cut-off was set to 150 Ry. To avoid the 

interactions between the nanotube and its periodic images, a vacuum space of 20 Å was considered 

in x and y directions in which the nanotube is not periodic. The geometry optimizations are 

performed until the force on each atom is less than 0.01 eV/Å. The Brillouin zones were sampled 

by 1×1×11 k-point using the Monkhorst Pack scheme during structure relaxation. In order to obtain 

more accurate results for electronic structure calculations, the k -point was increased to 1×1×111. 

The charge transfer (Q) upon adsorption of the gas molecules on the nanotube was obtained using 

Mulliken population analysis from counting the charge difference between the adsorbed gas 

molecule and the isolated gas molecule. 

 

9.4 Experimental Results 

 

The impact of concentration of the CNT’s solution on the electrical properties of the 

nanotubes were first investigated by fabricating back-gated CNT FETs with CNT films at different 

concentrations. The on (off) currents were found to be 3.97 mA (440 µA), 1.71 mA (15.20 µA), 
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1.11 mA (8.34 µA) for back-gated CNT FETs with 6, 2, and 1 µg CNT mass, respectively. Besides 

that, the on/off current ratios are 9.02 for 6 µg CNT mass, 112.5 for 2 µg CNT mass, and 133.09 

for 1µg CNT mass, suggesting that decreasing CNT mass reduces the off current and consequently 

enhance the on/off current ratio. Hence, ultra-thin CNT film at 1 μg level was elected for this study, 

and the SEM and AFM images were shown in Figure 9-1 (f).  

We first analyzed the effect of humidity on the electronic properties of back-gated pristine 

CNT FETs. All Experiments were done at Vg = -5 V and Vds = 1 V when the device is in the linear 

region. The source-drain current of the sensor as a function of gate voltage was measured before 

and after exposure to humid air and during the recovery and plotted in Figure 9-3 (a). To gain a 

better understanding of the humidity impacts on the sensor, we also plotted the difference of Isd-

Vg of the sensor before (the reference) and after exposure and during recovery, as shown in Figure 

9-3 (b). The sensor was first exposed to air with humid relativity of 80% (generated from water 

bubbler in Figure 9-2) for 5 min, resulting in a significant reduction of the current in the on the 

region. After turning the bubbler off, the chamber was then purged with N2 flow for 10 min to 

allow the sensor to recover. However, the sensor was not fully recovered due to the strong 

adsorption of the water molecules to the possible defects of the nanotubes. The nanotubes were 

annealed at 150 °C for a total time of 7.5 min for a full recovery. We then tested the humidity 

response of our sensors at different gate voltages to comprehend how fast the device responds to 

humidity in different operating regions (See Figure 9-3 (c)). The sensor was first exposed to N2 

flow for 1 min. Then, the humidity was introduced into the chamber for 5 min.  The currents of 

the sensor were normalized with respect to the current of the sensor under N2, as shown in Figure 

9-3 (c). It was reported that upon exposure to humidity, the water molecules donate electrons to 

the pristine SWCNTs [444, 445]. These electrons can neutralize the majority carrier of the p-type 
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SWCNT (free holes). When a negative (positive) gate voltage is applied to the sensor, the positive 

(negative) charge carries gets trapped in the dielectric layer. These charges are localized at the 

dielectric and nanotube surface and accumulate with increasing the gate voltage. Hence, the 

interaction of SWCNT and humidity can be affected by holes neutralization and trapped charges.   

When VG =­5V (on state), the positive charge traps formed at the surface of the nanotubes 

act as a positive electric potential, leading to the reduction of the effective gate voltage. Thus, the 

depletion region is widened, and consequently, the Isd decreases. As expected, a larger reduction 

in Isd was observed when VG =­10V due to the fact that more traps were created in comparison 

with VG =­5V. Furthermore, the neutralization of the free holes by electrons donated by water 

molecules leads to a decrease in Isd, which is more pronounced at higher gate voltages. Hence, a 

sharper decrease was observed at VG=-10 V.  

The known formaldehyde concentrations were created using the bubbler system in Figure 

9-2. For example, to achieve 300 ppm formaldehyde vapor, 10 mL formaldehyde was mixed with 

90 mL DI water to create a 10% formaldehyde solution. Out of two lines connected to clean dry 

air, one line was bubbled through formaldehyde solution, and the other one was bubbled through 

DI water. By controlling the flow rate of the two lines using two mass flow controllers (MFCs), 

the known concentration of formaldehyde and relative humidity of the air were created and then 

delivered to the gas chamber. The sensor was exposed to 300 ppm formaldehyde in the presence 

of humid air with a relative humidity of 80% to mimic human breath. The chamber was purged 

with N2 for 2 min, then was exposed to humidity for 1 min, and finally was exposed to 300 ppm 

formaldehyde in humid air for 1 min. The sensor was then allowed to recover in the presence of 

humid air. Figure 9-3 (a) shows the response and recovery curves for seven cycles when the gas 

sensor alternately changes between humid air and 300 ppm formaldehyde in the humid air.  The 
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drift in the background current can be correlated to the trapped charges in the dielectric layer. 

One can see that the sensor is able to detect formaldehyde in the presence of super-saturated 

water vapor. The sensor sensitivity |(GHF − GH)/GH|×100 was calculated, where GH is the 

conductance in the presence of humidity, and GHF is the conductance in the presence of 

formaldehyde and humidity. The sensitivity of the back gated pristine SWCNT FET to 300 ppm 

formaldehyde in the humid air was found to be 2.33%. Ergo, pristine SWCNT cannot be a good 

choice to detect formaldehyde with a very low concentration. For this reason, SWNTs were 

decorated with metal nanoparticles in order to enhance the sensor’s response to low concentration 

formaldehyde. It is worth mentioning that the conductivity of pristine SWCNT increases after 

interaction with water molecules as simulation results suggested. This difference between 

theoretical and experimental results can be attributed to the fact that the nanotubes can contain 

defects. In the presence of defects, the oxygen molecules can be chemisorbed, shifting the p-type 

behavior of pristine SWCNT to n-type [446]. 
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Figure 9-3. (a) Source-drain current of a back-gated CNT FET as a function of gate voltage measured in 

dry air (initial), after exposure in 80% humid air for 5 min, recovery with N2 for 10 min, recovery in dry 

air at 150°C for 2.5 min, and recovery in dry air at 150°C for 5 min. (b) The difference between source-

drain current presented in (a) and the source-drain current measured in dry air (initial) versus gate voltage. 

(c) The normalized source-drain current change of the back-gated CNT FET in N2 and humid air (RH = 

80%) at different gate voltages. The inset shows source-drain current change at VG = 0, -5, and -10 V. (d) 

Dynamic sensing transient of a back-gated CNT FET for 300 ppm formaldehyde in DI water at room 

temperate. D, H, and HF represent drift, humid air, and formaldehyde in humid air, respectively. The Vds 

were set to 1 V. 

 

The back-gated CNT FETs were decorated with different nanoparticles such as Ni, Pd, Pt, 

and ITO using electron-beam evaporation or the sputtering method. The indicated thickness of the 

deposited layer was 5 Å, thin enough to avoid electrical shorting of the devices (i.e. this will form 

single atom and nanocluster decoration). To make sure the current passes through the nanotube 
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network, a control device (with no SWCNT) was covered by nanoparticles. No conductivity was 

observed, confirming that the metal layer is not continuous. Figure 9-4 (a)-(e) show the Isd–VG 

characteristics for a back-gated bare and metal-decorated CNT FETs at Vsd = 1V. Although the 

bare CNT devices showed a p-type semiconducting behavior with a gate dependency, devices are 

less sensitive to the gate voltages after coating with Pt and Pd nanoparticles. This phenomenon can 

be correlated to the screening induced by metal nanoparticles [447]. Coating the devices with Ni 

and ITO nanoparticles preserve the sensitivity to the gate voltages. One possible reason that Ni as 

a metal does not experience the loss of gate dependence can be the metal oxidation after coating. 

Decoration of the SCWNT with nanoparticles also causes a decrease in the on current and an 

increase in the off current, leading to a reduction in the on-off current ratio. For bare, Ni-, Pd, Pt-, 

and ITO-decorated back-gated CNT FETs, the on-off current ratios were 22000, 445, 1.7, 2.2, and 

112, respectively. The decrease in on-current after coating nanoparticles can be attributed to the 

electron transfer between pristine SWCNTs and nanoparticles. For example, ITO, which is an n-

type semiconductor, transfers a large number of electrons to the nanotubes, leading to a significant 

drop in the on-current. The C atoms of SWCNT are more electronegative compared to Pt, Pd, and 

Ni. Therefore, the nanotubes withdraw electrons from metal nanoparticles, reducing the number 

of holes and consequently, the current of the device. Figure 9-4 (d) presents the magnitude of the 

hysteresis (VHysteresis) and the area of hysteresis loop for the bare and metal decorated CNT FETs. 

VHysteresis is defined as the difference between gate voltages to achieve (ISD,max + ISD,min )/2 for the 

forward and reverse sweep directions. The magnitude of hysteresis for bare CNT FET (4.96 V) 

was decreased to 3.7 V and 2.8 V after coating Ni and ITO nanoparticles and was almost depressed 

by introducing Pd (0.17 V) and Pt (0.29 V) nanoparticles. 
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Figure 9-4. The Isd– VG characteristics for a back-gated (a) bare, (b) Ni-decorated, (c) Pd-decorated. (d) 

Pt-decorated, and (e) ITO-decorated CNT FETs at Vsd = 1V. Hysteresis (VHystersis) was measured at 

(Isd,max +Isd,min )/2 between the forward (FW) and reverse (RV) sweeps. (f) Hysteresis and area of 

hysteresis loop for different back-gated CNT FETs. 

 

Next, back-gated metal-decorated CNT devices tested with 300 ppm formaldehyde in 

humid air with a relative humidity of 80% and their conductance changes as well as the sensitivity 

histograms are presented in Figure 9-5 (a) and (b). The sensitivity of the bare CNT device (2.33%) 

was changed to 3.66%, 12.48%, 26.99%, and 0.63% after coating Ni, Pd, Pt, and ITO 

nanoparticles. The functionalization of CNTs with catalytic metals such as Pt and Pd can 

significantly enhance their responses to the formaldehyde in the humid air. Interestingly, the 

sensitivity of back gated Pt-SWCNT FET toward 300 ppm formaldehyde in the humid air is 11.58 

times greater than that obtained for its detection using back gated bare SWCNT FET, in a 

reasonable agreement with those obtained in the theoretical section for detection of a single 

molecule methanediol (7.29). The drop in conductivity of Pt-SWCNT FET upon interaction with 
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formaldehyde matches with DFT findings, suggesting that formaldehyde molecules donate 

electrons to the Pt-decorated nanotubes. Hence, back gated SWCNT FET decorated by Pt 

nanoparticles were selected for further studies.  

 

Figure 9-5. (a) Conductance change and (b) sensitivity of back-gated Bare, Ni-, Pd-, Pt-, ITO-decorated 

CNT FETs to 300 ppm formaldehyde at RH=80% and room temperate. Experiments were done at Vg = -

5 V and Vds = 1 V. 

 

Sensing experiments for formaldehyde concentrations ranging from 3 ppb to 300 ppm at 

RH=80% were performed for back-gated Pt-decorated SWCNT FETs, and their dynamic sensing 

transients were plotted in Figure 9-6. Four sensing cycle experiments were performed for each 

concentration. The sensor showed a highly sensitive and reversible response to formaldehyde 
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down to 3 ppb. It should be mentioned that 3 ppb (100 nL formaldehyde diluted in 100 mL DI 

water) was the lowest concentration that we could reliably create using a high precision 

micropipette.  

 

Figure 9-6. Dynamic sensing transients of back-gated Pt-decorated CNT FET for 3 ppb - 300 ppm 

formaldehyde at RH=80% and room temperate. Experiments were done at Vg = -5 V and Vds = 1 V. 

 

To describe the relationship between sensitivity and formaldehyde concentration, the 

Freundlich isotherm model could be applied, see Figure 9-7 (a). A regressed equation of Sensitivity 

= 4.46346×Concentration 0.30988 can be used to fit with a good coefficient of R2 = 0.98154. 

Although the response of the sensor tends to saturate at high concentrations of formaldehyde, three 

different regions with linear dependency between the response and the concentration of 

formaldehyde were found, showing that our sensor is capable of detecting formaldehyde in humid 

air with wide dynamic range. As shown in Figure 9-7 (a), the sensor’s response with respect to the 

concentration of formaldehyde is linear in region 1 (3 ppb – 30 ppb), region 2 (0.3 ppm-30 ppm), 

and region 3 (30 ppm-300 ppm). The slopes of linear regression for different regions were 

presented in Figure 9-7 (a) insets. As mentioned above, the lowest detectable concentration is 
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limited to our lab equipment. The limit of detection (LOD) suggested by the International Union 

of Pure and Applied Chemistry (IUPAC) is [448]:  

 
NoiseRMS

LOD(ppm) 3
Slope

=  (25) 

The RMSNoise of the sensor can be obtained using the conductance variations in the bassline 

via the root-mean-square error [449].  

 

Figure 9-7. (a) The sensitivity of the back-gated Pt-decorated CNT FET as a function of formaldehyde 

concentration at RH=80% and room temperate. The insets show a zoom on 0.003 – 0.03 ppm, 0.3 – 30 

ppm, and 30 – 300 ppm regions. (b) The dynamic response-recovery curve of the back-gated Pt-decorated 
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for 300 ppm formaldehyde at RH=80% and room temperate. The response and recovery curves were 

modeled by an exponential fit (dashed lines) (c) Dynamic response-recovery curve of the back-gated Pt-

decorated for 300 ppm formaldehyde. The first recovery (blue region) was done at RH=80% and T = 

70°C.  The second recovery (green region) was made in a dry atmosphere at T = 70°C.  The response and 

recovery curves were modeled by an exponential fit (dashed lines). Experiments were done at Vg = -5 V 

and Vds = 1 V. 

Then, a fifth-order polynomial curve-fitting was performed. Hence, RMSNoise can be 

defined as:  

 
2

Noise

V
RMS

N


=  (26) 

where N is the number of data point and 2V


is: 

 2

2

iV (y y)


= −  (27) 

Here, yi and y are measured and fitted data points, respectively. The RMSNoise was 

calculated to be 0.000828 for the back-gated Pt-SWCNT FET. Using Equation 5, we calculated 

LOD for three different regions. The formaldehyde detection limit in humidity was calculated to 

be 42.72 ppb for region 3, 10.47 ppb for region 2, and 44.49 ppt for region 1. Ergo, our sensor can 

detect sub-ppb formaldehyde in humid air at room temperature and RH=80%.  

 The response time is the time needed for the sensor to reach 90% of the initial conductance 

after introducing formaldehyde to the chamber. Conversely, the time taken for the sensor to reach 

10% of its initial conductance after the stoppage of the formaldehyde is recovery time. In our 

measurements, the formaldehyde exposure and recovery time intervals were chosen to be 60 sec 

to demonstrate the potential application of the sensor for being employed in real-time breath 

analysis systems. However, the sensor response was not fully saturated (ON phase), and the sensor 

was not fully recovered to its original conductance (OFF phase) during 60 sec intervals at room 

temperature. Therefore, it is critical to consider long time intervals of our sensors to specific 

concentrations of formaldehyde to extract response and recovery time. Figure 9-7 (b) presents the 
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dynamic response-recovery curve of the back-gated Pt-decorated for 300 ppm formaldehyde at 

RH=80% and room temperate with ON time interval of 2000 sec and OFF time interval of 4000 

sec. The response and recovery times for the Pt-SWCNT sensor in response to 300 ppm 

formaldehyde in the presence of humidity were found to be 280 sec and 2500 sec, respectively. 

However, for pristine SWCNT, the response time was 28 sec and recovery time was 42 sec in 

response to 300 ppm formaldehyde in humidity based on   DFT suggested, while formaldehyde 

and methanediol molecules are only physiosorbed on pristine SWCT, they are strongly 

chemisorbed on the Pt-SWCNT. Interestingly, the response and recovery times for the sensor in 

response to 3 ppb formaldehyde in the presence of 80% humidity were found to be 1170 sec and 

1700 sec, respectively (See Figure 9-8).  
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Figure 9-8. The dynamic response-recovery curve of the back-gated Pt-decorated for 3 ppb formaldehyde 

at RH=80% and room temperate. The response and recovery curves were modeled by an exponential fit 

(dashed lines). 

 

The response curve was modeled by an exponential decay fit, while the recovery curve was 

modeled by two exponential decay modes (dashed lines in Figure 9-7 (b)). The time constant for 

the response curve was 111 sec. Further, the time constants for two modes of exponential decays 

were found to be 1727 and 173 sec. The strong interaction between formaldehyde and water 

molecules with Pt nanoparticles is the main reason for the longer recovery of Pt-SWCNT 

compared to that pristine SWCNT as theory suggested. A slight heat at high temperatures is a 

possible way to achieve a faster recovery. To this goal, the sensor was heated at 70 °C. The 

Dynamic response-recovery curve of the back-gated Pt-decorated for 300 ppm formaldehyde with 
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ON time interval of 600 sec and OFF time interval of 900 sec was presented in Figure 9-7 (c). The 

blue region shows the recovery curve at RH=80% and T = 70°C. The recovery time was found to 

be 330 sec. Since during recovery, the humidity was still introducing to the chamber, the sensor 

recovery in a dry atmosphere at T = 70°C was performed (the green region in Figure 9-7 (c)). 

Excitingly, the sensor recovery time was decreased to 115 sec. The response curves were also 

modeled by an exponential fit. Similar to recovery at room temperature and RH=80%, the recovery 

curve at T = 70°C and RH=80% can be fitted via two exponential decay modes with time constants 

of 301 and 30 sec. However, the recovery curve in a dry atmosphere at T = 70°C can be modeled 

via exponential decay with a time constant of 45 sec. It can be deduced that humidity is responsible 

for the second exponential decay mode in the recovery curve. 

 

9.5 First-principles calculations using density functional 

theory: 
 

A zigzag (8,0) SWCNT was considered in a periodically repeating supercell with lattice 

constants of a = b = 20 Å, large enough to avoid the interactions of adjacent cells, and c = 12.82 

Å. The diameter of the nanotube is 6.37 Å and the average C─C bond length is 1.42 Å. The 

SWCNT supercell modelled was composed of 96 carbon atoms. Our theoretical calculations 

showed that the pristine (8,0) SWCNT is a semiconductor with a bandgap of 0.648 eV, in good 

agreement with the literature [143]. This fact  confirmed the accuracy of our computational method. 

To assess the chemical sensing of the nanotubes, single gas molecules (CH2O, H2O, and 

CH2(OH)2) were placed at a distance of 2 Å above a C atom, a C─C bond, and the center of a C 

hexagon. At these locations, the molecular axis could be aligned in parallel or perpendicular with 

respect to the surface of the nanotube. Moreover, the O atom in the molecules can point to the 
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nanotube or point away from it. After full relaxation of the structures, their structural stabilities 

were appraised by calculating their adsorption energies. The adsorption energy of a molecule on 

the SWCNT or Pt-SWCNT is defined as: 

 oMolecuad M leculX ele XE ) E –  (E E+ +=  (28) 

 

where X is SWCNT or Pt-SWCNT. +Molecule XE , XE , and MoleculeE are the total energies of 

the nanotube-molecule complex, nanotube, and the isolated molecule, respectively. The more 

negative the adsorption energy is, the stronger the adsorption of the molecule on the nanotube 

would be. The most stable adsorption configurations of gas molecules on the pristine nanotube 

were chosen for this study and presented in Figure 9-9 (a). The adsorption energies of the 

structures, the net charge transfer from the molecule to the nanotube using Mulliken population 

analysis, the energy bandgap of the structures, and the binding distances between molecules and 

the nanotubes are listed in Table 9-1. Upon exposure CH2O to the pristine SWCNT, the O atom 

was pointing to the nanotube. Our results showed that the formaldehyde molecule is physically 

adsorbed on the pristine nanotube with a small adsorption energy of −0.282 eV and the minimum 

O─C interaction distance of 3.09 Å. The adsorption energy of an H2O molecule on pristine 

SWCNT and the minimum H─C interaction distance were −0.247 eV and 2.31 Å, respectively, 

showing that the interactions between the water molecule and pristine nanotubes are also weak. A 

small charge of −0.003 e (−0.002 e) is transferred between CH2O (H2O) and nanotube, agreeing 

well with its corresponding adsorption energy.  Methanediol (CH2(OH)2) is the hydrated form of 

formaldehyde (CH2O). The adsorption energy of CH2(OH)2 on pristine SWCNT was −0.179 eV, 

which is higher than that corresponds to CH2O (−0.282 eV), showing that the hydration of 

formaldehyde has a negative impact on its adsorption on pristine SWCNT. Methanediol was 

https://www.sciencedirect.com/topics/chemistry/adsorption-energy
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physically adsorbed on the pristine SWCNT due to the weak van der Waals interaction between 

the molecule and the nanotube. The interaction distance of the nanotube from the molecule was 

2.70 Å (O–C). Upon adsorption of the CH2(OH)2, the nanotube gained 0.003 e. This small charge 

transfer corresponded well with the obtained adsorption energy.   

According to Figure 9-9 (B), there was a little reduction in the energy bandgap of pristine 

SWNT (0.648 eV) after interaction with formaldehyde (0.646 eV), water (0.645 eV), and 

methanediol (0.645 eV) which were consistent with very small charge transfer between the 

molecules and the nanotube. 
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Figure 9-9. (a) The optimized structures of pristine CNT, CNT-formaldehyde, CNT-water, CNT-

methanediol and their corresponding energy band structures. (b) The optimized structures of Pt- CNT, Pt-

CNT-formaldehyde, Pt-CNT-water, Pt-CNT-methanediol and their corresponding energy band structures. 

The bond lengths and the binding distances are also given in the unit of Å. The sticks between atoms are 

only for visualization. The dotted blue line indicates the Fermi level, which is set to zero. 

 

A platinum atom decorated on the surface of the SWCNT is expected to modify its 

electronic properties and enhance its reactivity toward formaldehyde adsorption. A single Pt atom 
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can adsorb on an SWCNT at different locations, including A site (above a C atom), B site (above 

a C–C bond), and H site (center of a C–C hexagon), as seen in Figure 9-9 (a). Based on our 

calculations, a Pt atom preferred to locate above the middle of the C–C bond, see Error! R

eference source not found. (b), and form a Pt–C–C isosceles triangle with Pt–C and C–C side 

lengths of 2.06 and 1.47 Å, respectively. The C–C bond length near the Pt atom (1.47 Å) was 

longer than those in other areas of the tube (1.42 Å) because the formation of the Pt–C bond 

deteriorates the strength of the C–C bond in the nanotube. Furthermore, the C atoms connected to 

the Pt atom were protruded, showing the presence of sp3 hybridization rather than sp2. As a result, 

the diameter of the pristine SWCNT (6.37 Å) was enlarged globally after decoration with a Pt 

atom (6.47 Å) in the decoration orientation. This conspicuous deformation in SWCNT after 

complexation with a Pt atom can be related to the strong adsorption energy (−2.572 eV) and a large 

charge transfer  (0.101 e) between Pt and C atoms, in agreement with the literature [139, 143, 160, 

212]. The C atoms with an electronegativity of 2.55 surrounding the Pt atom with an 

electronegativity of 2.28 draw electrons from the metal, resulting in the accumulation of positive 

charges on the metal atom. The energy bandgap of SWCNT (0.648 eV) became 0.582 eV after its 

decoration with Pt. This drop in the bandgap can be associated with the redistribution of the total 

charges after charge transfer from Pt atom to the SWCNT. One can conclude that Pt atom can act 

as a binding center for the molecules that cannot be trapped by the C atom in the pristine SWCNT.  

Next, we addressed the adsorption mechanisms of the CH2O, H2O, and CH2(OH)2 

molecules onto a Pt-SWCNT. The most stable adsorption configurations are presented in Fig. 1 

(b). The adsorption energies, binding distances, and the total charge transfer are tabulated in Table 

9-1. The O and C atoms in the CH2O molecule were trapped by Pt atom with distances of 2.05 Å 

and 2.10 Å, respectively. The strong chemical interactions between the formaldehyde and Pt atom 



 

178 

 

depress the Pt atom and SWCNT interactions, causing the Pt–C bond elongated from 2.06 Å to 

2.12 and 2.10 Å during the adsorption process. Besides, the C–C bond of Pt-SWCNT in the 

interaction area (1.47 Å) was slightly reinforced after interaction with formaldehyde (1.46 Å) as a 

result of strength deterioration of Pt–C bonds. While CH2O retained its molecular form, the H–C 

and O–C bond lengths, which were 1.09 Å and 1.20 Å in the isolated molecule, were elongated to 

1.11 (1.10) Å and 1.32 Å, respectively, after interaction with the Pt decorated nanotube. The 

adsorption energy of the Pt-SWCNT-formaldehyde system was −2.067 eV, which is 7.33 times 

lower compared to that obtained for SWCNT-Formaldehyde system. A significant number of 

electrons (0.253 e) was transferred to the nanotube, confirming the strong interaction between the 

formaldehyde molecule and Pt coated SWCNT. Unlike the weak adsorption on pristine SWCNT, 

the water molecule can be chemisorbed on Pt-SWCNT, forming an O–Pt bond (2.16 Å) with an 

adsorption energy of −1.345 eV. Furthermore, a large amount of charge (0.156 e) was transferred 

to the nanotube upon the interaction between water and Pt-SWCNT. The Pt-SWCNT structure 

remained almost unchanged during the water adsorption.   

Finally, the adsorption mechanism of methanediol on the Pt-SWCNT was investigated. 

The CH2(OH)2 molecule was chemically adsorbed on the Pt atom to form an O–Pt bond (2.18 Å). 

The Pt–C bond in Pt-SWCNT-methanediol became relatively weak (was elongated to 2.11 Å) due 

to strong interactions between methanediol and Pt atom. The adsorption energy (−1.550 eV) and 

charge transfer (0.170 e) confirmed the chemisorption of methanediol after interaction with the Pt-

SWCNT; however, it was less stable compared to Pt-SWCNT-formaldehyde system. The 

adsorption of methanediol on Pt-SWCNT was 8.65 greater than that obtained for methanediol on 

pristine SWCNT. 

https://www.sciencedirect.com/topics/physics-and-astronomy/chemisorption
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The charge transfer from molecules to Pt-SWCNT brought about significant changes to the 

electronic properties of the nanotsube. According to Figure 9-9 (b), the energy bandgap of Pt-

SWCNT increased from 0.582 eV to 0.596, 0.613, and 0.612 eV after interaction with 

formaldehyde, water, and methanediol, respectively, suggesting that the conductivity of the system 

would drop. 

Table 9-1. The calculated adsorption energy (Ead), binding distance which is the shortest atom to atom 

distance between molecule and the nanotube (D), the charge transfer (Q) on the molecule or Pt, energy 

bandgap (Eg), and sensitivity (S). The negative values of charge indicate a charge transfer from the 

molecule to the nanotube. 

System Ead (eV) D (Å) Q (e) Eg (eV) |S| (%) 

Pristine SWCNT - - - 0.648 - 

SWCNT-Formaldehyde − 0.282 3.09 (O-C) − 0.003 0.646  4.08 

SWCNT-Water − 0.247 2.31 (H-C) − 0.002 0.645  2.02 

SWCNT-Methanediol − 0.179 2.70 (O-C) − 0.003 0.645  6.18 

Pt-SWCNT − 2.572 2.06 (C-Pt) − 0.101 0.582 - 

Pt-SWCNT-Formaldehyde − 2.067 
2.05 (O-Pt) and 2.10 

(C-Pt) 
− 0.253 0.596  24.44 

Pt/SWCNT-Water − 1.345 2.16 (O-Pt) − 0.156 0.613  46.20 

Pt-SWCNT-Methanediol − 1.550 2.18 (O-Pt) − 0.170 0.612  45.11 

 

The density of states (DOS) of SWCNT and Pt-SWCNT are shown in Figure 9-10 (a). 

After adsorption of Pt atom, the electronic properties of SWNT experienced significant changes. 

A Pt atom with an electron configuration of [Xe] 4f 14 5d 9 6s1 has ten valence electrons. The orbital 

hybridization between the d-orbital of the Pt atom and π electron cloud of C atoms has the main 

contribution to the total DOS of the Pt-SWCNT system around the Fermi level. For Pt-SWCNT-

molecule systems, the hybridization between Pt 5d and C 2p or O 2p orbitals of the molecule plays 

a vital role. An orbital hybridization exists if the DOS of two orbitals lie in the same energy range. 

To evaluate the metal-molecule interaction strengths, the number of overlapping peaks between d 

orbital of Pt and p orbital of C or O atom of the molecules were counted. In the case of Pt-SWCNT-
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Formaldehyde, 22 overlapping peaks between d orbital of Pt atom and p orbitals of O and C atoms 

of formaldehyde were found in the valence and conduction bands, as seen in Figure 9-10 (b). The 

PDOS of the Pt-CNT-Water system demonstrated 13 overlapping peaks in the conduction band 

between d orbital of Pt and p orbital of O atom of water, see Figure 9-10 (c). Further, the 

hybridization of d orbital of Pt atom and s orbital of H atom and p orbital of O atom of water can 

be seen deep in the conduction band. In the case of Pt-SWCNT-Methanediol, 8 overlapping peaks 

between d orbital of Pt and p orbital of C atom of the methanediol were observed, check Figure 

9-10 (d). The orbitals were also overlapped deep in the conduction band. It should be mentioned 

that although the number of overlapping peaks was higher in the case of Pt-SWCNT-Water 

compared to Pt-SWCNT-Methanediol, the intensity of p orbital of O atom of the molecule was 

much weaker in the former case, suggesting that the interaction of Pt-SWCNT with methanediol 

was more substantial than that with water.   

To gain a deeper insight into the adsorption process of the gas molecules, the electronic 

total charge densities of the systems are provided in Figure 9-10 (e). Although there was no orbital 

overlap between pristine SWCNT and CH2O, H2O, and CH2(OH)2 molecules, a strong (moderate) 

orbital overlap was observed between CH2O (H2O and CH2(OH)2) molecules and Pt atom in 

Pt/SWCNT system, confirming the chemisorption of the molecules on the system. These results 

were in agreement with obtained adsorption energies, charge transfer, and binding distances.  
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Figure 9-10. Total DOS curves for (a) pristine CNT, (b) Pt-CNT-formaldehyde (F), (c) Pt-CNT-water 

(W), and (d) Pt-CNT-methanediol (M). The dashed lines indicate the Fermi level, which are set to zero. 
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Sensitivity (S) is the variation of the conductivity (σ) for the sensors with and without gas 

is expressed as [165]:  

 
gas pure

pure

S 100
 − 

= 


 (29) 

Here σgas and σpure are the conductivity of the toluene adsorbed system and isolated system, 

respectively. The electrical conductivity  of a system can be evaluated using its bandgap (Eg) [165]:  

 0 g Bexp( E / 2k T) =  −  (30) 

Here T is the temperature, and kB is the Boltzmann constant. After the interaction of CH2O, 

H2O, and CH2(OH)2 with pristine the SWCNT, the energy bandgaps were slightly decreased (the 

conductivities were increased), as can be seen in Table 9-1. These small changes agreed well with 

the small number of electrons exchanged between the molecules and the pristine SWCNT. Pristine 

SWCNT showed 4.08 %, 6.18 %, and 6.18 % sensitivity toward formaldehyde, water, and 

methanediol adsorption. As a result, the pristine SWCNT is not a suitable sensor for formaldehyde 

and methanediol detection. Pt decoration of the nanotubes boosted its sensing capability toward 

formaldehyde. The bandgap of Pt-SWCNT was widened 14, 31, and 30 meV upon interaction with 

CH2O, H2O, and CH2(OH)2, respectively. An increase in the bandgap resulted in a significant drop 

in the conductivity of the system, making Pt-SWCNT an ideal platform for formaldehyde 

detection. Interestingly, although the Pt-SWCNT-formaldehyde had the highest adsorption energy, 

the Pt-SWCNT experienced more changes in its bandgap while interacting with methanediol and 

water. It was found that the sensitivities of Pt-SWCNT systems for formaldehyde, water, and 

methanediol detection are 24.44 %, 46.20 %, and 45.11 %, respectively. The sensitivity of Pt-

SWCNT toward methanediol detection was 7.29 greater than that obtained for methanediol 

detection using pristine SWCNT. 
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The sensor recovery time ( ) can be expressed using the conventional transition state theory 

as follows [211]: 

 ad Bexp( E / k T)  −  (31) 

The smaller the adsorption energy is, the faster the desorption process would be. Since the 

chemisorption of the molecules on the Pt-SWCNT happened with high adsorption energies, 

therefore long recovery time was expected for the sensor to be completely recovered. Heating the 

nanotubes can accelerate the desorption process. 

 

Summary 

Figure 9-11 shows the experimental and theoretical sensitivities of the Pt-SWCNT sensor 

to formaldehyde, water, and methanediol. One can notice that there is a perfect match between 

results obtained in theory and the experiment for humidity (water) and formaldehyde in humidity 

(methanediol).  
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Figure 9-11. The experimental sensitivities of the back-gated Pt-decorated SWCNT FET to 80% humidity 

and formaldehyde in 80% humidity vs the DFT sensitivities of the Pt-decorated SWCNT to individual 

formaldehyde, water, and methanediol molecule. 

 

In conclusion, combining experimental data with DFT calculations, we showed that 

aldehydes at a sub-ppb level in super-saturated water vapor (mimicking human breath) can be 

detected using nanotube molecular FETs. Our DFT results showed that the Pt-SWCNT is 7.29 

times more sensitive than pristine SWCNT to methanediol (formaldehyde in humidity). Inspired 

by theoretical calculations, back-gated FETs with a thin film of high-purity semiconducting 

SWCNTs as the sensing material were fabricated. The on/off current ratios of the FETs were 

significantly enhanced from 102 to 106 using an electrical breakdown technique based on 

removing metallic paths between source and drain. The high-performance back gated pristine 
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SWCNT FET showed a small sensitivity of 2.33% to 300 ppm formaldehyde in 80% humidity. 

The sensitivity of the back gated pristine SWCNT FET was improved to 26.99% by decorating 

the sensing material with Pt nanoparticles. Back-gated Pt-decorated SWCNT FETs showed a 

highly sensitive and reversible response to formaldehyde down to 3 ppb in humid air at room 

temperature and RH=80%. A theoretical LOD of sub-ppb revealed the significate potential of our 

sensors for the detection of very low concentrations of formaldehyde in lung cancer patients’ 

breath. The sensor recovery time was found to 330 sec and 115 sec in a dry atmosphere and at 

RH=80%, respectively, at T = 70°C. 
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10. Chapter 10 

Conclusion and Future Directions 

 

The discovery and development of disease biomarkers has revolutionized the diagnosis and 

treatment of many diseases. Biomarkers can be classified into several categories based on their 

characteristics and functions. The ability to identify diseases using human breath has been made 

possible by modern nanotechnology, which has allowed the development of gas sensors that can 

detect and monitor a variety of diseases from human breath. Gas-sensing detection of human breath 

provides early diagnosis that is quick, affordable, and non-invasive. Semiconductor gas sensors 

are among the best components for sensor integration, as they can achieve simultaneous 

recognition for many analytes, improving the accuracy of diagnosis when used in conjunction with 

pattern-recognition technology. The analysis of volatile organic compounds in exhaled breath 

samples provides a new frontier in medical diagnostics due to their noninvasive nature and possible 

cost-effectiveness. 

Today, advanced materials and technologies, such as using trained canines or nanotube 

molecular FETs, can be utilized for the detection of volatile organic compounds (VOCs) in human 

breath. By utilizing metal-decorated SWCNTs, it is possible to significantly improve the 

adsorption energy of toluene, an important lung cancer biomarker in exhaled breath of patients. 

Metal-decorated SWCNTs offer promising results for the early screening of lung cancer from 

human breath or for sensors used in personal safety monitoring in various environments. Toluene 

(C7H8) and formaldehyde (CH2O) organic aromatic compounds are considered essential lung 

cancer biomarkers. 
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In our recent study, first-principle calculations were used to investigate the interaction 

between toluene, an important lung cancer biomarker, and pristine and metal-decorated SWCNTs. 

The results showed that utilizing transition metals like Pt, Pd, Rh, or Ru on SWCNT systems as 

the adsorbent significantly improved the adsorption energy of toluene, leading to stronger chemi-

adsorption. Metal-decorated SWCNTs offer promising potential for the early screening of lung 

cancer from human breath, with Rh- and Ru-SWCNT systems offering outstanding responses to 

toluene. In another study, nanotube molecular FETs were used to detect formaldehyde in super-

saturated water vapor mimicking human breath. By decorating the sensing material with Pt 

nanoparticles, the back-gated Pt-decorated SWCNT FETs showed highly sensitive and reversible 

responses to formaldehyde down to 3 ppb, with a theoretical limit of detection (LOD) of sub-ppb. 

These sensors have significant potential for detecting very low concentrations of formaldehyde in 

lung cancer patients' breath. Moreover, we used the SWCNT based gas sensor for the detection of 

liver cancer biomarkers in exhaled breath. We found that Pt-decorated SWCNT has a higher 

capability for detecting octenol, decane, and hexanal (as liver cancer biomarkers) compared to 

pristine SWCNT, resulting in chemisorption. 

Next, we shifted our attention to phosphorene as a 2D subfamily and scrutinized the 

adsorption behavior of pristine and Pt-decorated phosphorene with various VOCs, CO2 and H2O. 

The results indicated that only physisorption occurred on the pristine phosphorene with no 

significant electronic changes, while the interactions were enhanced after decorating the surface 

with Pt. The Pt-decorated phosphorene system showed high sensitivity, selectivity, and short 

recovery time for detecting methanol at room temperature. The findings suggest the potential of 

metal-decorated phosphorene-based gas sensors for VOCs gas sensing applications. 
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Furthermore, we investigated the adsorption of potential biomarkers for colorectal and 

breast cancer on TMD 2D nanomaterials using first-principles calculations based on density 

functional theory. We find that the adsorption of Benzaldehyde and Indole (colorectal cancer 

biomarkers) on pristine MoS2 is physisorption, with slight charge transfer and moderate adsorption 

energy. However, after decorating MoS2 with Pt and Pd atoms, the adsorption energy, charge 

transfer, and recovery time are significantly improved, making Pt- and Pd-MoS2 sensors effective 

platforms for detecting these biomarkers. Similarly, we studied the adsorption of nonanal and 

octanal (breast cancer biomarkers) on pristine WS2 and WS2 decorated with Ni and Pt. We find 

that the adsorption of these biomarkers on pristine WS2 is physisorption, but after decoration with 

Ni and Pt, the adsorption energy and sensitivity towards octanal are significantly improved, 

making Ni- and Pt-WS2 prominent adsorbing substrates for this biomarker. 

In another survey, novel graphene like BC6N monolayer was selected to be investigated. 

The study explored the potential of defective BC6N as a sensitive and selective material for VOC 

sensors used in breath analysis. The investigation included the adsorption of various gas molecules 

and their effects on the electronic properties of the material. It was found that defective BC6N 

showed high sensitivity and selectivity to ethanol in the presence of water, and the recovery time 

of the VOC sensor was very short. These findings suggest that defective BC6N could be a 

promising material for the detection of different biomarkers in human breath. 

In seeking for new materials, we have investigated the adsorption of small inorganic gas 

molecules on PdPS and PdPSe monolayers (as novel material) using density functional theory 

calculations. The results revealed that PdPS and PdPSe-based gas sensors have potential for NO 

and NO2 detection due to their reasonable adsorption energy and recovery time. Additionally, the 

study found that CO, CO2, and NH3 gas adsorption on the PdPS and PdPSe sheets involved 
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physisorption, while NO2 and NO adsorption led to significant band gap changes. These findings 

suggest that PdPS and PdPSe-based gas sensors could provide a promising sensing platform, but 

further experimental investigation is needed. 

All in all, the use of nanosensors for the detection of diseases like cancer through exhaled 

breath shows great potential as a non-invasive and cost-effective diagnostic tool. Various types of 

Point-of-care (POC) devices based on nanosensors have been developed and tested for the 

detection of specific biomarkers in exhaled breath, and promising results have been obtained in 

some cases. However, there are still several challenges that need to be addressed, including the 

analysis procedures, the optimization of sensor sensitivity and selectivity, and the validation of 

results through large-scale clinical trials, the exploration of new biomarkers for different types of 

cancers and further research is needed to improve the performance of nanosensors. Overall, the 

use of nanosensors for in-vitro diagnostics (IVD) and especially for disease detection in exhaled 

breath holds has great promise for improving healthcare outcomes and saving lives and capital, 

and continued research in this area is crucial for realizing this potential. 
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