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Abstract 

The gas sensing performance of two-dimensional (2D) hexagonal boron nitride 

nanosheets (h-BNNSs) has being studied by means of computational and 

experimental methods. The structural, stability and vacancies properties of both 

defect free and defected 2D h-BNNSs were studied using the classical molecular 

dynamics (MD) approach. The calculations were performed in the NVT Evans and 

NPT hoover ensembles using the Tersoff potentials with the Verlet leapfrog 

algorithm to obtain reliable structural properties and energies for defect free, boron 

(B) and nitrogen (N) vacancies. B and N defect energies were calculated relative to 

the bulk defect free total energies, and the results suggest that N vacancy is the 

most stable vacancy as compared to the B vacancy. The radial distribution functions 

and structure factors were used to predict the most probable structural form. Mean 

square displacements suggests the mobility of B and N atoms in the system is 

increasing with an increase in the surface area of the nanosheets. Results obtained 

are compared with the bulk defect free h-BNNSs. Experimentally, 2D h-BNNSs were 

synthesised using the wet chemical reaction method through chemical vapour 

deposition (CVD) catalyst free approach. The X-Ray Diffraction (XRD), Transmission 

Electron Microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR), 

Raman Spectroscopy (RM), UV-visible Spectroscopy (UV-VIS), dynamic light 

scattering (DLS), Energy Dispersion Spectroscopy (EDS) and Brunauer-Emmett-

Teller (BET) were adopted to attain the structural properties of the nanosheets. Each 

spectroscopic technique affirmed unique features about the surface morphology of h-

BNNSs. The crystallinity of the nanosheets with the stacking of the B and N 
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honeycomb lattice was validated by the XRD, while the TEM disclosed the specimen 

orientations and chemical compositions of phases with the number of layers of a 

planar honeycomb BN sheet, the EDS express the atoms present in the samples 

and BET validated the surface area of the materials. The FTIR, RM, DLS and the 

UV-vis expressed the formation of the in-plane, out-of-plane h-BN vibrations and, the 

nature of the surface with the thickness, particles stability together with the optical 

properties of the nanosheets.  From TEM, FTIR, RS and BET the material fabricated 

at 800°C showed different morphologies, large number of disordering together with 

high surface area, which enhances the sensing properties of the nanosheets. 

However, with an increase in temperature the sensitivity of the nanosheets was 

found to decrease. Additionally, the UV-vis results, confirmed a lower energy band 

gap of 4.79, 4.55 and 4.70 eV for materials fabricated at 800, 900 and 1000 °C, that 

improved the semiconducting properties of the materials, which in return enhanced 

the sensing properties of the nanosheets. The gas sensing properties of the 2D h-

BNNSs were also investigated on hydrogen sulphide (H2S) and carbon monoxide 

(CO). The fabricated sensor based on 800 – 900 °C h-BNNSs showed good 

sensitivity towards ppm of H2S at 250 °C. The excellent gas sensing properties could 

be attributed to high surface area, small crystallite size, defect/disordering of h-

BNNSs. Overall, the h-BNNSs were found to be more sensitive to H2S over CO.  

 

Keywords: Molecular Dynamics, Defect free energies, Defects energies, Radial 

Distribution Functions, Structure Factors, Mean Square Displacement, 2D h-BNNSs, 

Chemical Vapour Deposition, Nanosheets, Gas Sensing, H2S, CO and 

Defects/Dislocations. 
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Chapter 1 

1.1 General Introduction 

Swift industrialisation is responsible for the production of environmental pollutant 

gases, which increase day by day. The transformation of energy systems from fossil 

fuels to renewable energies, the reduction in primary resource consumption and 

increased utilisation of secondary resources are therefore central influence to 

environmental pollutant gases [1]. These results in compromised quality of 

breathable air as the emissions of various toxic gases continues. The 

industrialisation processes such as: mines and energy transformation very often 

release toxic gases that cannot easily be detected by natural human senses such as 

nose [2]. 

Carbon monoxide (CO) is one of the major pollutant gases, which results from 

incomplete oxidation/combustion of fuels [3-5]. Methane (CH4), nitrogen dioxide 

(NO2), carbon dioxide (CO2) and hydrogen sulphide (H2S) are other toxic gases, 

which can be seriously harmful to all living beings [6, 7]. As part of the measures to 

address this issue, high-performance gas sensors are required to monitor and 

measure toxic and flammable gas concentration levels in subsurface environment 

(environments with high pollutants gases) for the safety of all living beings. 

To monitor the quality of atmospheric air, research and development towards highly 

efficient sensors have drastically attracted great interest from the research 

community in recent years [8-10]. Development of novel materials for sensing 

applications is currently an area of active research. In further advancing this 

research to two-dimensional (2D) level, materials such as graphene and 
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molybdenum disulphide (MoS2) are physical candidates for gas sensing applications. 

This is because they ultimately have high surface-to-volume-ratio and wide range 

tuneable Fermi level [11-18]. Graphene became popular for various technological 

applications including sensors [19, 20], and its sensing applications was inspired by 

its perfect flat structure which allows most of its atoms on the surface to be exposed 

to the environment. It is believed that graphene has the capability of detecting 

various gas molecules to the atomic scale precision [21, 22]. Nevertheless, its 

intrinsic semi-metallicity restricts its path towards any practical application due to 

large leakage current [23, 24].  

Analogous to graphene, two-dimensional hexagonal boron nitride nanosheets (2D h-

BNNSs), also known as white graphene is another potential flat material gas sensor. 

2D h-BNNSs has a wide energy gap of about 5.5 eV [25], which ensures greater 

acceptable physical applications due to higher thermal and chemical stability [26-29]. 

The material is derived from boron nitride (BN) which is the lightest chemical 

compound of group III-V with equal numbers of boron and nitrogen atoms [30-33]. 

Following the possible isolation of the single sheet of graphite (graphene), and the 

discovery of its singular properties, research interests has also shifted focus to 

similar two-dimensional structures.  

The single sheet of h-BN is an appealing alternative due to its better chemical and 

thermal stability than graphene [34, 35], which has been successfully synthesised 

experimentally [36, 37]. Hexagonal boron nitride (which is also referred to as h-BN), 

is the most stable and attractive crystalline at room temperature due to its interesting 

potential applications such as lubricants, protective coatings and deep-ultraviolet 

light emitter. Moreover, it is applied as a dielectric layer in electronics and acts as a 
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carrier catalyst [30-33]. Within each layer of h-BN, the charge distribution is biased 

towards N atom to form a strong ionic and covalent bond, due to the electronegativity 

difference between B and N atoms,  while weak van der Waals interactions exist 

between adjacent layers [34, 38, 39]. 

Gas sensors can be grouped based on operational mechanism and material used for 

fabrication. Operational mechanism and the choice of material is based on the 

chemical changes being monitored by the sensor, which could be optical absorption, 

modulation of the field, electrical current, etc. Based on technology the global gas 

sensor market can be classified as, semiconductor, electrochemical, solid state, 

photo-sonication detector (PSD), infrared, catalytic and others [40]. However, based 

on the end-user‘s perspective the global gas sensor market can be broadly classified 

as medical, environmental, building attenuation, domestic, automotive, 

petrochemical, industrial, etc.  

For all this, industrial segment account for the largest usage of gas sensors. So one 

of the major activities in industrial and commercial sectors is the monitoring and 

control of the surrounding environments. In such a way, the successful 

implementation of sensors in monitoring and control of the environments frequently 

leads to innovations in the fields of comfort, security, health, environment, and 

energy savings. The explicit actual time for monitoring and control is required in 

enhancing productivity, maintaining health and safety, and limiting environmental 

pollution. So, the gas sensors have been proven to be the major challenge that 

inhibits significant advances (because of their life expectancy and the environmental 

temperature changes) in industrial and environmental monitoring, which is situated at 

the interface between the system and the environment being monitored [41].   
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In addition, semiconductor-based devices are ideal for next generation of sensors 

due to long-term stability, high surface-to-volume-ratio, better gas selectivity, and 

self-heating capacity. Semiconductor nanomaterials are ideal candidates for 

fabrication of sensor devices with improved sensitivity, low power consumption and 

lower limit of detection. Mahammad et al. [42] reported on boron nitride nanosheets 

(BNNSs) as semiconductor-based gas sensors, synthesised through CO2-pulse 

laser deposition (CO2-PLD) technique, for CH4 detection. Their work shows that 

BNNSs based gas sensors can be potentially fast and most importantly, they can 

operate in harsh environments where properties of other materials fall short [42].  

In the current work, the computational and experimental studies of 2D h-BNNSs and 

their gas sensing performance towards H2S and CO gases are reported. The 

computational studies were carried out using classical molecular dynamics (MD) 

simulations, while the experimental work was done using chemical vapour deposition 

(CVD) technique at three different synthetic temperatures. The combination of the 

theoretical and experimental methods, followed in this work, enhanced the 

understanding and the effects of the synthetic temperatures towards the properties 

and gas sensing ability of 2D h-BNNSs for H2S and CO gases detection at various 

operating temperatures.   

1.2 Problem statement 

Theoretically, boron nitride nanotubes (BNNTs) have been predicted through density 

functional theory (DFT) to be able to detect various toxic gases such as CH4, NO2, 

CO2, CO, H2, and N2 [6, 7]. Due to small surface area, BNNTs were found to be less 

sensitive to various gas molecules as compared to 2D h-BNNSs/white graphene 

[43]. High performance gas sensors (e.g., white graphene) which could provide 
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stable atomic layer, high electron mobility, better surface area and can function in 

harsh environments (environments with high temperatures and reactive materials), 

are required for monitoring of environmental gases. In addition, the chemical 

alternation of boron (B) and nitrogen (N) atoms within the layers of boron nitride 

nanosheets (BNNSs) causes the ionic nature of the crystal, which makes the 

material to be highly sensitive to various gases  

1.3 Motivation  

The two-dimensional nature of h-BNNSs allows the total exposure of all its atoms to 

the adsorbing gas molecules, which increases the sensitivity of sensors. h-BNNSs 

as a semiconductor-based gas sensor, was reported to be potentially faster, and 

most important, to operate in harsh environments where properties of other materials 

fall short [42].  

Furthermore, the adsorption of gas molecules changes the electronic properties of a 

gas sensor (white graphene), which is an important requirement for materials to be 

good sensors. A good and robust sensor-device will be useful to monitor and 

measure the level of toxic gases in the atmosphere, and therefore improve human 

health, growth of crops and lowering of the sea water levels in the areas, where sea 

water levels begin to threaten livelihood [44]. 

1.4 Aim and objectives 

1.4.1 Aim 

The aim of the study was to synthesise, model and investigate the properties of 2D 

h-BNNSs as a semiconductor-based gas sensor for H2S and CO gases detection. 
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1.4.2 Objectives  

The objectives of the study were to: 

i. synthesise 2D h-BNNSs. 

ii. characterise the structural and optical properties of 2D h-BNNSs for different 

stoichiometric compositions. 

iii. model the structural properties of the material and investigate the electrical, 

optical and thermodynamical properties of 2D h-BNNSs. 

iv. test 2D h-BNNSs for gas sensing. 

v. compare the computational and experimental results of 2D h-BNNSs. 
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Chapter 2 

Literature review 

2.1 Introduction 

The development of gas sensors with optimising sensitivity have been gaining 

prominence interest in nanoscience and materials technology [45]. The use of 

semiconductor fabrication line is a preferred manufacturing process because of the 

ability to reduce costs. Originally, the metal oxides semiconducting sensors such as 

zinc oxide (ZnO), titanium dioxide (TiO2), zirconium oxide (ZrO), etc. have been 

widely used for the detection of various gases. This was well before some attention 

was focused on the nanostructures of the same materials in search for the advanced 

gas detecting devices [46, 47]. Nanoscience and nanotechnology have lately 

developed the great ability in fabricating highly sensitive sensors with low costs, 

portraying large surface-to-volume-ratio. Various factors need to be addressed when 

fabricating 2D semiconductor gas sensors. Notably, characteristics that should be 

portrayed by a good sensor are particularly gas selectivity, sensitivity, accuracy, 

repeatability and reproducibility stability in different environments. A short response 

and recovery time with low operating temperatures complements a successful 

design [47-57]. 2D materials such as graphene and MoSO4 have been fabricated 

and tested, and their successful implementation have brought much interest to 2D h-
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BNNSs for better gas detection [58]. In this chapter, the distinct structural information 

of BN, more emphasis on nanosheets form, different synthetic methodologies, the 

importance of various gas detection and their impact to the environments and all 

livelihoods are being communicated. 

 

2.2 Structural information on boron nitride 

Boron nitride (BN) atomic orbitals are either sp2 or sp3 hybridised under normal 

conditions. This produces several crystalline forms [59], which are isostructural to 

carbon and generally exists within the following crystalline forms; graphite-like 

hexagonal boron nitride (h-BN), diamond-like cubic boron nitride (c-BN), 

rhombohedral boron nitride (r-BN), and wurtzite boron nitride (w-BN). It forms 

hexagonal (h) and rhombohedral (r) lattices via sp2 hybridised bonding and forms 

cubic (c) or wurtzite (w) lattices via the sp3 hybridised bonding configuration. Among 

all of these, h-BN and c-BN are the most stable and widely available. Apart from sp2 

hybridised crystalline h-BN and r-BN, two others less ordered sp2 configured 

allotropes, amorphous (a)-BN, turbostratic (t)-BN, can form during the synthesis of h-

BN, and r-BN. a-BN appears due to structural disorder introduced at the atomic level. 

Therefore, a-BN is a completely disordered h-BN and is very unstable in air, reacting 

with water (moisture) in the environment to form boric acid, boric oxides, and 

hydroxides [60]. t-BN on the other hand, forms due to a fault in the c-axis orientation 

of the h-BN layers (less or no ordering between the basal planes in subsequent 

layers) [61]. Most of the time, the interlayer spacing in t-BN is larger than those of h-

BN and r-BN, and thus only in plane ordering of atoms is possible in t-BN. This type 
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of BN has also been reported to be unstable after long storage in air, forming 

ammonium borate compounds (NH4B5O8●4H2O) [62].   

 

 

 

 

2.3 Structure of hexagonal boron nitride nanosheets 

Two-dimensional (2D) hexagonal boron nitride nanosheets (h-BNNSs) are layered 

materials composed of boron (B) and nitrogen (N) atoms. The configuration is 

analogous to that of graphene and graphite carbon nitride. Due to the remarkable 

structural similarity with graphene (bond length and interlayer distance); single layer 

hexagonal boron nitride is also called ‗white graphene‘ [63]. In Physics terms, is just 

cutting one layer sheet from the known hexagonal boron nitride to obtain white 

graphene. White graphene is a sp2-hybridised 2D semiconductor, which is 

isostructural to graphene with sub-lattices being occupied by equal numbers of boron 

and nitrogen atoms alternatingly arranged in a honeycomb configuration. The areal 

crystal structure of h-BNNSs has crystallographic parameters of a =b= 0.250 nm, c = 

0.666 nm, in plane B-N bond length of 0.144 nm and bond angles of     

           and lastly the interlayer spacing of 0.333 nm enable excellent 

comparison with graphene. There is a significant difference in the electronegativity 

between the B (2.04) and N (3.04) atoms [63].  

Therefore, the B-N bond is covalent and slightly ionic in nature, which is highly 

polarised because of the high asymmetry of the sub-lattices, resulting in a large band 

gap of ~5 – 6 eV [64]. Consequently, there is a layer-by-layer interaction between the 

neighbouring layers of B and N atoms in addition to the van der Waals forces. Like 
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the carbon allotropes of graphene, carbon nanotube, and fullerene, h-BN can form 

BNNSs [9], BNNTs [65], and octahedral BN fullerenes [66]. In addition, various h-BN 

nanoscale morphologies, such as nanoribbons [67, 68], nanoplates [69, 70], 

nanowires [71], nanofibers [72], nanoropes [73], nanocups [74], nanofunnels [75], 

nanomikes [75], microbelts [43], and BN foams [76], have also been reported.  

The 2D h-BN can be either zigzag or armchair edge terminated (Figure 2.1). From 

first principles and density functional theory (DFT) calculations, the armchair edge 

termination for h-BN nanoribbon has been found to be more energetically favourable 

than the zigzag edge termination [77, 78]. On the other hand, the nitrogen terminated 

zigzag edge is more favourable than the boron terminated one grown on Cu 

substrate, thus producing equilateral triangles during the growth [77, 78].  

Moreover, on h-BN and isostructural graphite there is a stacking order difference as 

presented in Figure 2.1. The optimal AA stacking mode of h-BN has a partially 

positively charged boron atom residing on top of a partially positively charged boron 

atom, and partially negatively charged nitrogen atom residing on top of a partially 

negatively charged nitrogen atom in the adjacent layers. The optimal AA′ stacking 

mode of h-BN has a partially negatively charged nitrogen atom in one-layer residing 

on top of a partially positively charged boron atom in the adjacent layers. Hence, this 

configuration minimises the electrostatic energy of the material. 

The optimal AB stacking of h-BN has a boron atom in a given layer residing atop the 

centre of a hexagon of the adjacent layer, and the metastable AB′ stacking mode of 

h-BN has eclipsed boron atom positions, whereas the nitrogen atoms appear on top 

of hexagon centres of adjacent layers. The optimal AC stacking of h-BN has a 

nitrogen atom in a given layer residing atop the centre of a hexagon of the adjacent 

layers, and the unstable AC′ stacking mode of h-BN has eclipsed nitrogen atom 
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positions whereas the boron atoms appear on top of hexagon centres of adjacent 

layers.  

 

 

Figure 2. 1: The visualisation of the six possible types of bi-layer h-BN stacking 

modes [79]. Khan et al. [79] are acknowledged for these visualisations.  

Lower (upper) layer hexagons are indicated by larger (smaller) circles representing 

the atoms and dashed (full) lines representing sp2 covalent bonds. Blue (green) 

circles represent nitrogen (boron) atoms. From a naive electrostatic point of view, the 

AB, AB′ and AC, AC′ stacking modes of h-BN should be energetically equivalent. 
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However, due to the vanishing electrostatic interactions between partially charged 

atomic centres on adjacent layers and enhanced by Pauli repulsions between 

eclipsed nitrogen centres, among these various orientations of h-BN, Bernal stacked 

AB/AC, similar to graphite, have been reported to be energetically favourable 

structures, in addition to the AA‘ stacking for h-BN [80, 81].  

Structurally, a single layer of h-BN is very similar to a graphene sheet having a 

hexagonal backbone where a boron–nitride pair replaces each couple of bonded 

carbon atoms, making the two materials isoelectronic. Nevertheless, due to the 

electronegativity differences between the boron and the nitrogen atoms, the π 

electrons tend to localise around the nitrogen atomic centres [82-85], thus forming an 

insulating material. Furthermore, the polarity of the B-N bond results in the build-up 

of effective charges on the atomic centres, thus allowing for interlayer electrostatic 

interactions between partially charged atoms to join higher order electrostatic 

multipole interactions, dispersion interactions, and Pauli repulsion in dictating the 

nature of the interlayer binding. 

This, in turn, stabilises the AA′ stacking mode (see Figure 2.1) where a boron atom 

bearing a partial positive charge in one layer resides between the oppositely charged 

nitrogen atoms on the adjacent layers. Based on the above considerations, one may 

generally deduce that electrostatic interactions between partially charged atomic 

centres may play a crucial role in the interlayer binding of polar-layered materials 

[82]. Specifically, the electrostatic attractions between the oppositely charged atomic 

centres in adjacent h-BN layers are expected to result in a considerably shorter 

interlayer distance than that measured for graphite. Nevertheless, the interlayer 

distances in graphite (0.333–0.335 nm) [86-88] and h-BN (0.330–0.333 nm) [88-92] 



13 
 
 

are essentially the same, suggesting that electrostatic interactions between partially 

charged atomic centres, which exist in h-BN and are absent in graphite, or have little 

effect on the interlayer binding. A recent study shows that van der Waals forces, 

rather than electrostatic interactions, are responsible for anchoring the h-BN layers 

at the appropriate interlayer distance [93].  

Further support for this argument is found when comparing the optimal AA′ stacking 

mode with the AB′ stacking mode where the partially positively charged boron sites 

are eclipsed and the nitrogen atoms reside atop hexagon centres in adjacent layers 

(see Figure 2.1). From a naive electrostatic point of view, one would expect the AA′ 

mode; where opposite charges reside atop each other, to be considerably lower in 

energy than the AB′ mode. However, according to advanced ab initio calculations, 

the latter (AB) is found to be only 0.875 – 2.0 meV/atom higher in energy [93, 94].  

Furthermore, when considering the AC′ stacking mode (see Figure 2.1), which in 

terms of electrostatic interactions between partially charged atomic centres is 

equivalent to the AB′ mode, its total energy is higher by as much as 6.5 – 12.0 

meV/atom than both the AA′ and the AB′ modes [93, 95]. This may be related to 

enhanced Pauli repulsions between the more delocalised overlapping electron 

clouds of the nitrogen atoms [95, 96]. The partially ionic structure of BN in h-BN 

reduces covalence and electrical conductivity and unlike graphite, favours the AA′ 

stacking. Typically, this is the most energetically favourable stacking observed in h-

BN, where the electron-deficient B atoms are directly above or below the electron-

rich N atoms in the adjacent layer. 
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2.4 Defects in BNNS 

Consistent with defects solid state theory, various defects such as vacancies, edges, 

grain boundaries, interstitial and substitutional atoms can exist in the 2D h-BN. Such 

can be introduced during the synthesis processes or because of subsequent 

environmental effects, can exist in the 2D h-BN, and may have investable impact on 

the materials behaviour and performance. This is possible because the majority of 

atoms are in the surface in 2D materials, and perturbation of the surface atomic 

arrangements due to defects can change the overall properties of the 2D crystal [79]. 

For example, the presence of Stone-Wales (pentagon-heptagon pairs, 5/7) type line 

defects in BNNSs can significantly lower the band gap [97].  

In 2D materials where mono- to few-layer cases are mostly considered, the term 

‗grain boundary‘, which is a three-dimensional entity, is often replaced with ‗domain 

boundary‘. The line defects in a bulk crystal thus correspond to the domain boundary 

in 2D materials. A polycrystalline 2D material is thus made up of various domains 

connected along the domain boundaries. The main topological defects in the 2D 

material can be divided into three types: disclination, dislocation, and domain 

boundary. In sp2 hybridised hexagonal systems, simple types of defects are SW 

defects [98, 99], generated by reconstruction of materials lattice (switching between 

pentagons, hexagons, and heptagons) with rotations of bonds by 90° [100].  

The SW defects can be formed by rapidly cooling from high temperature or under 

electron beam irradiation [101, 102]. The Stone-Wales type defects, which are very 

common for graphene, were predicted to be energetically less favourable than the 
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square-octagonal pair (4/8) line defects, due to the unfavourable homo-elemental 

bonding formations (B-B or N-N bonds) in the former case [103, 104]. In a recent 

study by Liu et al. [10], however, through the density functional theory (DFT) 

calculations, both the 4/8 and 5/7 defects were predicted to be possible, depending 

on the tilt angles of the domain boundaries [105]. 

The polar domain boundaries, involving the 4/8 and 5/7 type defects, neutralise the 

net charge, being positive at B-rich edges and negative at the N-rich edges [105]. 

The predicted 4/8 or 5/7 type defects have been experimentally confirmed by 

scanning tunnelling microscopy (STM) [97] and high-resolution transmission electron 

microscopy (HR-TEM) analysis [106]. The exact natures of the bonding elements in 

the domain boundaries were unresolved. Nevertheless, the possible atomic 

configurations in the 4/8 and 5/7 type domain boundaries have been theoretically 

predicted for future experimental reference [97].  

Among these various configurations, 4/8 type polar domain boundaries, including the 

less favourable B-B or N-N bonds, have been reported experimentally [107], while 

the other configurations are yet to be confirmed. Another kind of defects known to 

occur in 2D h-BN is the vacancy defect/ point defects, which is caused by the 

removal of B or N atoms from the nanosheets or the migration of the atoms, from the 

nanosheets to the interstitial site of the material. High temperature annealing and 

electron beam irradiation are common processes in device fabrication and 

characterisation, which are prone to induce points defects, types of which are B or N 

vacancies.  

The early theoretical studies on vacancies in h-BN conducted in 2007, where the 

break-up of B-N bonding was reported, formation of the homo-nuclear bond of N 

atoms, and reconstruction of the N-N bond were predicted [108]. Migration of B 
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vacancy was shown to occur in the temperature ranging from 840 to 1400 K, while 

the migration of N vacancy was energetically unfavourable until the melting point of 

h-BN was reached [109]. Predominantly, boron mono-vacancy defect formation has 

been observed in high-resolution electron microscopy (HR-TEM) imaging of BNNS 

[110]. Syntheses induced atomic vacancy formation in the nanosheets has not been 

reported. 

2.5 Hexagonal boron nitride nanosheets (h-BNNSs) 

2.5.1 Mechanical properties 

There have been a few measurements on few-layer BN produced by chemical 

vapour deposition (CVD). Song et al. [37] was the first to report that the elastic 

modulus of CVD grown bilayer BN nanosheets as 0.334 ± 0.024 TPa (that is, 

E2D=112 ± 8 Nm-1), and their fracture strength as 26.3 GPa (that is, 8.8 Nm-1) [37]. 

These values are much smaller than those predicted by theoretical calculations. 

From the aspect of theoretical calculations, although the mechanical properties of 

few-layer BN have never been theoretically investigated, the Young‘s modulus of 1 

layer BN was predicted to be 0.716 – 0.977 TPa (that is, E2D= 239 – 326 Nm-1 with 

an effective thickness of 0.334 nm), while its breaking strength fell in the wide range 

of 68 – 215 GPa (that is, 23 – 72 Nm-1) [37, 111-119].  

The lowered mechanical properties of the 2 layered CVD BN reported by Ding et al. 

[120, 121] were attributed to the presence of defects and grain boundaries. Kim et al. 

[122] measured the Young‘s modulus of ~15 nm thick (that is, ~45L) BN nanosheets 

produced by CVD to be 1.16 ± 0.1 TPa [101]. Li et al. [123] investigated the bending 

modulus of BNNSs which was disclosed to be ~50 nm-thick (that is, ~150L) [123]. 

The scarcity of regular study of the intrinsic mechanical properties of atomically thin 

BN of different thicknesses greatly delays the study and use of these nanomaterials. 
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On the other hand, the different interlayer interactions in few-layer BN and graphene 

[124-126] could play important roles in their mechanical properties. Aleksey Falin et 

al. [127] reported the mechanical properties of high-quality 1 – 9L BN nanosheets 

experimentally using AFM. Mono-layer BN had a Young‘s modulus of 0.865 ± 0.073 

TPa, and a fracture strength of 70.5 ± 5.5 GPa. Few-layer BN is suggested to be as 

strong as 1L BN. This is different in the case of graphene whose modulus and 

strength is known to decrease dramatically with increasing thickness. 

Theoretical and experimental investigations indicated that the difference in 

mechanical properties of BN and graphene is caused by the distinct interlayer 

interactions in these two nanomaterials under large in-plane strain and out-of-plane 

compression. The DFT calculations where van der Waals interactions are included 

revealed that 2L graphene had energetically favoured sliding under an in-plane strain 

and large compression close to the indentation centre, while 2L BN could have large 

positive sliding energies under the same conditions to prevent it from sliding [127]. 

According to the simplified models using the sandwich beam structures, graphene 

layers tended to slide during indentation, but BN layers were mostly glued, especially 

the area under the tip. Thus, the studies suggested that BN nanosheets are one of 

the strongest insulating materials, and most importantly, the strong interlayer 

interaction in BN nanosheets, along with their thermal stability, make them ideal for 

mechanical reinforcement applications [127]. 

2.5.2 Thermal conductivity 

The thermal conductivity of h-BN is up to 400 W (m-1 K-1) at room temperature, which 

is higher than many of the metals and ceramic type materials. h-BN has a typical 

anisotropy: having a high thermal conductivity in the direction perpendicular to the c-

axis of 300 W (m-1 K-1), low thermal expansion coefficient of 0 – 2.6×10-1 K-1, and a 
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relatively high tensile strength of 41 MPa. When parallel to the c-axis direction, h-BN 

has a lower thermal conductivity of 20 – 30 W (m-1 K-1) and high compressive 

strength [128-132]. Thermal conductivity experimental value for 11 layers (11L) h-BN 

was reported to be 360 W (m-1 K-1) (390 W (m-1 K-1) for bulk h-BN) and 250 W (m-1 K-

1) in 5 layers h-BN due to the higher polymeric residue contamination [133]. The high 

in-plane thermal conductivity and insulating nature of BNNS have been used to 

prepare thermally conductive nano-oils containing BNNS nano-fillers [134, 135]. 

2.5.3 Optical Properties 

The optical properties of BNNSs were reported through UV-vis spectroscopy [136]. A 

2D h-BN is known to have no absorption in the visible range in both the experimental 

and theoretical calculations. However, it absorbs in the ultraviolet region and has a 

good photoluminescence property [136]. It is theoretically known that the electronic 

state of 2D semiconducting materials can be reflected to their optical properties, 

which are widely used to calculate the band gap energies of semiconductors.  

The band gap energy of h-BN is known to be in the range of 3.6 ‒ 7.1 eV from the 

experiments of h-BN with different structures reported in the available literature data 

[137]. Gao et al. [138] reported the measurements of UV-vis optical absorption 

spectrum of h-BN by investigating as-prepared h-BN nanosheets, where the 

absorption peaks were found to be at 251, 307 and 365 nm, which corresponds to 

band gap energies of 4.94, 4.04, and 3.40 eV. As a wide band gap material [139, 

140], h-BN is transparent in infrared and visible light, while in ultraviolet light it has a 

strong optical absorption at 251 nm with a strong excitation absorption shoulder 

[138]. 
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2.5.4 Stability in air 

Few-layered h-BN have been found to be thermally stable in air up to 1500 °C and 

chemically inert [141, 327]. BNNSs of about 5 nm thick were reported to resist 

oxidation up to 1100 °C on Ni substrate and up to 500 °C on a Cu substrate in 300-

mTorr oxygen atmosphere for 30 minutes [142]. Considering its honeycomb 

structure that is impermeable to small molecules, chemical inertness, high-

temperature stability in air, and insulating nature, BNNSs were found to be very 

stable at room temperature in air. However, oxygen reduction reaction at room 

temperature on top of nitrogen rich defects of the mono-layer h-BN have been 

theoretically predicted [143]. The large number of defects formed during the growth 

process thus makes it worthwhile to study the long-term stability of BNNSs in a room 

temperature air environment. 

2.5.5 Chemical properties 

A 2D h-BN possesses the inert chemical properties to both strong acidic and basic 

solutions [144]. The chemical inertness of h-BN material, allows it to commonly be 

used as a coating material for transition metal surface to protect them against 

corrosion [145, 146], where the thickness, aesthetics, and stability of the underlying 

substrate are important in harsh environment. Now, a question naturally arises, what 

happens if the thickness of this coating material (h-BN) is reduced to a single atomic 

layer? Will its chemical inertness be retained on the transition metal surface? The 

issue has already been addressed in the context of Ni (111) support on h-BN 

nanosheet [147]. Effect of transition metal on the properties of h-BN sheet is now 

well documented in the literature [147, 148].  

In fact, hexagonal BN has successfully been synthesised on several FCC transition 

metal substrates such as Ni (111), Pd (111), Pt (111) [149–152], Ru (001), Rh (111) 
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[153] via epitaxial route. Among them, the combination of h-BN/Ni (111) is a special 

one because of their desirable crystalline compatibility, which is an essential 

prerequisite in forming a defect free and atomically sharp epitaxial interface. Being a 

magnetic material, the Ni-substrate introduces spin polarisation as well as gap states 

in the wide gap of h-BN electronic structure. These states are primarily responsible 

for the functionalisation of inert h-BN nanostructures [147]. 

 

2.5.6 Sliding characteristics 

The 2L layered BN sliding tendencies discussed here are based on the sandwich 

beam geometries estimations [127]. The estimations did not consider the nonlinear 

deformation in the structures under indentation [127]. The two surface layers of the 

2L BN can be defined as faces, and the interlayer interactions including van der 

Waals interactions can be viewed as a core. Such designation meets the basic 

requirement for a sandwich structure where the faces are much stiffer than the core 

[127]. In addition, the core in BN nanosheets satisfies the concept of an ‗antiplane‘ 

core, which has no contribution to the bending stiffness of the structure but can 

sustain a finite shear stress. The beams with a length of 1,300 nm and width of the 

unit cell of h-BN have both ends clamped and are under central loads. The shear 

stiffness of BN was linearly approximated based on the vdW-DFT-deduced sliding 

energy from the AA to AAI stacking in BN [130]. The shear stiffness values of BN, 

when no strain or compression applied, was found to be 6.61 GPa [154], where the 

shear stiffness of h-BN values is known to range between 2.5 – 9.0 GPa [154-157]. 

However, under a large strain and compression close to the indentation centre, the 

shear stiffness value of BN increased enormously to 534 GPa [127].  
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2.5.7 Other properties 

Projecting BNNSs in such a way that the layered surface area morphologies is 

vertically aligned and the core appear on the horizontal, the material demonstrate 

super-hydrophobia. Weitz et al. [158] argued this property using droplets hitting the 

vertical surface perpendicular until a contact angle of 150°. The ultrahigh surface 

area and aspect ratio of porous h-BN nano-belts have been utilised in hydrogen 

storage application [43]. Furthermore, BNNS has been reported as an effective water 

cleaning agent (taking advantage of its large surface area) to adsorb oil from an oil 

water solvent mixture [159].  

In summary BNNS portrays the following properties: low density, high strength, large 

band gap energy, low dielectric constant, high thermal conductivity, resistance to 

high temperature oxidation, capability to behave as a high ultraviolet emitter, and 

high resistance to wet chemical attacks in both acidic and basic environments, more 

utilisation of this material is expected in the near future, and it might be the next 

generation material for electronic device fabrication and applications in harsh 

environments [79]. 

2.6 Synthesis of BNNS 

In 1842, the synthesis of BNNS was first initiated with the reaction between boric 

oxide and potassium cyanide [160]. The most popular commercial methods to 

synthesise h-BN powders, is by heating boric acid/boric oxide and 

ammonium/melamine/urea mixture at 900 °C, followed by annealing at 1500 °C in N2 

atmosphere to increase the crystallinity of the powders [160, 161]. Immediately after 

the discovery of graphite in 2004, then the synthesis of 2D h-BN was brought into the 

centre of research interest [162]. Globally speaking, there are two methods used to 

fabricate BNNS, which is top-down, where bulk h-BN is exfoliated and/or thinned, 
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and bottom-up, where B and N atoms form few-layered h-BN. The suitable synthesis 

methods should be selected according to the preferred application. Following is the 

summary of the BNNS synthesis routes that have been generally adopted (Figure 

2.2) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2: Commonly used methods for the synthesis of BNNS. 

2.6.1 Top-Down Approach 

This method is to exert certain forces (shearing force for example) to overcome the 

van der Waals forces that hold BN layers together. This method is useful for large-

scale production of BNNSs, but it generally produces BNNSs with a large distribution 

of layer numbers, various lateral sizes, and contamination. 

Synthesis of BNNS 

Top-Down Approach Bottom-Up Approach 

Micromechanical 

Cleavage 
Chemical Vapour 

Deposition 

Sonication Assisted 

Exfoliation 

Physical Vapour 

Deposition Electron Beam 

Irradiation 



23 
 
 

2.6.1.1 Micromechanical Cleavage 

Scotch tape has been used to peel off layered materials (graphite, BN, MoS2, NbSe2, 

and Bi2Sr2CaCu2Ox) down to mono- and few-layers [163]. The effective procedure to 

extracts the 2D crystallites was implemented, where a fresh surface of a layered 

crystal was rubbed against another surface, which left variety of flakes attached to it 

(the rubbing process is similar to drawing by a chalk on a chalkboard). This 

technique can lead to BNNS with large lateral size and relatively free of 

contamination (aside from the tape adhesive which can be removed by a thermal 

anneal). BNNS obtained in this way can be easily stacked on top of another 2D 

material.  

For example, flexible field effect transistors (FETs) prepared by stacking exfoliated 

BNNS and graphene, have shown exceptional room temperature carrier mobility 

[164, 165, 166] and flexibility [166]. Instead of the direct peeling applied in the 

scotch-tape method, shearing forces were employed in the ball milling process to 

exfoliate BNNS from bulk h-BN powders [167, 168]. Direct contact of the h-BN 

powders with the grinding balls can be avoided by carrying out the process in a 

solvent medium, which improves the efficiency of the process and the quality of the 

nanosheets [169]. Ball milling without using a solvent generates a large numbers of 

defects and impurities in the nanosheets [170-172]. 

2.6.1.2 Sonication-Assisted Exfoliation 

Sonication in common organic solvents was reported to effectively overcome the van 

der Waals forces between the layers in highly oriented layered materials. An 

extensive study of sonication-assisted exfoliation was conducted by the Coleman et 

al. [173] where they exfoliated h-BN, MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, 
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NiTe2, and Bi2Te3 in a wide range of solvents, and the best 20 solvents for h-BN, 

MoS2, and WS2 exfoliation were identified [173]. 

The amount of nanosheet exfoliation and retention in the solvents was found to be 

dependent on the solvents‘ surface tension value, and better exfoliation was seen for 

40 mJ/m2. Several reports were published afterward on exfoliating BNNS by 

intercalating ions and compounds inside the layers [174-177]. Molten hydroxides of 

NaOH and KOH were used to exfoliate h-BN powders down to mono- and few-layers 

of BNNS by reaction, curling, cutting, and peeling mechanisms [178]. 

Interestingly, even water was found to be suitable for obtaining mono- and few-layer 

BNNS by sonication-assisted hydrolysis of boron nitride bulk powders [179]. Besides 

conventional solvents, BNNS were exfoliated in 1, 2 dichloroethane solution of poly 

(m-phenyl-enevinylene)-co-(2, 5-dictoxy-p-phenylenevinylene) [180] (1.2 mg polymer 

in 10 ml solution) by ultra-sonication. Although BNNSs are very inert towards acid 

and basic attacks, functionalisation of the BNNSs has been attempted to fully utilise 

its properties in polymer composites. Liu et al. [181] used block copolymers [(P(S-b-

MMA)), where PS is polystyrene, PMMA is methylmethacrylate and b represents the 

double block polymer], to interact with the exfoliated BNNS [181]. The different 

solubility of polystyrene and PMMA in the block copolymer broadened the dispersion 

range of the nanosheets even where the Hansen solubility parameters were 

mismatched. For example, BNNSs can be dispersed in acetone and toluene using 

the block copolymers, although acetone and toluene are considered unsuitable for 

BNNSs dispersion. In another work, BNNS were ball milled at high energy to 

incorporate mechanical defects. These defects were utilised to effectively exfoliate 

and functionalise the nanosheets by gold nanoparticles [182]. Amine functionalised 
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exfoliated stable BNNS dispersion in organic solvents and water was achieved using 

octadecylamine (ODA) for the functionalised molecules [183]. 

Functionalisation is achieved due to the strong Lewis acid-base interaction between 

electron deficient boron and electron rich amine molecules. In a recent work by 

Sainsbury et al. [184], oxygen radical functionalisation of BNNS was also reported 

[184]. Firstly, the exfoliated BNNS in N-methyl-2-pyrrolidone (NMP) were tertbutoxy 

functionalised using di-tert-butylperoxide reagent in a high-pressure autoclave at 120 

°C for 12 hours. In the second stage, tertbutoxy functionalised BNNS was reacted 

with piranha solution (H2SO4: H2O2, 3:1) to make hydroxyl functionalised BNNS. 

Nanocomposites prepared by the addition of 0.1% hydroxyl functionalised BNNS to 

polyvinyl alcohol (PVA) showed very high elastic modulus, strength, elongation, and 

toughness values compared to bare PVA and non-functionalised BNNS incorporated 

in PVA. All the properties were enhanced due to effective load transfer in 

functionalised nanosheets by cross-linking of hydroxide ions with PVA and 

nanosheets [79].  

2.6.1.3 Electron Beam Irradiation 

According to Jin et al. [185], the h-BN specimens with reduced number of layers are 

prepared and thinned to a single layer in situ using electron beam irradiation at 120 

kV inside the TEM. The single layered h-BN are prepared within a desired region in a 

well-controlled manner [186]. During the electron beam thinning process, many 

lattice defects such as vacancies are subsequently introduced, mainly due to the 

knock-on effect of the incident electron beam [185]. In addition, it has been reported 

through the studies [185] that, by means of the exit-wave (EW) reconstruction of 

through-focus image series, individual boron and nitrogen atoms have been 
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experimentally distinguished. Defects in boron nitride mono-layer created by 

irradiation damage, such as the dominated boron mono-vacancies and the large 

vacancies with nitrogen atom terminated zigzag edge, have also been atomically 

resolved [185]. 

2.6.2 Bottom-Up Approaches 

Bottom-up approach is a route in which atoms are assembled in order, on a specific 

substrate through physical or chemical methods, and offers significant advantage for 

synthesising large area 2D h-BN compared to top-down methods. Among bottom-up 

methods, CVD is the most thoroughly explored and promising for large-scale 

production, which is a prerequisite for applications of 2D h-BN. Besides CVD, other 

novel methods have been developed for synthesising 2D h-BN during the past 

several years. 

2.6.2.1 Chemical Vapour Deposition 

Chemical vapour deposition (CVD) is a synthesis technique used to grow a thin solid 

film from gas source precursors. The deposition occurs when the precursor in the 

form of atoms or molecules, or a combination of the two is adsorbed and then 

coalesces on a substrate. Nucleation and growth methodologies for high-quality 

mono- and few-layer h-BN films, as well as many other 2D material counterparts, 

have been of significant interest within the past decade. h-BN mono-layer was first 

reported to be synthesised by CVD technique through the deposition of borazine 

(B3N3H6), on a transition metal substrate such as Pt(111) and Ru(001) in 1990 [187]. 

Moreover, BNNS have also been reported to be synthesised by CVD techniques 

starting from different precursors such as boron trifluoride and ammonia (BF3-NH3), 

boron trichloride and ammonia (BCl3-NH3), borazine (B3N3H6), trichloroborazine 
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(B3N3Cl3) or hexachloroborazine (B3N3Cl6) [188-196]. Furthermore, borazine and its 

compounds are easier to use compared to BF3-NH3 and BCl3-NH3 since these 

precursors involve two or more gases.  

Borazine (B3N3H6) is a compound similar to benzene except the atoms are boron 

and nitrogen in equal ratio and therefore the two parent atoms of the final products 

are present in only one precursor. Thus, it is possible to avoid having to use more 

complicated systems using two or more gaseous precursors. It is possible to 

synthesise mono-layer h-BN by dehydrogenation of borazine using a transition metal 

substrate such as Pt(111), Ru(001), Ni(111), Cu(111), Pd(111), Pd(110), Fe(110), 

Mo(110), Cr(110) and  Rh(111) at high temperatures [197-208].   

The substrate used determine the products morphology, since the interfacial bonding 

between h-BN and the substrate are different [187]. For example, using Rh (111) a 

particular structure called BN nano-mesh is formed [188], consisting of a single 

corrugated layer. In low-pressure CVD, it is possible to use gases produced from 

BH3-NH3 on Cu to obtain h-BN mono-layer by nucleation of BN triangle shape 

islands on the substrate. In fact, at 70 – 90 °C a complete layer is formed by the little 

islands as they grow and merge with each other. Low precursor pressure is essential 

to achieve high quality 2D BN [209]. In 2010, a few layered BN films (about 2 – 5 

layers) were synthesised on Cu by thermal catalytic CVD [37]. A split tube furnace 

was used to place the substrate at 600 °C for 20 minutes under Ar-H2 flux. 

Successively BH3-NH3 was elevated at 120 ‒ 130 °C and carried in the furnace by 

the Ar-H2 flux. Large and flat BNNSs were obtained since BN and Cu have similar 

lattice structures. Theoretical calculations and experimental results have 



28 
 
 

demonstrated that 2D h-BN layers forming on 3d-transition and 5d-transition metals 

are weakly bound to the metallic substrates [210]. 

However, on 4d-transition metals, the h-BN substrate binding energy increases with 

the unoccupied states in the d-shell of the substrate. For instance, epitaxial h-BN 

mono-layer can be formed on Ni (111) [189]. Nevertheless, it is rather not easy to 

controllably grow h-BN and to transfer it onto other substrates, due to the complex 

nature of the ultrahigh vacuum (UHV) systems. Recently, both atmospheric pressure 

CVD (APCVD) and low-pressure CVD (LPCVD) have also been used to grow 2D h-

BN on metallic substrate for the fabrication of h-BN layer by CVD during the past 

years [37, 211-213].  

2.6.2.2 Physical Vapour Deposition 

Physical vapour deposition (PVD) is a common process for growth, which can avoid 

the complex interrelation in growth parameters involved in the CVD process. Viewing 

it from this point, Sutter et al. [214] deposited mono- and few-layer h-BN in an 

ultrahigh vacuum N2/Ar atmosphere by radio frequency (RF) magnetrons sputtering 

of a B target. The use of Ru (001) substrate offers an orientation of B and N species 

to assemble into an ordered h-BN layered film. A similar approach has been taken to 

synthesise h-BN film on the Au (111) substrate with 60o angle rotation between two 

inter-connected triangular h-BN domains [215]. 

The particular morphologies observed, including butterfly, diamond, and sic-apex 

star, implies a significant different interaction of h-BN films with the underlying 

substrate during the growth process. Other sputtering-based strategies such as high-

energy electron irradiation [216, 217], and ion beam sputtering [218] have been 

exploited to prepare h-BN with controlled number of layers. There is no doubt that 
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these PVD techniques provide different approach towards the high-quality and 

wafer-scale fabrication of 2D layered h-BN, although the crystallinity of the 

nanosheets obtained need to be optimised, as well as the types of substrates that 

can be effectively employed.  

2.6.3 Other Processes 

Apart from the conventional bottom-up or top-down approaches, BNNSs can be 

synthesised by substitutional reaction of graphene [219-221]. To synthesise the 

nanosheets, boron trioxide powders were covered with molybdenum oxide (to act as 

a promoter), and graphene sheets, and all those materials were put into a graphite 

furnace at 1650 °C under flowing N2 gas [222]. In the process, BN and BCN 

nanosheets were synthesised. Oxidising the as-obtained product at 600 °C lowered 

the carbon content in the sample, and high purity BNNS could be obtained. Further 

modification of the process by using diverse carbon sources (including any 

vegetation, fleabane flowers, pine needles, wiper papers, etc.) resulted in gram scale 

fabrication of BNNSs [223]. Epoxy composite using this gram scale BNNSs filler 

demonstrated a 14-fold increase in the thermal conductivity. 

In addition, several researchers have tried synthesis of BNNSs by chemical 

reactions in solution. The first paper reported that the synthesis of BNNSs by 

chemical routes involves the reaction of boric acid and urea in water at 65 °C, which 

forms a complex in the stirred solution. After evaporating the water, the formed solid 

powder was heated at 900 °C to obtain few-layer BNNSs [224]. A mixture of boron 

trioxide and guanidine chloride in methanol was used to produce porous BNNSs at 

1100 °C, which was utilised for the absorption of oil, organic solvents, and dyes in 

water [64]. BNNS, 4 nm in thickness on average was synthesised by mixing B2O3, 
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zinc powders, and N2H4∙2HCl in a sealed autoclave at 500 °C [225]. In another 

process, NaBF4, NaN3, NH4Cl, and S were mixed under 450 MPa pressure to form 

pellets. This was then kept in the autoclave at 300 °C for 1 hour to synthesise h-BN 

of a few nanometres thickness [215]. Nevertheless, all the attempts to prepare 

BNNSs by wet chemical routes encounter difficulty in terms of controlling the 

nanosheets thickness and purity. 

2.6.4 Limitation of the Synthesis Routes and Challenges for Application 

Although several synthesis routes have been identified to synthesise mono- and few-

layer BNNSs, methods for production of large-scale and high-quality single 

crystalline nanosheets for practical use are still not available. With the top-down 

approaches, the nanosheets size and cleanliness are limited by the pristine powder 

size and purity. In the micromechanical cleavage technique, nano- to micro-meter 

size nanosheets can be peeled off from the pristine highly oriented pyrolytic boron 

nitride samples. This process has extremely low output, however, and both mono- 

and few-layer nanosheets are formed at the same time. This method cannot be 

scaled up for industrial production. In the sonication-assisted exfoliation, defective 

and small-sized nanosheets are often found. Functionalisation of the nanosheets 

prior to exfoliation can increase the efficiency of exfoliation and dispersion, although 

it generally induces defects in the nanosheets. 

In addition, using the ball-milling process to exfoliate nanosheets creates defects and 

possible foreign-element contamination in the nanosheets. Small-size nanosheets 

are obtained, which also depend on the pristine h-BN powders. Electron beam 

irradiation and PVD methods have been utilised to synthesise BNNSs, although 

these synthesis routes are very expensive and only laboratory scale production is 
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possible with them. Leftover impurities in the nanosheets are the main concern with 

these wet chemical routes. The as-synthesised nanosheets often require very high-

temperature annealing (1000 ‒ 1500 °C) to improve the crystallinity and sometimes 

require oxidation to remove the carbon contamination from the nanosheets surface 

[60, 226]. 

Among all the synthesis routes, the CVD method has been established as a popular 

route to synthesise large BNNSs. Several years back, 30-inch-long graphene was 

synthesised by a CVD method through a roll-to-roll transfer technique, which 

demonstrated strong evidence of the reliability of this technique for large-scale 

production [227]. Although BNNSs has not been synthesised on such a large scale 

yet, by utilising the suitable gas flow of the precursor and carrier gases, as well as 

the right temperature, catalyst and CVD design, large-scale production of BNNSs is 

possible. The major bottleneck to overcome with this technique, however, is to 

reduce the grain boundaries (so to form large single grains) and control the mono- or 

few-layer characteristics (homogeneity) all over the synthesised product in the CVD 

system. Moreover, suitable techniques need to be developed to avoid surface 

contamination, which is formed during the synthesis and/or during the transfer 

process. 

2.7 Gas detection importance and impacts 

The detection of various toxic gases such as carbon monoxide (CO), nitrous oxides 

(NOx), methane (CH4) and hydrogen sulphide (H2S) etc. that might be harmful to 

human and agriculture which often begins to threaten livelihood at large, is important 

for monitoring of the environmental atmospheres.  Through the scientific studies, it 

has been disclosed that global warming is a growing threat of the environmental 
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collapse in the future [228], which is influenced by some of the above-mentioned 

gases.  

2.7.1 Importance of detecting carbon monoxide (CO) 

Carbon monoxide (CO) is one of the major toxic gases that contribute to global 

warming. The CO gas is colourless and undetectable by humans; it is a dominant 

cause of poisoning in the North America (United State), which is responsible for 

more than 50% of fatal poisoning disclosed by many industrial countries [229-231]. 

South African is amongst the nations that possesses the energy and carbon intensity 

economy, with almost 91% of the electricity generated in the nation is from coal, 

which result in the emission of toxic gases such as CO [232] that have created high 

environmental and health problem in affected areas with large industrial presence. 

The gas is known to bind irreversible to the iron centre of haemoglobin, the oxygen 

transport molecules in blood, and that leads to the difficulty in oxygen absorption, 

which at elevated levels of vulnerability can result in death [233]. The CO gas is the 

result of poorly combusted organic materials, such as fuels. CO concentrations are 

specifically rising in area of industry, where the energy production result from the 

combustion of fossil fuels and lastly in areas where there are elevated levels of 

traffic. Exposure to high levels of the gas is injurious to human health. In addition, the 

gas is obtained in domestic areas due to the faulty gas-powered boilers, which leads 

to the CO poisoning deaths annually; again, it has also been reported to cause 

dizziness and confusion in high concentrations [234].  

2.7.2 Importance of detecting nitrous oxides (NOx) 

Nitrous oxides (NOx) gases result from the combustion of fossil fuels in internal 

combustion of engines, which is due to the combustion reaction of N2 and O2 [235]. 
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There are a variety known groups of NOx gases such as nitric oxide (NO), nitrogen 

dioxide (NO2), nitrous oxide (N2O), dinitrogen trioxide (N2O3), dinitrogen tetroxide 

(N2O4) and dinitrogen pentoxide (N2O5) [235]. Nitric oxide is a known photochemical 

smog that is irritating to the eyes and damages plant lives in affected area, 

emanating from the combination of hydrocarbons and oxygen to create a compact 

smoke over heavily industrial areas. On the other hand, NO2 appears to be risky due 

to its effects on the lungs, where people living with diseases such as asthma are 

particularly at high risk upon the inhalation of the gas, leading to the inflamed lungs 

that may result in difficulties in breathing [235]. Animals with long-term exposure to 

NO2 were found to have damaged lungs [235]. Based on the impacts that NOx 

gases bring to the environment, it appears to be important to monitor the 

concentrations of any NOx gas in the air, thus to monitor the toxic gases, as a result 

this will provide an opportunity to air quality regulator and environmental agencies to 

predict how likely a smog is to form [235]. This will particularly reduce the pollution of 

the atmosphere and therefore improve human health, growth of crops and decrease 

rising of the toxic gases in areas where such gases begin to threaten livelihood.  

2.7.3 Importance of detecting methane (CH4) 

Methane (CH4) gas is one of the carbon compounds gases known to exist in the 

atmosphere. This gas result from the decomposition of the dead plants and animals. 

During decomposition, the carbon is released to the air as CH4 or stored in the soil 

[236]. The burning of CH4 results in the production CO2 gas as another known 

carbon compound, which as well fall within the monoxide toxic family gases [236]. 

CH4 is known to reduce the amount of oxygen breathed from the air, which can 

result in a number of human health difficulties such as vision problem, memory loss, 
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vomiting, nausea and headache. These complexities in turn lead to the changes in 

heart rate, balance problems and unconsciousness in particular [237]. As a results of 

the impacts that CH4 brings to the environments and to all living being at large, it is 

quite important to monitor the levels of CH4 in the atmosphere, as to reduce the risks 

of above-mentioned related illnesses.  

2.7.4 Importance of detecting hydrogen sulphide (H2S) 

Hydrogen sulphide (H2S) is a colourless, highly flammable and explosive toxic gas, 

which is produced naturally by decaying organic matters and by certain industrial 

processes [238].  Exposure to the high concentration of H2S can cause inhibition of 

the cytochrome oxidase enzyme system, resulting in lack of oxygen use in the cells. 

The ultimate consequences are rapid unconsciousness, which may lead to death 

[238]. 

2.7.5 Sensing properties of 2D h-BNNSs 

There are various nanomaterials fabricated for sensing the above-reviewed gases 

such as metal oxides nanomaterials: ZnO, TiO2, WO3 and In2O3 [239, 240] and other 

carbon-based nanomaterials etc. [42] that have been tested. However, due to 

ineffectiveness of some as they often suffer from low sensitivity, slow response time, 

poor gas selectivity and slow recovery time, they tend not to be effective as good gas 

sensors. BN has been verified to be a good sensor device both theoretically and 

experimentally. In particular, BNNTs have been theoretically studied for various gas 

detection, but due to their small surface area, they tend to be less sensitive to certain 

gas molecules [241]. A point to note, as stipulated in the rationale of this study, 2D h-

BNNSs were experimentally verified [241] to be good gas detectors. Lastly, these 

nanosheets demonstrate the property of operating where most materials fall short.  
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2.8 Standard performance and working principles of different sensors 

A gas sensor is a device which detects the presence or excess concentration of 

harmful gases in the atmosphere. Based on the detected amount of concentration of 

the harmful gas, the sensor produces a signal which may be a light spark, change in 

potential difference or electric current, or change in colour on the device or sensor 

material. Such a signal occurs when the harmful gas molecules are in contact or 

adsorbed on the device material sample triggering a disturbance in the original local 

environment. There are various types of gas sensors, of which are but not limited: 

optical gas sensors, electrochemical gas sensors and semiconductor-based gas 

sensors etc. Optical gas sensors are one of the most widely used sensors, both in 

homes and industrial segments, which determines the detection of a gas component 

by utilising absorption, fluorescence, scattering, reflection of light, and changes in 

refractive index and optical path length. Such signal occurs when the harmful gas 

molecules are adsorbed on the sensor device material. However, optical gas 

detectors face several key challenges, which include sensitivity, specificity, 

interferant discrimination, response and recovery time, background drift, and aging 

[337]. Similarly, electrochemical sensors are as well, widely used sensors, for the 

detection of toxic gases. Electrochemical sensors are operated based on the 

diffusion of gas of interest into the sensor, which results in the production of an 

electrical signal that is proportional to the gas concentration. Electrochemical 

sensors are widely used in confined spaces such as monitoring indoor air quality and 

gas leaks, and with portable instruments consisting of multiple sensors [338]. While 

on the other hand novel semiconductor-based gas sensors are ideal for next 

generation of sensors for long term stability, high surface to volume ratio, better gas 

selectivity and self-heating capacity, and can also operate in various environments 
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where properties of other materials fall short. So, the challenge is to fabricate 

semiconductor-based sensor device with improved sensitivity, reduced power 

consumption and relatively lower limit of detection as well as relatively lower 

operating temperature [40]. As part of the objectives, the production of 

semiconductor-based gas sensor, should not only focus on the performance of the 

sensor, rather also on the cost effective manufacturing process to acceptable and 

sustainable standards.  

 

 

 

 

Chapter 3 

Methodologies and Characterisation Techniques 

3.1 Introduction  

In this chapter, both the computational and experimental methodologies that are 

adopted in this study are discussed. The computational study make use of classical 

molecular dynamics (MD) simulations to investigate the structural, optical and 

electrical properties of white graphene [241]. This simulation methods are good in 

explaining and predicting numerous properties of the materials in solid and liquid 

phases. 
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Tersoff potentials were employed to explain the interactions between the B and N 

atoms of 2D h-BNNSs/white graphene using the DL_POLY computer code [242]. 

Calculations were performed in the NVT Evans and NPT hoover ensembles for 

comparison. The Verlet leapfrog (VL) algorithm [3], which uses accelerations, 

velocities, positions and time to calculate new positions, was used to integrate the 

equations of motion.  

This makes molecular dynamics to be systematic because if we know the 

accelerations, velocities, positions and time at previous steps we can predict the 

properties of the atoms and molecules at a later time [243]. In the experimental part 

of the work, in order to provide an accessible methodology to grow 2D h-

BNNSs/white graphene, chemical vapour deposition (CVD) family techniques were 

extensively explored for their ability to control the lateral size, number of layers, as 

well as the crystalline structures precisely [37] 

3.2 Computational method 

3.2.1 Classical molecular dynamics  

Compared to the first-principle quantum mechanics, classical MD [244] simulation is 

an empirical method which is easy to implement in large systems (millions to billions 

of atoms). The classical MD method was first proposed by Alder and Wainwright 

[245], and up to now it is the most powerful and popular tool for investigating the 

equilibrium, transport and mechanical properties, together with the structural 

deformation of classical many-body systems. It is used to predict the structural, 

dynamics and kinetic properties at certain conditions such as pressure and 

temperature [241].  
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It is a fully deterministic method, based on the numerical solution of Newton‘s 

equations of motion, to calculate the positions and velocities of atoms. The basic 

concept of the method is to simulate the time evolution of a system. It describes a 

system‘s atomic-scale dynamics, in which atoms and molecules move while 

interacting with many of the other atoms and molecules in the vicinity. The method 

relies on a mathematical description of total energy of the system as a function of all 

atomic coordinates. Atoms in the system are treated as point-like masses that 

interact with each other according to a given potential energy E(r1, r2,. . .,rN), where rj 

is the position vector of the jth atom and j = 1, 2 ... . .. N.  

The evolution is computed at every time-step, and the instantaneous location and 

velocity of each atom are then determined by solving the Hamilton‘s classical 

equation of motion from Newton‘s second law. Such that: 

      
    

   
                     3.1 

where mi and ri are the mass and spatial coordinates of the ith atom, respectively, E 

is the empirical potential energy for the system, and   denotes the spatial gradient. 

Due to the small scale involved, explicit integration algorithms, such as the Verlet 

method [246] and other high-order methods, are commonly used to ensure a high 

order of accuracy. 

3.2.2 Tersoff potentials 

The reliability of a MD simulation depends on the use of an appropriate potential 

model. Allinger et al. [247-250] and his colleagues developed a molecular mechanics 

(MM2) force field and an improved version known as the MM3 force field. These 

methods are designed for a broad class of problems in organic and inorganic 
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systems. Abell et al. [251] proposed the quantum-mechanical concept of bond order 

formalism for carbon nanotubes (CNT‘s) characteristics. Using Morse-type potential, 

Abell showed that the degree of bonding universality could be well maintained in 

molecular modelling for similar elements.  

Tersoff [252, 253] introduced the concept for the modelling of group four elements 

such as carbon, silicon, and germanium, and reasonably accurate results were 

reported. Nordlund et al. [254] modified the Tersoff potentials such that the interlayer 

interaction is also considered. The Tersoff potential is a three-body potential 

functional, which explicitly includes an angular contribution of the force. Within the 

Tersoff potential, the total potential energy  tot of the system composed of 𝑁 atoms is 

written in the form: 

  ∑   
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such that the total energy is given as:  
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with the pairwise repulsive and attractive contributions respectively given by: 
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Here,  ,  , 𝜆1 and 𝜆2 are adjustable parameters 
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The cut-off function  C( ) is defined as: 

      {
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    3.7 

and acts in such a way as to restrict the interaction range. The cut-off function 

smoothly cuts the contributions from pairs of atoms, which are separated by more 

than   +  .   and   are also adjustable parameters, which specify the position and 

the width of the cut-off region. They are typically chosen in such a way to include 

only the first coordination shell in the summation presented in equation 3.2. Another 

summation, which is also limited by  C( ), appears in the definition of the bond order 

  𝑗, which is given as: 

    (       
 )

 
 
                                                                          

where 

    ∑          (       )

 

     

 (       )                                                 

The  ( ) function is defined as: 

          
                                                                             

Symbols  ,  , 𝜆3 and   represent other parameters. Due to the non-linearity present 

in the definition of the bond order (Equation (3.8)), the Tersoff bond order     is a 

many-body term, involving the relative nearest neighbor distances of the 

coordination number of atoms. The function (cos ) describes the angular 

dependence and is defined as: 
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         (  
  

  
 

  

                
)                                        

The angular function (cos ) is determined by the parameters  ,  ,   and  0. 

Therefore, fourteen parameters in total need to be specified for a single element 

system. There are many different parameterisations of the Tersoff potential available 

in the literature, mostly for elements of group IV [252, 253, 255-257]. However, some 

parameterisations for elements of groups III and V also exist [258-260,261, 244, 

245]. These set of parameters are modified to describe the interactions between B 

and N of h-BN system in our studies. Furthermore, such parameters are used to 

study the thermal transport and mechanical properties of more complex materials 

such as hybrid graphene-boron nitride or graphitic carbon nitride [262, 263]. 

3.2.3 DL_POLY computational processes 

As already explained above that, classical molecular dynamics (MD) is a 

computational method used to study the motion of atoms and molecules in a system. 

In setting and running a molecular dynamics simulation, the first task is to decide 

which energy model to use to describe the interactions within the system. Then the 

initial configuration has to be chosen in such a way that it favours the potential model 

used.  

Classical molecular dynamics simulations have been performed in this work using 

the DL_POLY [258] computer cope to study the various physical properties of 2D h-

BNNSs/white graphene. For a DL_POLY calculation to take place, three files are 

required in setting the parameter of the material, which are the CONTROL, CONFIG 

and FIELD files. The CONTROL file is where the algorithms directives on how the 

calculations should run and what to expect as outputs are set; such as timestep, 
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period, equilibration, the cut-off parameters, the radial distribution functions (RDF) 

prints together with the state of the system (ensemble).  

The CONFIG file contains the information about the crystal structure, which includes 

lattice parameters and the atomic positions, velocities and forces of the material, and 

lastly in the FIELD file a set of chosen atomic potential parameters used on the 

system defined in the CONFIG file are defined. The Verlet leapfrog (VL) algorithm 

has been adopted throughout the calculations to integrate equations of motion, by so 

doing the properties of 2D h-BNNSs/white graphene are studied. Tersoff potentials 

have been used to accurately reproduce the interactions between the Boron (B) and 

Nitrogen (N) atoms within a BN system [253].  

The calculations are based on the canonical ensemble (NVT Evans) and isothermal-

isobaric ensemble (NPT hoover). From the output files, the radial distribution 

functions (RDF) and structure factors (SF) were plotted to understand the structural 

configurations whilst the mean square displacements (MSD) were plotted to 

determine the diffusion constants. The motive to perform simulations in canonical 

and isothermal-isobaric ensembles but not in micro-canonical ensemble is that, 

simulations are easily done in micro-canonical ensemble and produce the correct 

results, however it describes an isolated system, that only performs the constant 

energy experiments which does not bring us into a real-life situations [264]. 

Simulations performed at constant temperature and constant pressure come closer 

to real life situations, and both the NVT and NPT ensembles describe them. 

Additionally, simulations in the NVT ensemble are performed by keeping the number 

of particles, volume and temperature constant, which are distinguished by mainly two 
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approaches: coupling the system to a heat bath and rescaling the velocities 

accordingly or make use of the extended phase approach.  

Simulations in the NPT ensemble are performed such that the volume of the system 

is adjusted in a way that the average internal pressure is the same as the applied 

external pressure Slotman et al.  [265]. Three supercells of about 144 atoms (72 B 

and 72 N atoms), 324 atoms (162 B and 162 N atoms) and 576 atoms (288 B and 

288 N atoms) were modelled for the examination of 2D h-BNNSs/white graphene 

intended properties. A vacuum between the layers was created by creating an 

interlayer spacing of 7.900 Å in all the three systems. The MD simulations were 

allowed to run with a 0.001 ps timestep, for a period of 5000 steps and an 

equilibration after every 500 steps. On the existing knowledge, no conclusive study 

has been made so far, on the effects of temperature on the stability and structural 

properties of pristine and defective mono-layer h-BN with an increase in the surface 

area. 

3.3 Experimental Method 

3.3.1 Reagents used for the synthesis of 2D h-BNNSs  

The reagents used in this study were purchased from Sigma Aldrich. The reagents 

are: Boric acid (H3BO3  99.5%) and urea bioxtra (CO(NH2)2 99-100.5%) with (PH 7.5 

- 9.5) as B and N precursors, nitric acid (HNO3 10%) deionised water (H2O), ethanol 

(C2H6O 99.9%) and nitrogen gas (N2).  

3.3.2 Synthesis of 2D h-BNNSs 

In order to provide an accessible methodology to grow 2D h-BNNSs/white graphene, 

a catalyst free wet chemical reaction synthesis technique has been extensively 

explored for its ability to control the lateral size, number of layers, as well as the 
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crystalline structures precisely [35]. Additionally, the approach is preferred for its 

capability to avoid the transfer of the as-deposited 2D h-BN to the target substrate 

for consecutive characterisation or device fabrication [37, 266], which can result into 

the sample damage or film contamination. The BNNSs were synthesised over a 

reaction of boric acid (H3BO3) and urea (CO(NH2)2) as B and N precursors [267] at 

800, 900 and 1000 °C under N2 atmosphere [268] to examine the effect of 

temperature on the synthesis of the nanosheets. The reactions included are:  

2H3BO3 → B2O3 + 3H2O     3.12 

CO(NH2)2 → NH3 + NHCO     3.13 

B2O3 + 2NH3 → 2BN + 3H2O    3.14 

The number of layers can be accustomed by the reaction concentration [269]. During 

the synthesis of h-BNNSs, a mole ratio of 1:2 of H3BO3 (4g) and CO(NH2)2 (8g) were 

dissolved into deionised H2O of 20 ml in a 250 ml beaker to give a solution with high 

homogeneity [270]. The solution was then allowed to stir for 3 hours at 60 °C at a 

speed of 300 rpm (revolution per minutes) until the solid samples have completely 

dissolved in deionised H2O.  

After the full complete 3 hours reaction, the sample was then dehydrated in an oven 

drier for 24 hours at 110 °C to get a solid sample. The obtained sample was then 

crashed into a desired powdered form. Three (3) samples of 3 g (grams) each were 

then measured and transferred into the quarts substrates boards then into the quarts 

tubes to the muffle furnace for heating under N2 atmosphere as shown in Figure 3.1 

below. Figure 3.2 represents the dynamic visualisation of the experimental set-up for 

the synthesis of the nanosheets. Before heating can start, the N2 gas was allowed to 
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run for 10 ‒ 15 minutes to clear any unwanted gases (such as oxygen) inside the 

quarts tubes to reduce the risks of impurities on the nanosheets. The samples were 

then heated at 800 °C for 3 hours with a stepwise heating rate, at a flow rate of 0.5 

l/min of N2 gas. The obtained h-BN was then washed with hot deionised H2O once, 

followed by diluted 10% HNO3 for several times in order to remove the impurities. 

Subsequently, 3 mg of h-BNNSs was exfoliated by sonication and blender in a 300 

ml beaker of deionised H2O to yield several h-BN nanosheets.  Finally, the product 

was washed with absolute C2H6O to remove H2O, and dried it at 60 °C for 12 hours. 

The same procedure was then repeated for samples fabricated at 900 and 1000 °C. 
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Figure 3. 1: CVD experimental representation together with the dynamic step-wise 

heating rates for the synthesis of the h-BNNSs at 800, 900 and 1000 °C 

temperatures. 
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Figure 3. 2: The dynamic visualisation of the CVD experimental set-up for the 

synthesis of the h-BNNSs respectively.  

3.6 Characterisation Techniques 

3.6.1 X-Ray Diffractometer  

The X-ray powder diffraction is an instrument used for the structural analysis of the 

samples as depicted in Figure 3.3. X-ray diffraction pattern of h-BNNSs for all the 

three synthesised samples at 800, 900 and 1000 °C were analysed using the Bruker 

D8 advanced Diffractometer (ʎ = 0.05 ‒ 0.2 nm) which uses the cobalt radiation 

source equipped with Lynx-eye XE detector operated between 5 and 80 2θ angles. 

The obtained diffraction patterns were collected with an X-ray gun operating at 40 kV 

and 20 mA. The samples were run in powder form inside an amorphous silicon 

holder, where after, the nanomaterials identifications was surveyed through the 

comparison with those h-BNNSs in literature [270-272]. In the X-ray diffraction 

instrument, an incident X-ray beam is focused into a crystalline specimen, which 

diffract it according to the Bragg‘s law shown in the equation: 

 𝜆              3.15 

where n is the order of diffraction, λ is the X-ray wavelength, d is the spacing 

between two consecutive crystal phase planes and θ is the diffraction angle at which 

the specimen is orientated. Furthermore, the crystalline size of the nanosheets was 

determined using the Debye-Scherrer‘s equation [273] as follows:  

  
  

     
      3.16 
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where D is the crystalline size, K is the constant (K = 0.9), λ is the wavelength of the 

incident X-ray, β is the full width at half maximum (FWHM) in radians and θ is the 

Bragg‘s angle in radians. 

 

  

Figure 3. 3: The visualisation of the X-ray diffractometer instrument used to analyse 

the structural properties of the nanosheets.  
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3.6.2 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is an instrument used to analyse the 

chemical bonds and functional groups present in a given sample. In FTIR analyses, 

Infrared light from the light source passes through a Michelson interferometer along 

the optical path. The Michelson interferometer comprises a beam splitter, moving 

mirror, and fixed mirror. The light beam split into two by the beam splitter is reflected 

from the moving mirror and fixed mirror, before being recombined by the beam 

splitter. As the moving mirror makes reciprocating movements, the optical path 

difference to the fixed mirror changes, such that the phase difference changes with 

time [339]. The light beams are recombined in the Michelson interferometer to 

produce interference light as represented in Figure 3.4. The intensity of the 

interference light is recorded in an interferogram, with the optical path difference 

recorded along the horizontal axis with the interferogram frequency following 

equation 3.17. 

    
   

 
 ,                                                    3.17 

with mirror velocity of  

    
 

  
,                                                       3.18 

where  

    
 

 
.                                                        3.19 

In this research, the Perkin Elmer FTIR TWO spectrometer was used, operating at a 

spectral wavenumber ranging from 400 to 4000 cm-1 with a resolution of 4 cm-1. The 

presence of the in and out-of-plane bending vibrations of h-BNNSs for all the three 
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synthesised samples at 800, 900 and 1000 °C were determined and the 

measurements were performed over a broad spectrum instead of narrow 

frequencies. The vibrational identification was finalised by comparison with the h-

BNNSs reported in the literature.  

 

Figure 3. 4: A schematic representation of principles of FTIR spectroscopy [339]. 

3.6.3 UV-vis spectroscopy  

UV-vis spectroscopy is an instrument used to analyse the optical properties of 

synthesised thin films.  The technique used in the measurement of absorbance of 

light across ultraviolet and visible regions. When the incident light strikes the sample, 

it is usually reflected, transmitted, or absorbed as in Figure 3.5. The absorbance of 

light causes the transition of molecules from the ground state to the excited state. 

Making use of the UV-Vis spectrophotometer, the intensity and excited states of light 

the absorbed by the studied samples can be measured [340]. The instrument used in 
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this study was the Thermo Fisher Scientific UV-vis spectroscopy, operating at a 

wavelength of 365 nm, with a spectrum collected in a wavelength range of 230 ‒ 850 

nm for all the samples synthesised at 800, 900 and 1000 °C. The UV-vis spectrum 

was obtained when the electromagnetic radiation of a diverse wavelength was 

ideally irradiated on to the samples. The monochromatic radiation operating at 

+20VDC/ 4A was employed to ideally emanate through the sample and obtain the 

optical properties of a sample from the reflected light. The position of the maximum 

absorption band called λ-max, and the intensity of the bands are the two major 

parameters used to characterise the UV spectra of substances [274]. The sample 

was prepared by dissolving a small portion of h-BN into deionised water, and then 

sonicated for the sample to completely dissolve in to water, then after taken for 

characterisation. The energy band gaps of the materials are calculated using the 

Tauc relation method for determination of the band gap energies using the UV-vis 

data [275]. The Tauc method is based on the assumption that the energy-dependent 

absorption coefficient α can be expressed by the following equation 3.20:  

                                                                   3.20 

Where h is the Plank constant, v is the photon‘s frequency, Eg is the band gap 

energy, and B is a constant. The γ factor depends on the nature of the electron 

transition and is equal to ½ or 2 for direct and indirect transition band gaps 

respectively [335, 336].  
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Figure 3. 5: A schematic representation of the working principle of UV-Vis 

spectroscopy. 

3.6.4 Dynamic Light Scattering 

Dynamic light scattering (DLS) is an instrument used to determine the particle size 

and electro-kinetic zeta potential of a sample. As with the other characterisations, the 

instrument ZETASIZER Nano-Series analyser was applied on the synthesised 

samples at 800, 900 and 1000 °C. In DLS, when a monochromatic beam of light 

encounters solution-containing macromolecules, light is scattered in all directions as 

a function of the size and shape of the macromolecules. Therefore, the detected 

intensity fluctuates because of the Brownian motion of macromolecules in the 

solution, and the scattered light is analysed. Thereafter, the diffusion coefficient (Dτ) 

that is related to hydrodynamic size of macromolecules can be obtained [276-278]. 

In order to determine the particle sizes, the samples were prepared by dissolving 

small portions of h-BN nanosheets powders into deionised water. Thereafter, 

sonicated in order for the samples to completely dissolve in water. The entire 

solutions were later considered for particle size measurements. 
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3.6.5 High Resolution Transmission Electron Microscope  

High Resolution Transmission Electron Microscope (HRTEM) is an instrumental 

analysis used for the determination of the particle size and morphology of 

nanomaterials. In this study, the JOEL 2100F, JEM-200 kV transmission electron 

microscope operating at 200 kV as depicted in Figure 3.4 was used for morphology 

analysis of the h-BNNSs fabricated at 800, 900 and 1000 °C. HR-TEM analysis also 

allows the determination of the lattice spacing and their direction, however, is not 

precise. Generally, in TEM, an electron beam enters the solid sample in a vacuum 

and is detected on the other side of the sample as the secondary transmitted 

electrons. The secondary electrons detected, produce images, which have 

information about the extent of penetration in a sample [279]. Furthermore, in the 

current study, h-BNNSs were dispersed in water and droplet of a liquid sample were 

placed on a copper grid coated with a fomvar-film and carbon; afterwards the grid 

was dried and taken into the TEM instrument for analysis.  
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Figure 3. 6: The visualisation of the HR-TEM that was used to capture 2D h-BNNSs 

nano-films 

3.6.6 Raman spectroscopy 

The Raman spectroscopy (RS) is essential to analyse the crystal quality of 2D 

materials. When light interacts with molecules in a gas, liquid, or solid, many of the 

photons are dispersed or scattered at the same energy as the incident photons. This 

is described as elastic scattering, or Rayleigh scattering. A small number of these 

photons, approximately 1 photon in 10 million will scatter at a different frequency 
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than the incident photon [341]. This process is called inelastic scattering, or the 

Raman effect, named after Sir C.V. Raman [342], who discovered this and was 

awarded the 1930 Nobel Prize in Physics for his work. The Raman system allows the 

user to collect the vibrational signature of a given sample, giving insight into how it is 

put together, as well as how it interacts with other molecules around it as 

represented in Figure 3.7. A Horiba Scientific Raman Spectroscopy (HSRS) version 

of the machine was used with a visible light excitation wavelength of 532 nm, 

operating at a spectral wavenumber ranging from 80 to 3500 cm-1. The Raman 

signal is known to be thickness dependent, and the shift of the Raman peaks can be 

used for the thickness determination of atomically thin nanosheets [280]. The 

presence of the E2g, mode which are known to be Raman active, were used for the 

thickness identification and prediction of the number of layers for all the three 

synthesised samples and the measurements were performed over a broad spectrum 

instead of narrow frequencies. 

 

Figure 3. 7: A schematic representation of principles of Raman shift. 

3.6.7 Brunauer Emmett Teller (BET) 

The Brunauer Emmett Teller (BET) instrumental analysis is used to examine the 

surface area of nano-materials. The surface area of the fabricated nanosheets at 
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three different temperatures was characterised using Brunauer-Emmett-Teller (BET) 

Micrometrics TRISTAR 3000. The amount of gas adsorbed usually depend on the 

exposed surface area but also on the temperature, gas pressure and strength of 

interaction between the gas and the solid. During the surface area examination, 

nitrogen is usually used due to its availability in high purity and its strong interaction 

with most solids. After the complete analysis, the data collected is displayed in a 

form of BET isotherms, which plots the amount of gas adsorbed as function of the 

relative pressure [281].  

 

 

 

Chapter 4 

Molecular dynamics studies of h-BN nanosheets 

4.1 Introduction 

Classical molecular dynamics (MD) simulations play an important role in modelling of 

materials properties and processes for a better understanding of their applications. 

The approach is applicable and transferable across the fields of physics, chemistry, 

material science, nanotechnology and engineering [282]. In addition, the study of 

mechanical, optical, elastic and electrical properties of materials is important for 

different industrial applications. Certain studies have suggested that h-BN and its 

derivatives have better mechanical properties over the layered pristine graphene 

[283] and are used in the production of nano devises and nano electronics. Naturally, 
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h-BN is thermally stable and chemically inert in air up to 1500 °C. Different 

researchers using various approaches have successfully investigated the 

mechanical robustness of h-BN. Srivastava et al. [284] have effectively used the ab 

anitio density functional theory (DFT) to study the structural defects in h-BNC2  

sheets. The DFT approach is known to be more accurate than the classical 

molecular dynamics simulations at electronic level; however, it only accumulates a 

few hundreds of atoms due to non-trivial nature of calculations involved and memory 

effects. The study of the 2D materials along with the corrugation of their atomic 

surface needs more computational costs [282]. One of the advantages of MD is the 

ability to handle more atoms (up to millions) and the incorporation of the 

anharmonicity through the empirical potential, which is a crucial phase of atomic 

mobility in 2D materials [285]. On the existing knowledge, no conclusive study has 

been made so far, on the effects of temperature on the stability and structural 

properties of pristine and defective mono-layer h-BN with an increase in the surface 

area.  Furthermore, the study on the effects of vacancy defects on mono-layer h-BN 

as the surface area expands were also considered.  Particularly, this section report 

on the modelling of the structural and thermal properties with consideration of the 

native defects in mono-layer h-BN. 

4.2 Results and Discussion 

4.2.1 Structural properties of h-BNNSs 

4.2.1.1 Radial Distribution Functions and Structure Factors 

The radial distribution function (RDF) or pair correlation function is a powerful tool to 

analyse the structural information of a material. It is estimated by considering the 

average distance between all pairs of atoms in a given material. In general, if        
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is the radial distribution function, then         is proportional to the probability of 

finding an atom of type B at a distance between r and r + ∆r from an atom of type A 

[286] where B and A represents B and N atoms. For a two-dimensional system, the 

equation would be: 

       
    

       
                                                                  

where    is the average density of species B in the entire material and      is the 

average number of particles of type B present in the angular region between r and r 

+ ∆r with an A atom at the centre (equation 4.1). The averaging is over all the A 

atoms present in the simulation volume. The radial distribution functions must be 

delta functions at 0 K, as there are unique values for the radii of the various 

neighbouring shells. However, due to thermal vibrations, these distances become 

blurred as the temperature of the system increases. The delta functions broaden into 

smooth peaks. The peak width increases with temperature. The width is in fact 

proportional to the root mean squared displacement of the atoms from their 

equilibrium position. The position of the nth peak in        would correspond to the 

mean distance of the B atom from the A atom in nth neighbour positions. Thus, the 

value of        at any r decreases as the temperature increases due to thermal 

broadening [286, 40]. Structural properties of mono-layer h-BN have been precisely 

analysed using the radial distribution functions (      ) and structure factors (S(k)). 

The observed sharp peaks, separations and heights in Figure 4.1, are all the 

characteristics of a lattice structure exhibited by a solid material. In the        of 

nanosheets, the peak positions (abscissa values) correspond to the first neighbor, 

second neighbor, and other neighbor distances between the atoms of the hexagonal 

atomic system on the plane sheet. 
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Table 4.1 depicts the peak positions of first and second neighbour distances of h-

BN144 at equilibrium temperature of 300 K. The peak positions of h-BNNSs144 

atomic positions for the B-B, first and second nearest neighbour distances appear at 

2.47 and 2.69 Å respectively. In the same manner, B-N first and second nearest 

neighbour distances appear at 1.41 and 2.81 Å respectively. Likewise the N-N, first 

and second nearest neighbour distances appear at 2.47 and 2.69 Å. For h-BN324 

and h-BN576 supercells, the reader is referred to Appendix 2 Table 1. The B-N bond 

lengths of pristine mono-layer h-BN nanosheets were respectively found to be 1.41 

Å, 1.44 Å and 1.44 Å for 144, 324 and 576 atoms supercells. Obtained results 

concur well with various studies on h-BN nanosheets as reported by Thomas et al. 

[286] and many bulk h-BN studies [287, 288]. A typical visualisation of the h-BN 

mono-layer (nanosheet) at 300 K is shown Figure 4.2. Here the hexagonal 

honeycomb with alternating B and N atoms [289-294] is evident in Figure 4.2(a). 

Further on Figure 4.2(b) present the same visual perpendicular to the nanosheet 

plane. 
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Figure 4. 1: Radial Distribution Functions together with their corresponding structure 

factors for (a) and (b) h-BNNSs144 supercell. 

 

 

 

 

 

 

 

Table 4. 1: First and second nearest neighbouring distances (r1 and r2) and number 

of atoms (n1 and n2) for h-BNNSs144 supercell at 300 K. 
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Supercells Atomic bonds r1(Å) n1 r2(Å) n2 

h-BNNSs144 B-B 2.47 0.82 2.69 0.24 

B-N 1.41 1.64 2.81 0.27 

N-N 2.47 0.82 2.69 0.22 

 

 

Figure 4. 2: The visualisation of the structure (a) and (b) represented by alternating B 

(brown balls) and N (blue balls) atoms together with its alignment perpendicular to 

the plane of defect free nanosheets for h-BN144 supercell at 300 K. 

4.2.1.2 Determination of the lattice parameters 

The equilibrium lattice parameters of h-BNNSs calculated for all the supercells are in 

good agreement with the previously obtained results on the material [295, 296, 297]. 

The Tersoff potential used in the present study reliably gives the lattice parameters 

of all the three supercells closer to the experimental values. The experimental lattice 

parameter of h-BN at room temperature is reported as a = 2.504 Å with an average 

(a) (b) 
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B-N bond length of 1.44 Å [295]. Molecular dynamics simulations using a modified 

Albe, Moller and Heining interatomic potential gives the equilibrium lattice parameter 

of a = 2.532 Å at 0 K [296, 297] with an average B-N bond length of 1.46 Å. In this 

work, at room temperature the lattice parameters of the supercells (144, 324 and 576 

atoms) were respectively found to be a = 2.477 Å, 2.507 Å and 2.507 Å with an 

averaging B-N bond length of 1.41 Å, 1.44 Å and 1.44 Å. 
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Figure 4. 3: Graphs of total energy vs a-axis of h-BNNSs144 supercell. 

These results compare fairly well with experimental values as well as those of other 

studies reported in this section [295, 296, 297 and 393]. The lattice parameters of all 

the supercells were determined at minimum temperature, together with their 
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corresponding energy. Table 4.2 shows the lattice parameters that were found to be 

increasing with an increase in the surface area, and their corresponding energies 

decreased as the surface area increased. The relationship between energy and the 

lattice parameter, which is of inverse proportionality nature, is respected and 

complemented by the calculated results.  

Table 4. 2: Supercell and unit cell lattice parameters at minimum together with the 

corresponding minimum energy for all the supercells. 

Supercells  h-BNNSs144 h-BNNSs324 h-BNNSs576 

Supercell lattice parameter (a0) 

(Å) 

14.563 22.568 29.897 

Unit cell lattice parameter (a0) 

(Å) 

a = b = 2.477 a = b = 2.507 a = b = 2.507 

Literature unit cell lattice 

parameter (a0) (Å) [393] 

a = b = 2.504 

Total Energy (ET) (eV)                                     

 

4.2.1.3 Diffusion constants on the h-BN nanosheets 

To explain the mobility of B and N atoms in the h-BN nanosheet, the mean square 

displacement (MSD) graphs are plotted in Figure 4.3 for h-BN144 (see Appendix 1:  

Figure 1-3 for h-BN324 and h-BN576 supercells MSD) and are utilised to calculate 

the diffusion coefficients or constants of both B and N atoms. The diffusion 

coefficients are calculated as the surface area of the sheets increases. The mobility 
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of the atoms within the surface of the material was studied to extract the bending 

rigidity of h-BN nanosheets and, it was noticed that the formation of the ripples 

strongly rely on the atomic corrugations, which can be outlined through diffusion 

coefficient. In relation to the sp2 C-C bonds in graphene, the B-N bonds in h-BN are 

not perfectly covalent in nature and that is because there is an ionic character in B-N 

bonds, due the electronegativity difference between the two atoms. 
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Figure 4. 4: Mean Square Displacement graphs of (a) B for h-BNNSs144, (b) N for h-

BNNSs144 supercells. 

 

Table 4. 3: Diffusion coefficients for both boron (B) and nitrogen (N) atoms for all the 

supercells. 
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Supercells Diffusion coefficient of B 

(Å2/ps) 

Diffusion coefficient of N 

(Å2/ps) 

h-BNNSs144                     

h-BNNSs324                     

h-BNNSs576                     

 

The results depicted in Table 4.3 shows the diffusion coefficients of B and N atoms 

respectively for h-BNNSs144, h-BNNSs324 and h-BNNSs576 supercells at 300 K. 

The diffusion coefficient of B atom within the nanosheets increases with an increase 

in the surface area of the nanosheets, while that of N monotonically increases with 

an increase in the surface area of the nanosheets. That results in the larger charge 

density along the plane due to valence electrons in the B-N bonds. A careful analysis 

of the MSD of both B and N atoms in the h-BN nanosheet, shows the MSD 

fluctuations of B atom in relation to an increase in the surface area, while that for N 

atom decreases monotonically with an increase in the surface area of the 

nanosheets. These demonstrates that, the absence of the inter-layer interactions in 

mono-layer h-BN, which leads to an increase in the hardness of the nanosheets that 

is enhanced by the ionic nature of B-N bonds, has a negative impact in the hardness 

of mono-layer h-BN relative to the bulk h-BN. The stiffness of the nanosheets is 

reduced as the surface area of the nanosheets increases, which is in good 

agreement with what was reported by Alem et al. [297].  
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4.2.2 Thermal properties of h-BNNSs 

In this sub-section, modelled effects of temperature on the mechanical properties of 

2D h-BNNSs/white graphene are discussed. It is a known fact that temperature plays 

an important role on the mechanical properties of nanomaterials [298, 299]. The 

variation of temperature from 300 to 1000 K for NVT ensemble and from 300 to 1200 

K for NPT hoover ensemble as the surface area increases was performed to 

investigate the thermo-stability of the nanosheets. In the process, the entropy and 

coefficient of linear thermal expansion were calculated. The calculations for all the 

supercells were performed in the NVT Evans and NPT hoover ensembles at 

standard pressure (0.0 atm). To achieve the objectives, the total energy of each 

supercell was plotted with respect to the changing temperature as displayed in 

Figure 4.5. To quantify the behaviour of h-BNNSs energy against temperature, 

Figure 4.6 presents the visuals effects of these nanosheets at 1000 K (see Appendix 

3: Table 3-1 for full visualisation together with the alignments for NVT ensemble). 

The structural stability of 2D h-BNNSs/white graphene can also be demonstrated 

from the strain and stress point of view. It is known that there are only two energy 

components that contribute to the total energy for material to break under tensile 

loading, which are thermal and strain energy [300]. It has already been shown that 

the thermal energy of the materials for all the supercells increases linearly with 

temperature which implies that, the strain energy required for a material to break is 

reduced, due to the inverse proportionality relationship between strain and thermal 

energy. As such, the stress will also reduce because of direct proportionality 

relationship between stress and strain. Therefore, the materials experience less 

strain and stress as the temperature gets intensified. 



67 
 
 

200 400 600 800 1000 1200

-2,20

-2,15

-2,10

-2,05

-2,00

-1,95

-1,90

200 400 600 800 1000 1200

-4,92

-4,91

-4,90

-4,89

-4,88

-4,87

-4,86

-4,85

200 400 600 800 1000 1200

-8,76

-8,74

-8,72

-8,70

-8,68

-8,66

-8,64

-8,62

 NVT

NPT

(a)

 

 

 NVT

NPT

E
ne

rg
y 

(x
10

3 )(
eV

)

(b)

 

 

 NVT

 NPT

Temperature (K)

(c)

 

 

 

Figure 4. 5: Graphs of total energy vs temperature for NVT and NPT ensembles of 

(a) h-BNNSs144 (b) h-BNNSs324 and (c) h-BNNSs576 supercells. 
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Figure 4. 6: The visualisation of defect free supercells structures represented by 

alternating B (brown balls) and N (blue balls) atoms for (a) h-BN144 NVT, (b) h-

(a) (b) 

(c) (d) 

(e) (f) 
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BN144 NPT, (c) h-BN324 NVT, (d) h-BN324 NPT, (e) h-BN576 NVT and (f) h-BN576 

NPT ensembles at 1000 K. 
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Figure 4. 7: Graph of a-axis vs temperature for hBN144 from 300 ‒ 1200 K 

temperature range for determining the coefficient of thermal expansion under NPT 

hoover ensemble.  

The entropy was then calculated for all the three supercells, as it is known in physics 

that, the unfound information about the state of a system can be related to the 

entropy of the system. In statistical mechanics, entropy is one of the most popular 

quantities, which displays the measure of the disorder of a system [301, 302], which 

is also known to be a measure of the number of possible arrangements atoms can 

have in a system. The entropy in the supercells considered increases with an 
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increase in the surface area of the materials, which actively demonstrates that, the 

number of possible arrangements of the atoms within the surface increases. 

Table 4. 4: Calculated entropy and coefficient of linear thermal expansion with an 

increase in the surface area for all the supercells. 

Supercells Entropy (eV/K) Thermal expansion (K-1)  

h-BNNSs144                    

h-BNNSs324                      and           

h-BNNSs576                     and           

 

This also contributes to the stability of the material to be uniform as the surface area 

of the material increases. In nanotechnology, materials that have both positive and 

negative thermal expansion coefficient are of practical importance as they can be 

utilised to make composites with very little thermal expansion/contraction [303]. In 

general, if   is the equilibrium lattice parameter and   is the corresponding 

temperature, then the linear thermal expansion coefficient (   ( )) can be calculated 

using equation 4.2: 

      
 

    
(
     

  
)
 
                                                                     

Thomas et al. [10], have disclosed that h-BN has a negative thermal expansion at 

low temperatures as a result of the presence of low frequency bending modes in its 

phonon spectrum. Sevik et al. [304], also reported negative thermal expansion of h-

BN below 300 K using a quasi-harmonic approximation (QHA) which gradually 
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increases in the temperature range of 300 – 1500 K. In the present study, the linear 

thermal expansion of 2D h-BNNSs/white graphene for the supercells was examined 

through classical molecular dynamics.  This was achieved by simulating the material 

at different temperatures ranging from 300 to 1200 K as depicted in Figure 4.7 for 

hBN144 (see Appendix 2: Figure 1-4 for hBN324 and hBN576 graphs). The results 

acquired using the NPT hoover ensemble shows that 2D h-BNNSs/white graphene 

possesses a positive      of               
 for hBN144 within the specified 

temperature range. The hBN324 supercell possesses a negative     of       

           within a temperature range of 300 ‒ 500 K and a positive     of      

         within a temperature range of 600 ‒ 1000 K. In the case of h-BN576, two 

positive thermal expansion coefficients were observed;    of                in the 

temperature range of 300 – 500 K and    of                in the temperature 

range of 800 – 1200 K (see Table 4.4 for full results). Our study shows both positive 

and negative linear thermal expansion coefficients, which are comparable to the 

earlier studies, reported by Thomas et al. [10] for negative and Sevik et al. [304] 

within a range of 300 ‒ 1500 K for positive thermal expansions.  As the temperature 

further increases, the vibrational frequency of the atoms around a single atom will 

also increase, causing the increase in the inter-atomic distance. Thus, a non-

monotonic variation of the lattice constant with temperature is observed at 1200 K as 

shown in Figure 4.5: (c) h-BN576 supercell NPT hoover ensemble.  

4.2.3 Native defects of h-BNNSs 

The computational analysis of defects for the calculations of mechanical properties 

promotes the understanding of the materials behaviour at various physical situations 

[303]. The effect of the defects in a 2D mono-layer system may be far more evident 
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when compared with the bulk counterparts. This is because all atoms in a mono-

layer nanosheet are in the surface on both sides of the plane. Therefore, the defects 

can change the properties of the material dramatically, due to the perturbation of the 

surface atomic arrangements [80]. Vacancies are the usual defects in a 2D h-BN 

layer that needs special attention. The focus here is on the mono-vacancy defects, 

which are created by the removal of either B or N atom in h-BNNSs. The vacancies 

are randomly created in the h-BN nanosheet, where the variation of total energy with 

temperature generally demonstrate the structural changes. Classical molecular 

dynamics is a good suitable computational simulations model used to search for 

possible distortions of the lattice [338]. In all the three supercells, the B and N atom 

vacancies were introduced with the varying temperature of 300 – 1200 K in the NVT 

Evans ensemble. The energy versus temperature of the entire setting is displayed in 

Figure 4.7.  The interatomic potential model used in the present molecular dynamics 

simulations has no one-body term. Hence, the total energy that is being calculated 

represents the change in energy of a collection of atoms when they are brought 

together. 
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Figure 4. 8: Graphs of energy as a function of temperature of VB and VN for (a) h-

BNNSs143 (b) h-BNNSs323 and (c) h-BNNSs575 NVT Evans ensemble. 
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Table 4. 5: Shows the total energy of a defected BN system, vacancy energy for the 

formation of a vacancy, volume and entropy of a system of VB, VN and defect free for 

h-BNNSs143 supercell.  

Supercells B-vacancy N-vacancy Defect free 

 

 

h-BNNSs143 

 

Total energy (eV)                                     

Vacancy energy 

(eV) 

            

Volume (Å3)                                  

Entropy (eV. K-1)                            

 

In the present setup, the boron atom vacancy is represented by VB  and the nitrogen 

atom vacancy is represented by VN. The VB and VN defects on h-BNNSs are 

constantly compared with the defect free h-BN nanosheet. The energy-temperature 

graphs of both VB and VN for all the supercells in Figure 4.7, clearly shows the 

linearity and the proportionality relationship between energy and temperature.  From 

these linear plots of the defected nanosheets, we can calculate the vacancy energy 

as in equation 4.3:  

Evac = Edefect free - Edefected     4.3 

where Edefect-free and Edefected represents the total energies of the defect free and 

defected nanosheets for all the supercells. Furthermore, if Edefect-free is the total 

energy of a system with N atoms, then the cohesive energy per particle can be 

expressed according to equation 4.4: 
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     4.4 

where the cohesive energy of defect free supercells was calculated to be Ecoh= -15.2 

eV/atom for all the three-defect free h-BNNSs supercells respectively. Furthermore, 

the evaluation of vacancy energies of the defected nanosheets, is simply the 

difference between the defect free and that of defected nanosheet. According to the 

present study the VB and VN for h-BNNSs143, h-BNNSs323 and h-BNNSs575 per 

defect are presented in Table 4.6. The tremendous difference on the values in 

relation to those in literature [265] might be due to various methodological 

procedures used in the modelling of the defects. 

Table 4. 6: Calculated VB and VN defects energies for h-BNNSs143, h-BNNSs323 

and h-BNNSs575 per defect.  

 VB (eV) VN (eV) 

h-BNNSs143 -17.0 -27.3 

h-BNNSs323 -14.0 -28.0 

h-BNNSs575 -16.5 -29.0 

Literature [265] 11.7 11.7 

 

It was noticed that VB and VN have different Evac in all the supercells, which clearly 

describes their state of stability as shown in Table 4.5 for h-BN144 (see appendix 2: 

Table 2-2 for the calculations of h-BN324 and h-BN576 supercells). Moreover, the 

calculations show that the VN has the lowest Evac value as compared to VB, which 
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describes VN as more stable than VB, suggesting it to occur easily compared to VB 

type of defect.  

4.2.4 Structural integrity analysis of defected h-BNNSs 

In the earlier sections, we have outlined the structural behaviour of pristine mono-

layer h-BN by temperature variation of the system from 300 to 1000 K to analyse its 

mechanical properties. Table 4.7 shows the peak positions of first and second 

neighbour distances of VB and VN at 300 K for h-BNNSs143. For VB, the first and 

second nearest neighbour distances appear at 2.47 and 2.63 Å respectively. In the 

same manner, B-N first and second nearest neighbouring distances appear at 1.43 

and 2.22 Å, while the N-N first and second nearest neighbouring distances appear at 

2.45 and 2.68 Å. Looking at the nitrogen vacancy, VN, B-B interactions has 2.47 and 

2.70 Å, first and second nearest neighbour distances respectively. On the B-N 

interactions, the first and second nearest neighbour distances appear at 1.43 and 

2.27 Å respectively, while the N-N arrangement has 2.47 and 2.68 Å first and second 

nearest neighbour distances. Such a display is projected in Figure 4.8 for the h-

BNNSs143. These results were found to compare and concur well with the defect 

free counterpart.  
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Figure 4. 9: Radial Distribution Functions together with their corresponding structure 

factors of (a) and (b) VB for h-BNNSs143 supercell and (c) and (d) VN for h-

BNNSs143 supercells. 
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Table 4. 7: First and second nearest neighbouring distances (r1 and r2) and number 

of atoms (n1 and n2) of VB and VN for h-BNNSs143 supercell. 

Defect description Atomic bonds r1(Å) n1 r2(Å) n2 

 

VB 

B-B 2.47 1.10 2.63 0.23 

B-N 1.43 2.26 2.22 0.14 

N-N 2.45 1.61 2.68 0.16 

 

VN 

B-B 2.47 1.76 2.70 0.23 

B-N 1.43 2.53 2.27 0.11 

N-N 2.47 1.76 2.68 0.14 

 

 

Figure 4. 10: The visualisation of VB and VN represented by alternating B (brown 

balls) and N (blue balls) atoms respectively. (a) VB for 143 atoms, (b) VN for 143 

atoms supercells.  

(a) (b) 
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4.3 Conclusion  

The structural behaviour of defect free and defected mono-layer 2D h-BNNSs atomic 

supercells have been studied with help of Tersoff potentials at different 

temperatures. The calculated (      ) and S(k) results demonstrated the 

consistency of Tersoff potentials in explaining the interaction between B and N 

atoms within the BN system, together with how B-B, B-N, and N-N bonds arrange 

and distribute themselves around a given atom. The calculated diffusion coefficients 

for both B and N atoms, which were found to be increasing with an increase in the 

surface area, demonstrated the motion of atoms on the surface of the materials. 

Whilst the entropy which was as well found to be increasing with surface area 

outlined the arrangements of atoms within the surface of the nanosheets with an 

increase in the surface area. The coefficients of thermal expansion through the h-

BNNSs demonstrate complex behaviour as the supercell surface area increases. At 

larger surface areas, more coefficients of thermal expansion, which include both 

positive and negative values, are experienced. This idea is associated with the 

nanosheets bending and wrinkles as suggested by the experiments. VN point defect 

was found to be more stable and to occur easily than the VB point defect due to its 

less Evac. Lastly, the results of defect free and defected nanosheets were found to 

compare and concur well with each other.  
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Chapter 5 

Experimental studies on h-BN nanosheets 

5.1 Introduction 

The synthesis of BN was first initiated in 1842 by the reaction between boric acid and 

potassium cyanide as the B and N precursors [160], as h-BN cannot occur 

spontaneously. The structure and properties of h-BN depends on the synthesis 

method. Various techniques and synthetic conditions have been applied, to 

experimentally synthesise h-BN from a variety of B and N precursors [306, 307]. In 

this section, the analysis of the as-synthesised h-BN through CVD approach is 

reported at three various temperatures of 800, 900 and 1000 °C with the aim of 

identifying the effects of temperature on the synthesis of the nanosheets.  

5.2 Results and Discussion  

5.2.1 XRD analysis 

The X-Ray Powder Diffraction (XRD) is typically known to be the most common 

method used to analyse the phase purity and structural properties of the layered 

materials [308]. Figure 5.1 displays the regular XRD pattern of h-BNNSs for h-

BN800°C, h-BN900°C and h-BN1000°C. The pattern attest to the fact that h-BN 

powders crystallise into a pattern of nanosheets which describe 2D hexagonal 

honeycomb. The pattern is presented by the most intense known peaks at 2θ = 

26.02°, 25.97°, 26.06° with an interlayer d-spacing (d002) of 0.342 (h-BN800°C), 

0.343 (h-BN900°C) and 0.342 (h-BN1000°C) nm (estimated according to Bragg‘s 

law) corresponding to (002) diffraction plane of the hexagonal phase of BN crystal. 

The classical MD simulation results displayed in Figure 4.2 and Table 4.3 in sub-
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section 4.2.1 confirm the dimensions of the h-BN nanosheets measured through this 

XRD. The second peaks appear at 2θ = 45.03°, 44.68°, 44.63°, corresponding to 

(101) diffraction plane of the hexagonal BN crystal phase with no impurities detected.  

Such findings suggest a polycrystalline structure in nature. 
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The nanosheets were found to display the corresponding lattice parameters of a = b 

= 2.515 Å and c = 6.700 Å belonging to the space group of P63mc (180) for all the 

samples of h-BN800°C, h-BN900°C and h-BN1000°C, and all these parameters 

were found to be in good agreement with theoretically reported values [270-273]. 

The amorphous phase of BN crystal is formed when heating boric acid and urea at 

600 °C, however, further increase of the reaction temperature leads to the formation 

of h-BN [270]. Ammonium polyborate is formed as well, as a result of heating the 

Figure 5. 1: X-ray diffraction pattern of 2D h-BNNSs at three different 
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mixture in a temperature range of 250 ‒ 300 °C, while another part of urea reacts 

with water to form ammonia. 

Table 5. 1: XRD extracted lattice parameters and calculated d-spacing and 

crystalline sizes for h-BN800°C, h-BN900°C and h-BN1000°C respectively. 

Sample names Lattice parameters 

(Å) 

d-spacing (Å) Crystalline sizes 

(Å) 

h-BN800°C a = b =2.515  

c = 6.700 

3.420 46.00 

h-BN900°C a = b =2.515  

c = 6.700 

3.430 46.00 

h-BN1000°C a = b =2.515  

c = 6.700 

3.420 46.00 

 

Lastly, ammonium polyborates react with ammonia to form a-BN [270] by heating in 

a temperature range of 500 ‒ 600 °C in accordance to the equations: 

4.H3BO3 + CO.(NH2)2 → (NH4)2B4O7 + CO + 4H2O   5.1 

CO.(NH2)2 + H2O → 2NH3 + CO2     5.2 

(NH4)2B4O7 + NH3 → 4 a-BN + 7H2O    5.3 

A similar methodological procedure is followed in the current study. However, in this 

study the mixtures were heated for 3 hours at three different temperatures (800, 900 
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and 1000 °C) under N2 gas atmosphere. In that way, h-BN is fabricated under high 

vacuum system to avoid the chances of impurities in the nanosheets. It has been 

observed that at a temperature of 800 °C/ 3 hours under N2 atmosphere, the material 

experiences some phase changes from amorphous phase. The graph at this 

temperature shows a BN crystal which is not fully crystallised as observed in the 

XRD pattern of h-BN800°C in Figure 5.1. As such, the temperature was further 

increased to 900 and 1000 °C for 3 hours to enhance the crystallinity of the 

nanosheets. The hexagonal phase of BN nanosheets were fully synthesised with 

high crystallinity at a minimum temperature of 900 °C and a maximum temperature 

of 1000 °C as displayed in the XRD pattern of h-BN900°C and h-BN1000°C in Figure 

5.1. On comparison, the thickness of (002) peak phase has been mostly used for the 

investigation of single or fewer layered graphene [309]. Therefore, the crystal size of 

the h-BNNSs for all the three samples was determined by Debye-Scherrer equation: 

   
  

     
        5.1 

where D is the crystallise size, K is the constant (K = 0.9), λ is the wavelength of the 

X-ray, β is the full width at half maximum (FWHM) in radians and θ is the Bragg‘s 

angle in radians. The broadness of the diffraction peak suggests the nanoscale 

crystal size of h-BNNS for (h-BN800°C, h-BN900°C and h-BN1000°C) to be 4.6 nm 

(46 Å) which is consistent with the previously reported values [270]. The consistency 

in the crystalline size, it is what has been expected, since it is a known fact that, the 

larger or the increase in the crystalline size will affect the surface area of the 

materials, which will in-turn lower the gas sensing properties of the nanosheets.  
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5.2.2 FTIR analysis  

The Fourier Transform Infrared Spectroscopy (FTIR), shown in Figure 5.2 was 

employed to survey the types of chemical bonds formed by the obtained h-BN800°C, 

h-BN900°C and h-BN1000°C samples. In the spectra, there are two strong peaks 

observed in relation to the chemical bonding of the h-BNNSs. The first peaks appear 

at 748, 764 and 764 cm-1 for h-BN800°C, h-BN900°C and h-BN1000°C samples 

respectively, attributed to the B-N out-of-plane bending vibrations. The second peaks 

which appear at 1360, 1366 and 1365 cm-1 for h-BN800°C, h-BN900°C and h-

BN1000°C samples respectively, are associated with the in-plane B-N-B stretching 

vibrations of the sp2 bonded BN which verifies the formation of planar h-BN. The 

appearance of the other peaks is observed at 3375, 3487 and 3481 cm-1 for h-

BN800°C, h-BN900°C and h-BN1000°C samples which are assigned to the hydroxyl 

group (-O-H) vibrations emerging from the releasement of the H2O from the h-BN 

formation. The other broad absorption peaks appearing at 3198, 3210 and 3179 cm-1 

for all the three samples (h-BN800°C, h-BN900°C and h-BN1000°C) are due to the 

imbrication of N-H (nitrile) stretching vibrations and -O-H vibrations, and are as a 

result of the moisture absorbed on the surface of the sample, after the ultra-

sonication process.  Lastly, another peak appearing at 1665 cm-1 in the h-BN800°C 

sample was observed, which is also attributed to the stretching and bending 

vibrations of the -O-H group. All these findings are consistent with the previously 

reported data [270, 310]. 
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The appearance of the other small peaks of the h-BN800°C sample, at 1125 and 

1021 cm-1 are attributed to the disordering of the amorphous phase that is still 

covering the entire surface of the material, as it is known that the amorphous phase 

of BN is the disordered h-BN.  Additionally, the peaks (at lower wavenumbers) are 

further associated with the phase change of the material because the BN material 

did not completely transform from the amorphous into the hexagonal phase of BN at 

800 °C and is complemented by the XRD findings. In the case of sample h-BN900°C 

there is only a single observed small peak appearing at 1174 cm-1, which is indexed 

to the presence of various exterior bonds consisting of B and/or N or they might be 

due to the presence of the dislocations or defects [310], however with low 

concentration. These types of exterior bonds which involve B and/or N or 

dislocations or defects, are also observed with high concentrations in h-BN1000°C 

Figure 5. 2: FTIR spectroscopy of h-BNNSs at three different temperatures.  
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samples, associated with the peaks appearing at 1163 and 919 cm-1. The B and/or N 

exterior bonds or defects may suggest that the dislocations concentration or the 

presence of the defects increases with increasing temperature, which enhances the 

electronic properties of the nanosheets and ultimately results in the enhancement of 

the sensing properties of the nanosheets. 

5.2.3 UV-vis spectroscopy analysis 

The optical properties of h-BNNSs together with their corresponding energy band 

gaps were examined by means of Ultra Violet-visible (UV-vis) spectroscopy as 

shown in Figure 5.3. The spectroscopy was employed in all the samples as obtained 

in three specified temperatures. It is theoretically and experimentally known that 2D 

h-BN does not absorb in the visible range, however, has an absorption spectroscopy 

in the ultraviolet region and a great photoluminescence property with the absorption 

peaks ranging from 209 ‒ 365 nm. The corresponding band gap energy ranging from 

3.6 ‒ 7.1 eV was disclosed from the experiments of h-BN with different structures 

[311]. The electronic state of a material can be reflected by its optical properties 

[311], which are regularly used to calculate the band gaps of semiconductors. The 

calculated direct band gap energies of 2D h-BN obtained at 800, 900 and 1000 °C, 

and were respectively found to be 4.79, 4.55 and 4.70 eV. The band gap energies 

correspond to the optical absorption shoulders of 239, 243 and 241 nm with the 

strong excitation peaks in the ultraviolet region, because h-BN is known to be 

transparent in the infrared and visible light regions. It is observed that from 900 to 

1000 °C the band gap increased, this result might be due to the combination of high 

defects concentration together with the presence of –OH and N-H groups in the 

material as justified by the FTIR findings. The latest reported band gaps were 
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disclosed to be ~5.5 eV [312], which shows that in this study the band gap energy, 

has decreased with an average percentage difference of 16%. 
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 The reduction in band gaps are due to the presence of the dislocations/defects or 

Figure 5. 3: UV-vis spectroscopy of h-BNNSs and optical band gap determination at 

three different temperatures of (a) and (b) 800 °C, (c) and (d) 900 °C and (e) and (f) 

1000 °C. 
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the bonds containing B and/or N atoms (which some of them are related to the Stone 

Wales types of defects), that were found to be increasing with an increase in 

temperature. The rise in the dislocations were due the cooling of the system from a 

very high to room temperature at a high rate. Furthermore, the introduction of the 

defects in our studies was one of the important aspects that really needed to be 

taken into consideration, as they assist in the reduction of the optical band gaps 

[313-317], which in turn enhances the sensing properties of the nanosheets, as the 

major objective of the current study.  

5.2.4 DLS analysis 

Dynamic Light Scattering (DLS) was employed to examine the stability on surface 

charge of slipping planes of the nanosheets by determining the size distribution 

profile of the small particles, known to be affected by the presence of the polymer 

and the surfactant [318]. The charge is expressed by the specific value of the 

electro-kinetic zeta potential. Just like with other characterisation methods, the 

samples synthesised at three different temperatures of 800, 900 and 1000 °C were 

examined for noted records as illustrated in Table 5.1 and Figure 5.4.  

As it is observed on the table of results, both the size distribution of a particle and 

zeta potential tend to factually increase with temperature. Hence, it is important to 

examine both the parameters that have to do with surface charge stability, as one 

parameter value is not a reliable indicator. The factual increase in the particle size 

helps to fully absorb the surfactants molecules on the particle surface, which in-turn 

repel each other, causing long-term dispersion, which enhances the surface stability. 

On the other hand, the factual increase in the electro-kinetic zeta potential was found 

to optimally maintain the stability of the attractive and the repulsive force of the 
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surfactants on the surface of the particles. This ability is governed by the average 

zeta potential falling within the range of optimum threshold limiting value of (±30 mV) 

for all the samples obtained at 800, 900 and 1000 °C as illustrated in Figure 5.4. 

Table 5. 2: Illustrations of the size distribution of a particle and the electro-kinetic 

zeta potential for three different records together with their corresponding average 

values for samples of h-BNNSs obtained at three different temperatures of 800, 900 

and 1000 °C respectively.  

 Size distribution (d.nm) Zeta potential (mV) 

h-BNNSs Record 1 Record 2 Record 3 Average Record 1 Record 2 Record 3 Average 

800 °C 2.431e4 0.000 2.277e4 1.6e4 -32.4 -26.4 -27.4 -28.7 

900 °C 4659 1.093e4 7783 7.8e3 -18.3 -9.71 -15.0 -14.3 

1000 °C 5798 5485 6527 5.9e3 -26.1 -24.2 -24.8 -25.0 

 

The colloidal dispersion of the particles is known to be theoretically governed by the 

Diastolic Left Ventricular Overloading (DLVO) theory, which works on the balance of 

the repulsive and attractive forces among the particles [319]. Therefore, both the size 

distribution of a particle and the electro-kinetic zeta potential, where found to be all 

consistent with the postulates of the theory, which in-turn enhances the stability on 

surface charge of the slipping planes of the nanosheets for all the samples. 

Furthermore, the obtained results were all verified to be in good agreement with the 

theoretically reported values [318].  
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Figure 5. 4: The illustration of particle size distribution and electro-kinetic zeta 

potential for three different records of (a) and (d) 800 °C, (b) and (e) 900 °C and (c) 

and (f) 1000 °C respectively. 

(d) 
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5.2.5 HR-TEM analysis  

High-Resolution Transmission Electron Microscopy (HR-TEM) was utilised to study 

the crystal structures, specimen orientations and chemical compositions of phases of 

h-BNNSs samples fired at 800, 900 and 1000 °C under N2 as shown in Figure 5.5, 

5.6 and 5.7 respectively. The figures verify the nanoscale of the fabricated BN 

samples and the formation of the nanosheets with a stack of several layers indicated 

by the lattice fringes. It can be observed in Figure 5.5(a) that at 800 °C, the material 

is still covered with ash like amorphous phase of BN crystal as confirmed by the 

above instrumental analysis, which indicates the phase change process of the 

nanosheets. In Figure 5.5(b) and (c), the straight lines and circular shape like 

spheres at 100 and 50 nm magnification represent the existence of the lattice 

fringes, and by further increasing the magnification to 20 nm, the lattice fringes start 

to be fully visible. That is regarded as an indication of a stack of several layers 

estimated to range between 8 ‒ 14 layers (see Figure 5.5(d)). In Figure 5.5(d), the 

lattice fringes are not fully visible at a lower magnification, because of the ash like 

amorphous phase of BN that is still covering the entire surface of the nanosheets. 

However, the existence of the layers through fringes allows their visualisation at high 

magnification of 20 nm. In Figure 5.6 and 5.7 (a and b images) the morphology 

depicts a stack of very fine nanocrystals, self-organised and agglomerated sheets 

forming a mini stack of several layers, which seem to be sitting well parallel to each 

other, however been wrinkled at the edges. The slight holes indicate the existence of 

the dislocations/defects of the bonds containing B and/or N atoms, which are in good 

agreement with other reported instrumental findings [320].   
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Figure 5. 5: TEM nano-graphs of h-BNNSs fabricated at 800 °C (a) 200 nm 

magnification of h-BNNSs, (b) 100 nm magnification of h-BNNSs and (c) and (d) 50 

and 20 nm magnification for the visualisation of the lattice fringes of h-BNNSs 

respectively. 

Additionally, there is a decline in the number of layers indicated by the decrease in 

the lattice fringes with an increase in temperature for the samples fabricated at 900 

and 1000 °C. The number of layers are estimated to range between 3 and 5 layers 

(see Figure 5.6(d) and 5.7(d)). The decrease in number of lattice fringes play a very 

important role in increasing the surface area of the material, since the surface area 

of h-BN is known to increase with a decrease in the number of layers [320].  
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Figure 5. 6: TEM nano-graphs of h-BNNSs fabricated at 900 °C (a) 100 nm 

magnification of h-BNNSs, (b) 100 nm magnification of h-BNNSs at a different angle 

and (c) and (d) 50 and 20 nm magnification for the visualisation of the lattice fringes 

of h-BNNSs respectively. 
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Figure 5. 7: TEM nano-graphs of h-BNNSs fabricated at 1000 °C (a) 100 nm 

magnification of h-BNNSs, (b) 100 nm magnification of h-BNNSs at a different angle 

and (c) and (d) 50 and 20 nm magnification for the visualisation of the lattice fringes 

of h-BNNSs respectively. 

In Figures 5.6 and 5.7 the materials have completely transformed into the hexagonal 

phase of BN, confirmed by the full visibility of the lattice fringes at a lower 
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magnification of 50 nm for the samples fired at 900 and 1000 °C and well self-

organised nanosheets. Furthermore, the high visibility and clear parallel lattice 

fringes at lower magnification observed through HR-TEM verifies the high crystalline 

nature of the samples [307]. Moreover, the spacing of the 2D lattice fringes was 

measured to be (0.38 nm) of the obtained nano-BN powders, which correspond to 

the (002) hexagonal phase of BN with a P63mc (180) space group. These results 

are totally in good agreement with the XRD patterns of the h-BNNSs for all the 

samples, together with the results reported in literature [307]. 

5.2.6 EDS analysis 

Chemical analysis of the atoms present in the h-BNNSs was conducted through 

Energy Dispersion Spectroscopy (EDS) shown in Figure 5.8 and, three elements 

present in the material are depicted. The elements are boron (B), nitrogen (N) and 

oxygen (O) with an elemental composition of 42.0% of N, 41.3% of B, which forms 

the inner part of the material. The 16.7% of O, is mostly on the surface of the 

material. 
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Figure 5. 8: EDS sketch for the elemental analysis of h-BNNSs for all the samples.  

The elemental compositions of B and N atoms, which are almost the same, clearly 

shows that there is adequately equal stoichiometric ratio of the two atoms within the 

material. In addition, the peak that is associated with the O atom might be attributed 

to the substrates used or may be due to the samples not being fully dehydrated 

before the deposition can take place as stated in the methodology. Because we 

cannot expect O by cross contamination during the deposition process, as the 

synthesis was carried out under high vacuum. Moreover, BN compound deposition 

process is known to be very stable with respect to oxidation [272]. Therefore, it is 

clear that the existence of O on the surface of the material is from the surface of the 

quarts substrates or from the incomplete dehydration of the material. These finding 

were also verified to be in good agreement with the results reported by Sajjad and 

Feng [272].  
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5.2.7 RS analysis 

The examination of the crystal quality of the h-BNNSs synthesised at three different 

temperatures of 800, 900 and 1000 °C were done through Raman Spectroscopy 

(RS).  The Raman signal of h-BN is theoretically known to be extremely weak, and 

only the E2g modes are Raman active which are comparable to the G-peak in 

graphene [321]. There are two detectable frequency vibrational peaks in proportion 

to the E2g mode, the one with low frequency centred at 52.5 cm-1 and a high 

frequency peak centred at 1366 cm-1 [322] and, additionally the higher frequency 

mode of BN is also known to exhibits a vibrational mode in a range of 1364 ‒ 1371 

cm-1, which its peak intensity is dependent on the number of layers [321, 323]. 

Theoretically it is known that the lower frequency mode peak is hardly detectible, 

which is associated with the interlayer vibrations, while the usually detectable high 

frequency mode is known to be associated to the in-plane vibrations where B and N 

atoms vibrate in opposite directions. The signal for the high frequency mode is 

roughly 50 times stronger than the lower frequency one [322, 324]. However, in this 

study, low and high frequency modes were detected with the help of Horiba Scientific 

Raman Spectroscopy (HSRS) using visible light operating with an excitation 

wavelength of 532 nm, where the lower frequency modes E1g appeared to have red-

shifted and centred at 144, 105 and 114 cm-1 for samples at h-BN800°C, h-BN900°C 

and h-BN1000°C which are associated with the interlayer vibrations as depicted in 

Figure 5.9. The E2g higher frequency mode appears to have red-shifted as well and 

appears at 1375 cm-1, slightly out of the theoretically specified range for h-BN800°C 

sample, which might be due to the specified phase change (see HR-TEM, XRD 

results). In the case of both h-BN900°C and h-BN1000°C samples the E2g mode 

appeared at 1371 cm-1, which fell within the range reported in literature [322, 324].  



99 
 
 

Furthermore, the peak intensity of the E2g vibrational mode is known to increase with 

an increase in the number of layers and vice versa, which can in turn be used to 

estimate the number of layers. Therefore, as depicted in Figure 5.9, it is observed 

that the peak intensity of the E2g mode decreases with an increase in temperature, 

which in turn suggests that the number of h-BN layers decreases with an increase in 

temperature, as also suggested by the examination of the specimen orientation 

through HR-TEM.  The other detected frequency modes are, D-peak that appeared 

at 1556, 1553 and 1556 cm-1 symbolising the defects or disorder on the hexagonal 

sheet and 2D mode that appeared at 2330, 2330 and 2328 cm-1 attributed to the 

stacking of the hexagonal sheets for samples h-BN800°C, h-BN900°C and h-

BN1000°C. Furthermore, as the temperature was increased from 800 to 900 and 

1000 °C, the E2g mode blue-shifted 4 cm-1 from 1375 cm-1 to 1371 cm-1 suggesting 

the full transformation of amorphous to hexagonal phase of BN crystal. 
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In addition, the peak intensity of the 2D for h-BNNSs was factually decreasing with 

an increase in temperature, where from 800 to 900 °C was relatively less, signifying 

the decrease in the dislocations or defects concentration. However, from 900 to 1000 

°C the 2D peak intensity relatively increased, which signifies an increase in the 

defects or dislocation concentration of the bonds containing B or N atoms, as 

suggested by the FTIR findings. Moreover, the intensity ratios of the I2D and IE2g 

(I2D/IE2g) for all the materials fabricated at 800, 900 and 1000 °C increased from 0.35 

to 0.54 for h-BN800°C to h-BN900°C. This findings further confirms the decrease in 

number of layers of the h-BNNSs, where from 900 to 1000 °C the ratio slightly 

decreased from 0.54 to 0.49. This is an indication of a slight increase in the number 

of layers, which might be due to the influence of the defects bonds, recombining the 

sheets again as a result of the dislocations of the bonds containing B or N atoms. 

Figure 5. 9: Raman spectroscopy analysis for h-BNNSs at three different 
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Another point to note, on the materials fabricated at 900 and 1000 °C there are 

Raman detected peaks that are not usually observed as disclosed in literature, which 

appears as 236 and 1058 cm-1 for h-BN900°C material and 1166 and 1079 cm-1 for 

h-BN1000°C material, which might be attributed to the attachment of the (-O-H) and 

(N-H) on the surface of the materials after ultra-sonication process. Finally, the 

Raman findings suggest that h-BN800°C material has bulk sheets of h-BN with the 

layers ranging from 8 ‒ 14, where for the materials h-BN900°C and h-BN1000°C, the 

sheets number ranges from 3 ‒ 5 layers which are as well complemented by the HR-

TEM results.  

5.2.8 BET analysis 

Brunauer-Emmett-Teller (BET) analysis is one of the most used tools for examining 

the surface properties of the material and was used in the study to examine the 

surface area of h-BNNSs. Figure 5.10 depicts the nitrogen adsorption-desorption 

isotherms of h-BN800°C, h-BN900°C and h-BN1000°C respectively. As shown in 

Figure 5.10, the adsorption-desorption isotherms of the aforementioned materials 

according to the International Union of Pure and Applied Chemistry (IUPAC) 

classification, the nanosheets belong to the type-IV isotherms, which guarantee their 

mesoporous structure [325], as portrayed by the hysteresis loop from 0.8 ‒ 1.0 

(P/P0).  The surface area of the nanosheets were found to factually increase with 

temperature (see Table 5.2). However, in all the samples the surface area was 

observed to be very small in comparison to what has been disclosed by 

Shahabuddin et al. [326]. These might be due to the different methodological 

procedures adopted in our studies. h-BN800°C has higher surface area as compared 

to h-BN900°C and h-BN1000°C; the higher surface area might be due to the different 
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morphologies/phases present in the sample, which relatively increases the porosity 

of the material that led to the high surface area of the nanocomposites. 

0,0 0,2 0,4 0,6 0,8 1,0

V
o

lu
m

e
 A

b
s
o

rb
e

d
 (

c
m

3
/g

)S
T

P

Relative Pressure (p/p°)

 h-BN800
o
C

 h-BN900
o
C

 h-BN1000
o
C

 

 

 

Figure 5. 10: Nitrogen adsorption-desorption isotherms (BET) of h-BN800°C, h-

BN900°C and h-BN1000°C respectively.  

Table 5. 3: BET specific surface area 

Sample BET surface area (m2/g) 

h-BN800°C 1.23 

h-BN900°C 0.50 

h-BN1000°C 1.14 
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The specific surface area of the h-BNNSs are presented in Table 5.2. As evident 

from the obtained BET results, the surface area of the nanocomposites were 

observed to decrease from 800 to 900 °C. The decrease in the surface area upon 

increasing the temperature might be due to the agglomeration and wrinkledness of 

the nanosheets at higher temperature. While the slight increase in the surface area 

from 900 to 1000 °C was also observed, which is as a result of the increase in the 

disordering of the bonds containing B and/or N atoms. Thus, the surface examination 

of the nanocomposites outlined the surface area of the nanosheets, which is an 

important aspect for every practical sensor. 

5.3 Conclusion  

The effects of temperature on the synthesis of the nanosheets was well studied by 

means of CVD technique. The results attests that the h-BNNSs were successfully 

synthesised at 800, 900 and 1000 °C. At 800 °C, the material was found to contain 

different phases. The RS and HR-TEM confirms the agglomeration of the 

nanosheets with the reduction of layer number with temperature elevation. Moreover, 

the nanosheets were found to consist of various defects, which were observed to 

elevate with synthetic temperature. The calculated direct energy band gap confirmed 

the remarkable semiconducting properties of the nanosheets. BET results confirmed 

h-BN800°C to have larger surface area in comparison to h-BN900°C and h-

BN1000°C.  
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Chapter 6 

Gas Sensing studies on h-BN nanosheets 

6.1 Introduction 

Ultra-thin 2D nanomaterials have attracted a huge scientific interest in the field of 

gas sensing due to their delightful properties such as better surface area, high 

electron mobility, stable atomic layer, low costs, easy to use and portability [58, 328, 

329]. The successful implementation of ultra-thin nanomaterials such as graphene 

and molybdenum disulphide (MoS2) have brought much interest to 2D h-BNNSs as a 

semiconductor-based gas sensor, due to its acceptable practical applications. 2D h-

BNNSs is a wide band gap semiconducting based gas sensor, which is known to be 

physically and thermally stable in air up to 1500 °C and chemically inert [141, 327]. 

Therefore, due to its remarkable properties, it became one of the most appealing 

semiconductor materials within a variety of ultra-thin nanomaterials for producing gas 

sensors and shows ability for toxic gas detection [42]. Due to its remarkable ultra-thin 

properties, the nanosheets allows the total exposure of all its atoms to the adsorbing 

gas molecules, which increases the sensitivity of sensors.  This allows the detection 

of gases at both low and high gas concentrations (ppm) at various operating 

temperatures. The nanosheets are ideal candidates for monitoring a fragment 

amount of toxic gases such as CO and H2S for better human breathe, environmental 

monitoring in areas where toxic gases begin to threaten livelihood both indoors and 

outdoors. This chapter accounts on the gas sensing performance of the as-
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synthesised 2D h-BNNSs (h-BN800, h-BN900 and h-BN1000) towards H2S and CO 

gases at various gas concentrations (ppm) with temperature elevation.  

6.2 Fabrication of sensors and sensing measurements 

To prepare the sensor device, the alumina intergidited electrodes (2 mm x 2 mm) 

with one side having Pt-electrode and one side having micro-heater were used for 

gas sensing measurements. The h-BNNSs samples were dispersed in ethanol to 

form a paste and dropped uniformly onto the Pt-electrodes of alumina substrate. The 

impregnated substrate was then heated at 80 °C for 1 hour to remove the solvent 

and for adhesion of the paste. The gas sensing measurements were conducted 

using a gas sensing station KSGAS6S (KENOSISTEC, Italy). The measurements 

were tested at 50, 100, 150, 200 and 250 °C by the voltage change on the sensing 

carbon monoxide (CO) and hydrogen sulphide (H2S) gases in the surroundings.  

Synthetic air with a constant flow rate of 0.5 l/min was used as carrier gas. The 

changes in electrical conductivity of nanomaterials subsequent to exposure to gas 

was used for determination of the gas response as:  

                                  
     

  
 6.1 

Where Ra and Rg characterise the conductance of nanomaterials in the air and upon 

exposure to gas. Response and recovery time were chosen as time required for 

reaching 90% of maximum response subsequent to exposure of nanomaterials to a 

gas, and time required for regaining 90% of the original conductance in the air 

respectively.  
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6.3 Evaluation of the gas sensing performance of h-BNNSs towards H2S and 

CO gases 

6.3.1 Response and recovery properties 

The gas sensing performance of the nanosheets fabricated at 800, 900 and 1000 °C 

was examined for CO and H2S at the operating temperatures ranging from 50, 100, 

150, 200 and 250 °C as depicted in Figure 6.1. The sensing properties of pure h-

BNNSs were tested on the concentrations of 5 to 100 ppm of CO and H2S gas, and 

the temperature was varied in order to settle an optimum operating temperature with 

a maximum response. 2D h-BNNSs as a p-type semiconductor-based gas sensor 

shows remarkable gas sensing properties when exposed to H2S as a reducing gas 

[330-332]. When the p-type semiconductor materials is exposed to a reducing gas 

the resistivity increases due to the electron transfer into the conduction band, while 

for an n-type the opposite takes place. As can be seen from Figure 6.1 (a-e), the h-

BN800 sensor towards H2S showed a maximum response in all the temperatures. 

The high H2S response of h-BN800 sensor could be attributed to higher surface 

area, the small grain size, the presence of various phases in the sample, which 

facilitate porous structure and stabilise the sensor and high defect/disordering 

concentration, which increases the sensitivity of sensors. It has been reported that 

the surface area can positively influence the sensitivity of the sensor [21, 36, 37]. h-

BN800 showed an optimum gas response of 1.56, 2.20, 2.40 and 3.20 for gas 

concentrations of 40, 60, 80 and 100 ppm respectively at an operating temperature 

of 250 °C. Overall, h-BN800 was found to exhibit great sensitivity and response to 

H2S gas better than h-BN900 and h-BN1000. Most importantly, it can be seen that all 
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the fabricated sensors in this study respond very well at low gas concentrations of 5 

ppm, this is a good attribute that is required for environmental sensor applications.  
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Figure 6. 1: The gas-sensing plots of: Dynamic response curves of h-BNNSs sensor 

against H2S gas concentrations at (a) 50, (b) 100, (c) 150, and (d) 200 °C; Also, (e) is 

the response and recovery of the nanosheets over a broad spectrum of H2S gas 

concentration at 250 °C. 



108 
 
 

 

 

   

Additionally, the maximum response was observed at 250 °C (see Figure 6.2) in all 

samples with the response values of 150, 100, 85, 67 and 64 for 50, 100, 150, 200 

and 250 °C, respectively at 40 ppm H2S concentration. This indicates an increase in 

sensor response with the increase in operating temperature. The increase in 

response with increase in operating temperature may be attributed to strong 

adsorption, high diffusion depth of the atoms at high temperatures and tuneable 

band gaps that enhances the electronic properties of the sensors. Furthermore, the 

sensitivity of the nanosheets were found to decrease with an increase in the 

synthetic temperature. This is due to the decrease in the surface area of the 

nanosheets with an increase in the synthetic temperature as expressed by the BET 

results. Hence, h-BN800 was able to exhibit better sensitivity and response towards 

H2S as compared to h-BN900 and h-BN1000, simply because of higher surface area 

over the other two sensors. Moreover, the current findings attests that all the 

fabricated sensors in this work portrays an acceptable sensitivity and response at 

both low and high H2S gas concentrations, which is a good attribution for practical 

sensors.  
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Figure 6. 2: Responses of nanosheets fabricated at 800, 900 and 1000 °C exposed 

to H2S gas of 40 ppm concentration at different operating temperatures. 

6.3.2 Sensitivity study on CO 

The response behaviour of the h-BNNSs fabricated at 800, 900 and 1000 °C and 

later exposed on varying CO gas concentrations (in ppm) with increasing 

temperature are displayed in Figure 6.3.  The results suggests that h-BN800, h-

BN900 and h-BN1000 sheets behave absolutely alike when subjected to CO gas. 

However, the response time of the sensors was observed to increase even with a 

small amount of CO gas at elevated temperature, which is not convincing to resolve 

the h-BNNSs as good sensors towards CO gas. h-BNNSs were particularly found to 

be less sensitive towards CO within the specified temperature range of 50 ‒ 250 °C, 

as compared to the H2S gas. It can be agreed that the h-BNNSs sensors are good in 

the detection of H2S gas. 
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Figure 6. 3: Dynamic H2S sensing response/recovery curves at various gas 

concentration for (a) 50 °C, (b) 100 °C, (c) 150 °C, (d) 200 °C, (e) 250 °C. 
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6.3.3 Response and recovery times 

The response and recovery time of ultra-thin semiconductors-based gas sensor are 

another important factor in gas sensing analysis. Which is why the response and 

recovery times were investigated in this study as depicted in Figure 6.4. Table 6.1 

also shows the response and recovery times of the fabricated sensors when 

exposed to H2S gas of 40 ppm concentration at 250 °C temperature. The response 

time is normally described as the time taken by the sensor to reach 90% of 

equilibrium after the introduction of the gas of interest, while the recovery time is the 

time taken by the sensor to reach 90% of its original resistance in the absence of a 

gas. As displayed in Table 6.1, h-BN900 shows a fast response and short recovery 

time towards H2S gas as compared to h-BN800 and h-BN1000. The response and 

recovery attributions of the as-synthesised h-BNNSs at various temperatures are 

depicted in Figure 6.4 at a gas concentration of 40 ppm and an operating 

temperature of 250 °C. The h-BNNSs as the semiconductor-based gas sensors 

showed a quick and acceptable response and recovery time towards H2S gas.  

Thus, as per the results expressed in the Figure 6.4, all the nanocomposites were 

found to exhibits good response, recovery, and reproducibility characteristics 

towards 40 ppm H2S gas at 250 °C temperature.  
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Table 6. 1: Response and recovery times of pure 2D h-BNNSs evaluated as 40 ppm 

H2S gas concentration.  

Samples H2S gas at 40ppm 

Response time (s) Recovery time (s) 

h-BN800 97 100 

h-BN900 67 75 

h-BN1000 138 89 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 6. 4: Dynamic H2S sensing resistance vs time curves at (a) h-BN800 towards 

40ppm H2S gas at 250°C, (b) h-BN900 towards 40ppm H2S gas at 250°C, (c) h-

BN1000 towards 40ppm H2S gas at 250°C. 
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6.3.4 Gas sensing mechanism 

2D h-BNNSs as a semiconductor-based gas sensor, is a p-type semiconductor due 

to its property as a hole carrier. H2S is an electron donor gas, which is ionised when 

adsorbed on the surface of the nanosheets sensing thin films. Thus, bringing about a 

decrease in the concentration of the positive charge hole carriers on the surface of 

the nanosheets, which ultimately result in partial reduction in the devise conductance 

[333]. Therefore, the h-BN nanosheets were observed to change gradually from the 

conductive state to the insulating state, leading to an increase in resistance of the 

nanosheets. By setting, free the H2S molecules and protons through passing on the 

clean air in the gas chamber, the resistance of the h-BN nanosheets based sensors 

ultimately recovered to its normal state [334].  

6.4 Conclusion  

The effects of temperature on the sensing ability of the nanosheets on different gas 

concentrations of H2S and CO toxic gases was studied. The results attest that the 

nanosheets at 800 °C were found to fabricate with different BN crystal 

configurations, which might explain the enhanced sensing performance of the h-

BN800 sheets. It was also observed that the h-BN1000 nanosheets with uniform 

crystallinity have compromised yet acceptable sensitivity towards H2S compared to 

CO gas. To comprehend the findings, it was also observed that h-BN800 sheets 

demonstrated appreciable sensitivity and response towards 40 ppm of H2S at 250 °C 

temperature. Most importantly, the fabricated sensors were all found to respond very 

well at low concentrations of 5 ppm. In addition, h-BN900 sheets showed both 

response and recovery time at 40 ppm of H2S and 250 °C. 
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Chapter 7 

Summary and Conclusion 

The structural behaviour of 2D h-BNNSs/white graphene for 144, 324 and 576 atoms 

supercells together with their defected vacancy formation have been studied by 

means of classical molecular dynamics simulations. Throughout the calculations, the 

Tersoff potentials were utilised to explain the interactions between the B and N 

atoms. Calculated g(r) and S(k) outcomes demonstrated how the B-B, B-N and N-N 

first and second nearest neighbour distances are arranged in defect free, B and N 

vacancy h-BNNSs supercells. Structural properties predicted by the classical MD 

were confirmed by the XRD measurements. The diffusion coefficients with respect to 

both B and N atoms demonstrated the surface mobility of the atoms with an increase 

in the surface area. Furthermore, the calculated entropy changes of both defect free 

and defected supercells demonstrated the number of possible arrangements of the 

atoms within the surface of the materials, which was as well found to be increasing 

with an increase in the surface area. To add on that, structural 2D stability improved 

with enhanced surface area. The coefficients of linear thermal expansion 

demonstrate a complex scenario as the supercell surface area increases with 

temperature. At larger supercells multiple coefficients of expansion are noted, some 

of negative values. This observation is associated with the surface bending of 

nanosheets notable with the TEM measurements. These findings are further 

complemented by the visualisation of NVT and NPT ensembles at 1000 and 1200 K. 

Both the results of defect free and defected nanosheets, where all found to compare 

and agree well with each other.  In the same routine, the 2D h-BNNSs were 

synthesised using the wet chemical reaction synthesis, thereafter different analytical 
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instruments were utilised to examine the effect of temperature on the nanosheets. 

The outcomes of all the analytical studies attests that the nanosheets were fully 

synthesised at a minimum temperature of 800 °C and a maximum temperature of 

1000 °C. However, the nanosheets synthesised at 800 °C were found to be covered 

with ash-like amorphous phase of BN, which confirms that the material consists of 

different phases within the same material. The combination was further found to 

enhance the sensing performance of the nanosheets. As the temperature was 

further increased, the defects on the surface of the nanosheets were found to 

elevate with an increase in the synthetic temperature which in-turn enhanced the 

electronic properties of the materials. In addition, the stiffness of the nanosheets 

fabricated at 1000 °C was found to have reduced due to the absence of the layer-by-

layer interaction however with a small percentage. The Raman E2g frequency modes 

demonstrate the reduction in the number of layers with elevation of temperature, 

which was also complemented by the HR-TEM findings. The examination of the 

surface properties through BET, showed the nanosheets of h-BN800 portraying 

higher surface area over the h-BN900 and h-BN1000. Both the computational and 

experimental finding, were found to complement and concur well with each other, 

such a finding is observed through similarities in parameters calculated and other 

quantities. Additionally, the nanosheets were taken for gas sensing application in 

order to examine their performance towards H2S and CO gases at different operating 

temperatures. The sensors showed great response towards H2S as compared to 

CO. On the H2S gas sensing, h-BN800 sample showed great response compared to 

the other two samples (h-BN900 and h-BN1000). This was attributed to high surface 

area, small crystallite size, the presence of different phases in the sample. All this 

facilitate porous nature with high defect/disordering concentration towards increased 
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sensitivity of sensors. Furthermore, the sample fabricated at 900 °C (h-BN900) 

showed great response and recovery time towards H2S over the other two samples 

(h-BN800 and h-BN1000), which is due to the full crystallinity and high reduction of 

the band gap of the nanosheets. However, the response and recovery times of other 

two samples are of outmost practically acceptable for practical sustainable sensors. 

On comparison to other 2D planar sensors, h-BNNSs, a semiconductor-based gas 

sensor is convincing to demonstrate acceptable gas sensing performance, exhibiting 

cost effective standards and sustainable performance for global utility.  
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Appendix 1: Graphs 
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Figure 1- 1: Radial Distribution Functions together with their corresponding structure 

factors for (a) and (b) h-BNNSs324 supercell and (c) and (d) h-BNNSs576 

supercells. 

 



163 
 
 

16 18 20 22 24 26 28 30

-5,0

-4,9

-4,8

-4,7

-4,6

-4,5

29,6 29,8 30,0 30,2 30,4 30,6 30,8

-8,75

-8,74

-8,73

-8,72

-8,71

-8,70
E

n
e

rg
y
 (

x
1

0
3
)(

e
V

)

a-axis

(a)

 

 

a-axis

(b)

 

 

 

Figure 1- 2: Graphs of Energy vs a-axis of (a) h-BNNSs324 and (b) h-BNNSs576 

supercells. 
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Figure 1- 3: Mean Square Displacement graphs of (a) B for h-BNNSs324, (b) N for h-

BNNSs324, (c) B for h-BNNSs576 and (d) N for h-BNNSs576 supercells. 
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Figure 1- 4: Graphs of a-axis vs temperature for hBN324 (a) 300 ‒500 K, (b) 600 ‒

1000 K and hBN576 (c) 300 ‒ 500 K, (d) 800 ‒ 1200 K for determining the coefficient 

of thermal expansion under NPT hoover ensemble.  
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Figure 1- 5: Radial Distribution Functions together with their corresponding structure 

factors of (a) and (b) VB for h-BNNSs323 supercell and (c) and (d) VN for h-

BNNSs323 supercell. 
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Figure 1- 6: Radial Distribution Functions together with their corresponding structure 

factors of (a) and (b) VB or h-BNNSs575 supercell and (c) and (d) VN for h-

BNNSs575 supercell. 
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Appendix 2: Tables 

 

Table 2- 1: First and second nearest neighbouring distances (r1 and r2) and number 

of atoms (n1 and n2) for h-BNNSs324 and h-BNNSs576 supercells at 300 K. 

Supercells Atomic bonds r1(Å) n1 r2(Å) n2 

h-BNNSs324 B-B 2.51 1.73 2.69 0.34 

B-N 1.44 1.86 2.90 0.43 

N-N 2.51 1.55 2.69 0.45 

h-BNNSs576 B-B 2.51 2.45 2.66 0.64 

B-N 1.44 1.86 2.90 0.76 

N-N 2.51 2.15 2.72 0.50 
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Table 2- 2: Shows the total energy of a defected BN system, vacancy energy for the 

formation of a vacancy, volume and entropy of a system of VB and VN for h-

BNNSs323 and h-BNNSs575 supercells.  

Supercells B-vacancy N-vacancy Defect free 

 

 

h-BNNSs323 

Total energy (eV)                                     

Vacancy energy 

(eV) 

            

Volume (Å3)                                  

Entropy (eV. K-1)                              

 

 

 

h-BNNSs575 

Total energy (eV)                                     

Vacancy energy 

(eV) 

              

Volume (Å3)                                  

Entropy (eV. K-1)                                  
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Table 2- 3: First and second nearest neighbouring distances (r1 and r2) and number 

of atoms (n1 and n2) of VB and VN in h-BNNSs323 supercell. 

Defect description Atomic bonds r1(Å) n1 r2(Å) n2 

 

VB 

B-B 2.52 1.59 2.3 0.28 

B-N 1.44 2.33 2.90 0.51 

N-N 2.51 1.48 2.66 0.35 

 

VN 

 

B-B 2.51 1.64 2.66 0.36 

B-N 1.44 2.40 2.90 0.51 

N-N 2.51 1.55 2.69 0.42 
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Table 2- 4: First and second nearest neighbouring distances (r1 and r2) and number 

of atoms (n1 and n2) of VB and VN in h-BNNSs575 supercell. 

Defect description Atomic bonds r1(Å) n1 r2(Å) n2 

 

VB 

B-B 2.51 2.24 2.66 0.32 

B-N 1.44 2.96 2.90 0.54 

N-N 2.51 1.92 2.69 0.37 

 

VN 

B-B 2.51 1.95 2.75 0.28 

B-N 1.44 3.02 2.90 0.55 

N-N 2.51 1.75 2.75 0.34 
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Appendix 3: Visualisations 

Table 3- 1: The visualisation of the structural alignments represented by alternating 

B (brown balls) and N (blue balls) atoms for defect free nanosheets for all the 

supercells at three different temperatures of 300, 500 and 1000 K. 
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Figure 3- 1: The visualisation of VB and VN where brown and blue balls represent B 

and N atoms respectively. (a) defect free for 144 atoms, (b) VB for 143 atoms, (c) VN 

for 143 atoms, (d) defect free for 324 atoms, (e) VB for 323 atoms, (f) VN for 323 

atoms, (g) defect free for 576 atoms, (h) VB for 575 atoms and (i) VN for 575 atoms 

supercells. 
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