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ABSTRACT 

Recent years have seen a great deal of excitement in the study of the structural, electronic and 

magnetic behavior of two-dimensional (2D) materials. This has great promise for improved 

electronics, fascinating quantum technologies, and energy-efficient gadgets. In the current 

work, we have investigated the structural, electronic, and magnetic properties of bilayer h-BN 

and water adsorption on pristine h-BN bilayer supercell material using the density functional 

theory (DFT) method. We have examined the structural properties, and found that they are 

structurally stable materials. We have examined the band structure and density of states (DoS) 

calculations of h-BN, and water adsorbed h-BN materials. It is found that water adsorbed on 

pure h-BN is an n-type Schottky semiconducting material, and pristine h-BN is a broad 

bandgap p-type Schottky material. P-type insulating material becomes n-type semiconducting 

material when water molecules are adsorbed. Additionally, after looking the materials' magnetic 

properties through their DoS and partial density of states (PDoS) analysis. We found that h-BN, 

and water adsorbed h-BN have non-magnetic properties. Thus, they have been employed 

extensively in many different industries because of their bandgap energy and non-magnetic in 

nature. 

 

Keywords: Bandgap, DFT, Fermi-energy, Spin, Symmetry. 

 

1. INTRODUCTION 

The two-dimensional (2D) material, hexagonal 

Boron-Nitride (h-BN) is very similar in structure to 

graphene. Instead of carbon atoms, it contains 

Boron (B) and Nitrogen (N) atoms arranged in a 

hexagonal pattern. This arrangement gives it in-

plane trigonal   2
-bonding, just like graphene. 

Compared to graphene, h-BN has some distinct 

advantages. It possesses out-standing mechanical 

properties and thermal conductivity. Additionally, it 

is far more stable under high temperatures and 

harsh chemical conditions. These characteristics 

make h-BN a superior choice for creating 

composite materials, especially in hazardous 

environments [1-3]. Hexagonal-Boron Nitride (h-

BN) belongs to a group of III-V compounds. It’s 

essentially a combination of equal amounts of 

Boron and Nitrogen atoms. Its crystal structure and 

overall characteristics are quite similar to Carbon. 

Among III-V semiconductors, h-BN has the wide 

bandgap, which means, it is a good insulator. It has 

the ability to be altered through either p-type 

doping or n-type doping [4-5]. Single-layer 

hexagonal-Boron Nitride (h-BN) has unique 

properties due to its structure, including being 

piezo-electric (it may produce an electric charge 

under pressure). Remarkably, this feature is absent 

from the bulk form of hexagonal- Boron Nitride, 

which consists of stacked layers [6-7]. In h-BN 

material, there are Boron and Nitrogen atoms 

arranged in layers with a specific type of bonding 

network. The bond length between Boron and 

Nitrogen atoms (B-N) in material is found to be 

1.44 Ǻ, which is slightly longer than the bond 

length between Carbon atoms in graphene (C-C), 

which is 1.42 Ǻ [8]. There is an existence of weak 

van der Waals (vdWs) forces between the two 

layers of hexagonal-Boron Nitride (h-BN) [9-10]. 

The optical absorption characteristics can indicate 

the electronic state of the material, which is 

commonly employed for calculating a 

semiconductor’s bandgap. The available data 
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presents various experiments on h-BN with 

different structures, revealing a bandgap energy 

ranging from 3.6 eV to 7.1 eV [11]. Both the direct 

and indirect characteristics of the bandgap have 

been included within this range [12]. It possesses a 

large optical phonon mode, a wide bandgap (4.5 eV 

in LDA calculations and 6.0 eV in GW 

calculations), and lacks dangling bonds or electron 

traps on the surface, classifying it as a wide 

bandgap insulator [13]. Bulk h-BN has a thermal 

conductivity that can exceed 400 W/m-k at room 

temperature. Theoretically, mono-layer 2D h-BN is 

expected to have a greater thermal conductivity of 

more than 600 W/m-k [14]. Because of its greater 

thermal conductivity, the h-BN nanosheets have 

been utilized as fillers in mineral oil to produce a 

stable nanofluid for in transformers [15]. The h-BN 

sheets have a unique property that makes them 

advantageous for catalytic processes and sensing 

applications. As a result, they serve as a surface for 

more effective chemical reactions and can be used 

to predict certain molecules in their environment. h-

BN sheets are useful in a variety of scientific and 

practical applications because of these 

characteristics [16-17]. 

As per our current review of research papers, there is 

a lack of information regarding the structural, 

electronic, and magnetic characteristics of pristine 

bilayer h-BN and water doped on h-BN bilayer 

supercell structure. Thus, we have used the spin-

polarized DFT approach and the Quantum 

ESPRESSO computational tools to investigate the 

structural, electronic and magnetic properties of 

pristine h-BN bilayer supercell structure, and water 

adsorbed on pristine h-BN bilayer supercell structure. 

 

2. METHODS AND MATERIALS 

In the present work, the spin-polarized density 

functional theory (DFT) under the Quantum 

ESPRESSO computing tools has been used for the 

computational of pristine h-BN bilayer supercell 

and water molecule adsorption on such bilayer 

supercell structure [18]. To address the exchange-

correlation function, we have chosen to use the 

Predew-Burke-Ernzerhof parameterization (PBE) 

inside the generalized gradient approximation 

(GGA) [19]. Ultrasoft pseudopotential (USPP) and 

plane wave function are utilized in the 

computations. The interaction between the ion and 

electron cores is taken into account by USPP [20]. 

We computed the ideal values for the cutoff kinetic 

energy (40 Ry) and charge density (400 Ry) in all 

computations. Systems are permitted to rest after 

optimization until they attain a total energy 

convergence threshold of 1.0×10
-4

 Ry and force 

constant 1.0×10
-3

 Ry/Bohrs. Vanderbilt–Marzari 

[21] a smearing approach with a degauss value of 

0.001 is used for the scf calculations. The band 

structure calculations are performed using a mesh 

of (12×12×1), while the density of states (DoS) and 

partial density of states (PDoS) calculations are 

performed using a denser mesh of (20×20×1), with 

200 k-points used in each calculation. These band 

structure and DoS calculations are used to predict 

the electronic properties, DoS and PDoS 

calculations are used to interpretate the magnetic 

properties of the materials. XCrySDen and 

XmGrace software’s are used to see the structure 

visualization and plotting the data for the analysis.  

 

3. RESULTS AND DISCUSSION 

In this section, we have interpretated our finding. 

3.1. Structural Analysis 

First, we built an optimized and relaxed stable unit 

cell of hexagonal-Boron Nitride (h-BN) structure. 

We have estimated the distance between the 

Nitrogen and Boron atoms is 1.45 Ǻ, which is in 

good agreement with the value that has been 

reported [22, 23]. The unit cell is extended four 

times along the x-and y-directions to generate the 

(4×4) supercell structure of h-BN. There are sixteen 

Boron and sixteen Nitrogen atoms in one such 

monolayer of the h-BN supercell structure. The h-

BN bilayer is formed by placing the produced 

monolayer vertically at 3.50 Ǻ. A relaxed 

calculation is then performed, revealing an 

interlayer distance of 3.28 Ǻ between these 

monolayers. The stated values of the other bilayer 

materials close this value [22, 23]. Figure-1(a) 

depicts the bilayer h-BN structure, which has 64 

atoms total-32 Boron (B) and 32 Nitrogen (N) 

atoms.  Subsequently, we computed the distance 

between the closest B and N atom, which we 

discovered to be 1.45 Ǻ, a value that closely 

matches the published value [22]. The total ground 

state energy of this system, as assessed by us, is 

determined to be -852.38 Ry, which is given in 

Table-3. We deduced from this computation that the 

h-BN bilayer is a stable structure. According to our 

estimates, the angle between B-N-B or N-B-N 

atoms is 119.99
0
, the bond length between any two 

nearest N-N and B-B atoms is 2.38 Ǻ, and the bond 

length between the nearest B & N atoms is 1.45 Ǻ. 

These results are shown in Table-1. These 

approximate values are likewise similar to those of 

other two-dimensional materials [24-26]. 
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Table 1: Structural properties of pure h-BN 

Structural properties of (4×4) pristine h-BN bilayer material 

Bond angle between B-N-B or N-B-N atoms 119.99
0
 

Bond length between B-N or N-B atoms 1.45 Ǻ 

Bond length between N-N or B-B atoms 2.38 Ǻ 

 

The water adsorbed bilayer layer of the h-BN 

supercell structure has been produced, as the 

second step. We did relaxed calculations for this 

by taking a water molecule and placing it at 

various positions above the top surface of h-BN. 

Figure-1(b) illustrates the finding that the water 

molecule is more stable when it is 2.56 Ǻ above 

the h-BN surface. The total ground state energy of 

the water adsorbed bilayer h-BN system is also 

determined by us, and the results is found to be -

888.02 Ry. This computation showed that the 

water-adsorbed hexagonal-Boron Nitride (h-BN) 

is a stable supercell structure and can be utilized in 

subsequent operations. Besides these, we have 

calculated the bond length of it and is found to be 

1.45 Ǻ between the nearest B & N atom, the angle 

of 120.02
0
 between the B-N-B or N-B-N atoms, 

and the bond length of 2.41 Ǻ between any two 

nearest N-N and B-B atoms. Comparable to 

previously published results [24-26] are these 

computed values. The interlayer spacing between 

h-BN bilayers, which we estimated is 3.29 Ǻ. The 

value of immaculate h-BN is slightly higher than 

this.  The structural study of the water-adsorbed 

bilayer of h-BN is supported by estimated 

parameters, which are shown in Table 2. 

 

Table 2: Structural properties of water adsorbed on bilayer of h-BN 

Structural properties of (4×4) water adsorbed h-BN bilayer material 

Bond angle between B-N-B or N-B-N atoms 120.02
0
 

Bond length between B-N or N-B atoms 1.45 Ǻ 

Bond length between N-N or B-B atoms 2.39 Ǻ 

 

Based on the calculations above, we deduced that 

the pure h-BN bilayer has a slightly more compact 

structure than the water-adsorbed bilayer h-BN 

supercell structure. Figure-1(a-b) displays the stable 

structures of the pure and water adsorbed bilayer h-

BN supercell structures respectively. 

 

                                   
                                                   (a)                                                                    (b) 

Fig. 1: (Colour online) Optimized and relax structure of pristine and water adsorbed bilayer h-BN materials; (a) h-BN 

bilayer supercell structure, (b) water adsorbed on h-BN bilayer supercell structure. 

 

3.2. Electronic Properties 

The electronic characteristics of the materials under 

consideration are examined through the 

examination of their band structures and density of 

states (DoS) computations. The band structures and 

DoS of both spin states have been obtained, and 

they are found to be absolutely symmetrical. Spin-

up plots have thus been used by us for additional 
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analysis. Figure 2(a-b) displays the band structure 

plots of the pristine h-BN bilayer supercell and 

water adsorbed on pristine h-BN bilayer supercell 

structures respectively. 

 

        
 (a) (b) 

Fig. 2: (Colour online) band structure of; (a) pristine h-BN bilayer supercell structure, and  

(b) water adsorbed on h-BN bilayer supercell structure. 

 

The x-axis in the above structure signifies the high 

symmetric points found within the initial Brillouin 

zone, while the y-axis depicts the associated energy 

value. The Fermi level serve as a boundary between 

the valance band and the conduction band, position 

below the dotted horizontal line is called valance 

band while the conduction band find above it. The 

energy difference between these two bands 

commonly known as bandgap. We have analyzed 

the band structure of pristine h-BN bilayer supercell 

structure and found its bandgap energy of value 

4.56 eV which is aggregable with the reported 

value of monolayer h-BN supercell structure [22, 

27, 28]. Due to its wide bandgap energy, it is 

concluded that it is a wide bandgap material. It is 

seen that band states are appeared more closely in 

the valence band as compared with that of 

conduction band. Thus, it has p-type Schottky 

barrier. Moreover, we have analyzed the band 

structure plots of water adsorbed h-BN bilayer 

supercell structure as shown in figure-2(b). It is 

found that a flat line observed near the fermi level, 

which is due to the charge transfer, hydrogen 

bonding, defect and hybridization between water 

molecule and the h-BN lattice. As a result, its 

bandgap energy reduced to 1.02 eV.  This value is 

smaller than the bandgap energy value of pristine h-

BN bilayer supercell structure. The small bandgap 

energy value of water adsorbed h-BN bilayer 

supercell shows that it has semiconducting nature. 

We have done the self-consistent field (Scf) 

calculations and found the total energy, Fermi 

energy, shift of Fermi energy after dopped water 

molecule, energy of total electrons, Hartree energy, 

the exchange-correlation, Ewald-energy and the 

smearing contribution. The computed the value of 

total ground state energy (Etot) is the sum of energy 

of total electrons, Hartree energy, the exchange-

correlation, Ewald-energy and the smearing 

contribution. In water adsorbed h-BN bilayer 

supercell structure, it is observed that Fermi energy 

level moved towards the valance band by 3.53 eV. 

This shift shows that there are more holes (electron 

deficiency) in the valance band. As a result, the 

Fermi level shift determine the change in the 

Schottky barrier from being p-type to n-type due to 

transfer of charge at the interface. Hence, water 

dopped h-BN bilayer supercell structure has n-type 

Schottky barrier. We have presented the calculated 

values of Fermi energy, Fermi energy shift, total 

energy and bandgap energy of considered material 

in Table 3.  

Furthermore, we have examined the DoS 

calculations of the materials under consideration 

and discovered that the bandgap energies of water 

adsorbed on pure h-BN and pristine h-BN are 1.02 

eV and 4.56 eV, respectively. This number further 

demonstrated that water adsorbed on the pristine 

bilayer layer of h-BN contains n-type 

semiconducting material, and that the bilayer layer 

of h-BN is a large band gap p-type Schottky barrier 

material. Figure 3(a-b) displays the DoS plots of 

pristine h-BN bilayer and water adsorbed on 

pristine h-BN materials respectively.  
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Table 3: Estimated values of Fermi energy (Ef), Fermi energy shift (Es), energy of total electrons 

presented in the structures (e_con), Hartree energy (Har-con), exchange-correlation energy (Xc-con), 

Ewald energy (Ew-con), total ground state energy (Et) and total bandgap energy (Eg) of pristine and 

water adsorbed h-BN bilayer supercell structures. 

Considered material/Energy values h-BN bilayer Water adsorbed h-BN bilayer 

Ef (eV) -2.27 -1.26 

Es (eV) - 3.53 

e_con (Ry) -16027.69 -16582.62 

Har-con (Ry) 8075.60 8350.55 

Xc-con (Ry) -276.44 386.43 

Ew-con (Ry) 7376.14 7630.47 

Et (Ry) -852.38 -888.02 

Eg (eV) 4.56 1.02 

 

3.3. Magnetic Properties 

Analysis of the computed density of states (DoS) 

and partial density of states (PDoS) of the 

materials under consideration yields predictions 

about their magnetic characteristics. Figure-4(a-d) 

displays the DoS and PDoS graphs of the h-BN 

and water adsorbed on h-BN bilayer supercell 

structure respectively. 

 

     
 (a) (b) 

 
 (c) (d) 

Fig. 3: (Colour online) DoS and PDoS plots of: (a) DoS plot of pristine h-BN bilayer supercell structure,  

(b) DoS plots of water adsorbed on h-BN bilayer supercell structure, (c) PDoS plot of pristine h-BN  

bilayer supercell structure, (d) PDoS plots of water adsorbed on h-BN bilayer supercell structure.  

Insets in figure (c-d) represents the zoom scale of PDoS plots]. 
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In figures-3(a-b) represent DoS plots of both spin-

up and spin-down of pure and water doped h-BN 

bilayer supercell structures respectively. Along the 

y-axis, we display the DoS while corresponding 

Fermi energy values are presented along the x-axis. 

The horizontal and vertical dotted lines represent 

the separation of spin-states, and Fermi energy level 

respectively. It is found that up-and down-spin 

states are symmetrically distributed around the 

Fermi energy level in DoS and PDoS plots. It 

means, both materials have non-magnetic 

properties. 

According to figure-3(c), Nitrogen's 2p orbitals 

contribute most to the valence band but very little 

to the conduction band. Conversely, the valence 

band is most affected by the 2p orbitals of Boron 

atoms, which contribute the second most to the 

conduction band. In the valence band, the Boron 2s 

orbitals are not very important, but in the 

conduction band, they are essentially insignificant. 

The 2p orbitals contribute to the valence band in 

both Nitrogen and Boron in the energy range of -1 

eV to -10 eV. Figure-3(d) illustrates how Oxygen 

molecules in 2p orbitals produce a sharp vertical 

line close to the Fermi level, or -1 eV. In the case of 

Nitrogen, its 2p orbitals have a more substantial 

impact on the valence band but the least influence 

on the conduction band. Conversely, Boron's 2p 

orbitals contribute the second most to the 

conduction band and the most to the valence band. 

Boron's 2s orbital plays a minimal role in the 

valence band and has no contribution to the 

conduction band. Both Boron and Nitrogen's 2p 

orbitals contribute within the energy range of -2 eV 

to -12 eV in the valence band. Despite the differing 

contributions of orbitals from various atoms, their 

symmetric structure prevents the development of 

magnetic properties. Hence both studied materials 

have non-magnetic properties. 

 

4. CONCLUSIONS 

We have investigated the structural, electronic, and 

magnetic properties of pristine h-BN bilayer 

supercell structure, and water adsorption on pristine 

h-BN bilayer supercell structure using spin-

polarized density functional theory (DFT) method 

through Quantum ESPRESSO (QE) computational 

tools. First, we have studied the structural 

properties of considered materials by calculating 

their ground state energies, and found the minimum 

ground state energies. Hence, they are structurally 

stable 2D materials. It is also found that pristine 

form of h-BN bilayer supercell structure is more 

compact than water adsorption on h-BN bilayer 

supercell. The materials' electronic properties can 

be anticipated by examining their band structures 

and density of states (DoS) plots. The estimated 

bandgap energy values of water-adsorbed h-BN is 

1.02 eV, pristine h-BN is 4.56 eV. They indicate 

that water adsorbed h-BN is a semiconducting 

material and pristine h-BN is a wide bandgap 

material. The p-type wide bandgap material 

transforms into an n-type semiconducting material 

upon the adsorption of a water molecule. 

Furthermore, we have investigated the magnetic 

properties of pristine and water adsorbed h-BN 

materials through the analysis of their DoS and 

PDoS calculations. It is found that up and down 

spins states are symmetrically distributed around 

the Fermi energy level which reveals that they have 

non-magnetic material.  
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