
Malaysian Journal of Chemistry, 2022, Vol. 24(1), 85-93 

Computational Density Functional Theory Investigation of Stability 

and Electronic Structures on Boron Nitride Systems  

Doped with/without Group IV Elements 
 

 

Syed Amir Abbas Shah Naqvi1, Pek-Lan Toh1*, Yao-Cong Lim1, Suh-Miin Wang1, Lee-Sin Ang2 and  

Lan-Ching Sim3 
1Faculty of Engineering and Green Technology, Universiti Tunku Abdul Rahman, 31900 Kampar, Malaysia 

2Fakulti Sains Gunaan, Universiti Teknologi MARA Cawangan Perlis, Malaysia 
3Lee Kong Chian, Faculty of Engineering and Science, Universiti Tunku Abdul Rahman, 43200 Kajang, Malaysia 

*Corresponding author (e-mail: tohpl@utar.edu.my) 

 

 

In this paper, the stability as well as electronic structures of pure and group IV-substituted boron 

nitride (BN) cluster systems were investigated using Density Functional Theory (DFT) method. The 

results obtained from the DFT calculations found that the germanium-substituted BN model 

possessed the highest stability among all the group IV-substituted BN clusters. Although the energy 

gap values calculated were slightly different for all group IV-substituted single-layered BN clusters, 

the surface plots of HOMO and LUMO obtained were still the same. For the plots of molecular 

electrostatic potentials (MEPs), the nitrogen atom located in the middle of the pure BN system  has 

the most negative electrostatic potentials. In the case of the group IV-substituted BN models, three 

atoms (i.e., carbon, silicon, and germanium) presented the most reactive sites for nucleophilic attack 

on the cluster systems. Mulliken atomic charges reported a similar trend as observed in MEPs. In 

the Mulliken scheme, the nitrogen atom located in the middle of the pure BN system possesses the 

highest negative charge. While three atoms (i.e., carbon, silicon, and germanium) showed the highest 

negative charges in the group IV-substituted BN model clusters. 
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Boron nitride was introduced as a hydrogen storage 

material in recent years. Lale et al. studied the 

physisorption  and chemisorption of hydrogen in BN 

system using a large temperature range of -160°C to 

300°C [1]. Tabtimsai et al. studied the interactions of 

metal atoms with hydrogen atoms, which is a primary 

interest of scientists working on energy storage 

materials around the globe [2]. As far as we know 

hydrogen is omnipresent and found rarely in the pure 

gaseous form in particular conditions. It has a high 

energy density and a well-known secondary source of 

energy for modern automobiles. It can compensate the 

natural fuel efficiently results in green and cleaner 

energy solutions [3]. In the world of catalysis and 

energy storage materials, interactions of geometric 

sites of substrates are the keen interest of recent 

scientists [4]. Atomic H2 reacts readily with lighter 

metals; lithium, sodium, magnesium etc., to form 

hydrides; since these metals are of the prime choice for 

hydrogen storage materials, the molecule of H2 is 

under investigation for both adsorption and absorption 

on these metals [5, 6]. Contrary to this, the 3d, 4d, and 

5d metals from d and f blocks are under study for low-

cost green manufacturing chemical processes [7]. In 

2004, Jhi and 

Kwon carried out theoretical studies that showed 

hexagonal BN (h-BN) is the best 2D material for H2 

storage, even better than graphene [8]. In 2007, 

Mpourmpakis and Froudak reported carbon nanotubes 

(CNTs) having 0.2 wt% hydrogen storage capacity 

(HSC), while BN nanotubes (BNNTs) have 3 wt% 

HSC, which is marginally greater than carbon 

nanotubes H storage capacity [9]. This is because B-N 

bonding is heteropolar, which is promising to bind H2 

strongly with C-C from other materials, which have 

nonpolar nature. Moreover, there are more advanced 

and novice techniques of modifying edges, spacing of 

interlayers, wrinkling processes, doping by 

heteroatoms, protrusion process, vacancies for 

adsorption, creating geometric sites, and foreign metal 

decorating are under exploration [4]. These are not 

restricted to other hydrogen storage materials (HSMs), 

but BN is also one of the competitive candidates for 

these technologies in recent years [10]. In 2012, Zhang 

and his co-workers applied computational DFT 

methods to study BNNTs decorated by Ce particles 

[11]. Unfortunately, such interactions of hydrogen to 

metal-adsorbed atoms and geometry aspects of adatom 

substrates have not been verified nor understood 

completely in the study. 
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Many experts have used the term “Hydrogen 

Economy” as hydrogen has become the most reliable 

and promising source of energy in the emerging 

energy crises of the world [1, 12]. There is a 

combined quest for its three aspects, namely storage, 

production, and final usage [13, 14]. However, for 

researchers, there are certain technological and 

technical difficulties. The major approaches include 

both the classical and modern methods that can be 

used to overcome these issues. In the light of classical 

gas laws, researchers reported storing its maximum 

volume by decreasing the temperature up to -253°C 

and applying the high pressure of 700 to 800 bars [15, 

16]. This method is termed as physical storage of H2. 

From the literature studies, the novel approaches use 

microporous and sorbent polymers, such as metal-

organic framework (MOF), magnesium and 

aluminium metallic hydrides, boron hydrides, organic 

hydrogen carriers, and metal-N-H system [17]. 

Sorbents can be used at cryogenic conditions due to 

the maximum reversible H2 storage capacity [18]. 

This is also classified in the physical methods for H2 

storage. For example Zn4O(BDC)3, where BDC (1,4-

benzenedicarboxylate) has the surface area of almost 

3800 m2 g-1, and has 7.1% of hydrogen at 40 bars of 

hydrogen and -196°C [19]. When hydrogen storage 

materials are compared to each other, results clearly 

show that boranes and borohydrides can release and 

store H2 at 20-100°C and ambient conditions. Also, 

their H2 carrying capacity is very low. In addition, 

this process can also be called the chemical storage 

of H2 [20]. NH3BH3 (pristine ammonia one) 

undergoes dehydrogenation at 100°C, whereas if it is 

modified chemically to lithium amidoborane 

(LiNH2BH3), then it releases 10% of H2 at 90°C [21, 

22, 23]. Both LiNH2BH3 and NH3BH3 can be called 

B- and N-based hydrogen storage materials in this 

study. BN was first introduced as a H2 storage 

substance [24]. It has many reliable characteristics 

like when milled at 10 bars its 3 nm crystals were able 

to carry H2. It was further reported that this uptake 

capacity increased from 0.5 wt% to 2.6 wt% when the 

milling time was increased from 5 h to 80 h. The 

highest value of H2 uptake was recorded at -196°C and 

10 bars of pressure. Its active surface area was 1144 

m2 g-1. Shahsavari and Zhao, in 2018, studied the 

largest storage of H2 of about 19.3 wt% at -196°C and 

100 bars of pressure in the nano and pillared forms of 

BN [25]. One of the important parameters for 

hydrogen storing capacity is pore width [26]. For 

example, Weng et al. studied highly porous BN (i.e., 

BN in spongy shape) that has a pore width of 1 nm 

and reversible storage capacity of 2.57 wt% hydrogen 

at -196°C and 10 bars of pressure [26]. Another 

important parameter for the storage of hydrogen is 

surface area [27]. In 2002, Ma et al. reported the 

comparison between bamboo-like BN nanotubes and 

multiwalled BN nanotubes. In addition, the hydrogen 

storage was also recorded at 20°C and 100 bars, where 

the former had the capacity of 2.6 wt%, while the later 

1.8 wt% [28]. From the literature studies, BN 

nanostructures are more suitable for H2 storage due to 

their BN ionic characteristics, which result in the 

higher binding energy of H2 [29]. In 2007, Cheng et 

al. presented H2 uptake greater than 6 wt% obtained 

at 100 bars and 20°C for single-walled BN nanotubes 

having 30 nm diameter [30]. There are prime 

applications of metallic atoms and H2 interactions for 

energy processing systems, particularly H2 storage 

purposes using catalytic approaches. There are not 

many literature studies on BN systems via the 

computational DFT technique. In this paper, we 

conducted the DFT method to study the stability and 

electronic structures on pure, carbon, silicon, and 

germanium-substituted BN monolayers. 

 

COMPUTATIONAL METHODOLOGY 

 

In this study, the computational DFT technique was 

used to study the electronic structures of pure and 

group IV-substituted single-layered BN using 

Gaussian 09 software program [31]. First, the cluster 

structures of (3,3) BN cluster models were chosen as 

the host environment. Figure 1 illustrates the cluster 

structures of pure and group IV-substituted single-

layered BN. All BN model clusters were fully 

optimized using geometry optimization calculations 

at the B3LYP/6-31++G** level of theory. The 

equilibrium structures of the BN systems were then 

used to determine the local energy minima. 

Moreover, the electronic parameters such as Frontier 

molecular orbitals (FMOs), MEP surface, and 

Mulliken atomic charges were calculated by 

employing single point calculations. 
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Figure 1. Optimized structure models of (a) pure, (b) CB, (c) CN, (d) SiB, (e) SiN, (f) GeB, and (g) GeN-substituted 

boron nitride monolayers, where hydrogen (white), nitrogen (blue), boron (pink), carbon (grey), silicon (blue grey), 

and germanium (green grey). 

 

 

                  RESULTS AND DISCUSSION 

 

For all equilibrium structures of the BN models, all 

optimized B-N bond distances were determined in the 

range of 1.42 Å – 1.46 Å. The results obtained are close 

to literature data [32]. Moreover, the computed bond 

distances of B-H and N-H were 1.19 Å and 1.01 Å, 

respectively, in the studied BN systems. Table 1 shows 

the total energies of pure, carbon, silicon, and 

germanium-substituted monolayer BN. As we know, 

computed total energy depends on cluster size 

selected, as well as configuration atoms used in the 

study. From the table, the total energy of pure boron 

nitride was calculated to be -31767.096 eV. For 

carbon-substituted single-layered BN, the total 

energies obtained were from -33122.783 eV to -

32309.886 eV. Also, the computed total energies of 

silicon-substituted boron nitride were between 

39963.179 eV and -39145.824 eV. While for 

germanium-substituted monolayer BN, the calculated 

total energies obtained were in the range from -

88549.795 eV to -87733.192 eV. The ground state of 

the model system is the minimum total energy curve in 

the molecular system. In this study, the total energy 

obtained could be used to explain the stability of the 

cluster system. Overall, it could be found that 

B15N14GeH14 is the stable one as compared to the other 

systems because the total energy of B15N14GeH14 was 

the lowest. From the literature studies, Frontier 

molecular orbital plays important roles in the studies 

of molecular interactions and chemical reactivity in the 

systems [33-36]. In Table 1, the results of Frontier 

molecular orbital energies of pure, carbon, silicon, and 

germanium-substituted monolayer BN are also 

presented. The HOMO-LUMO energy of pure BN was 

6.201 eV, whereas, for carbon, silicon, and 

germanium-substituted monolayer BN, the computed 

HOMO-LUMO energy values were from 1.310 eV to 

5.883 eV. In addition, these HOMO-LUMO gaps 

obtained from the DFT calculations could also be used 

to indicate chemical stability in the BN cluster models 

[33-36]. For example, the larger the HOMO-LUMO 

energy gap obtained, the higher the hardness and the 

chemical stability of the system presented in the table. 

While the smaller HOMO-LUMO energy gaps mean 

the easier electrons are excited in the BN model 

systems. The calculated results obtained are in 

reasonable agreement with the literature data [33-36]. 

From the table, it can be noted that the HOMO-LUMO 

energy of pure BN was the highest if compared to the 

other cluster systems. While for B14N15SiH14, the 

HOMO-LUMO gap was the lowest in this study. 
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Table 1. Total and Frontier molecular orbital energies (eV) of pure, carbon, silicon, and germanium-substituted 

monolayer boron nitride. 

 

 B15N15H14 B14N15CH14 B15N14CH14 B14N15SiH14 B15N14SiH14 B14N15GeH14 B15N14GeH14 

Total Energy -32767.096 -33122.783 -32309.886 -39963.179 -39145.824 -88549.795 -87733.192 

HOMO -6.810 -2.915 -6.503 -2.304 -4.886 -2.428 -4.865 

LUMO -0.609 -0.621 -0.620 -0.994 -0.918 -0.951 -0.933 

Ionization 

potential (IP) 
6.810 2.915 6.503 2.304 4.886 2.428 4.865 

Electron 

Affinity (EA) 
0.609 0.621 0.620 0.994 0.918 0.951 0.933 

Chemical 

Potential (CP) 
-3.710 -1.768 -3.562 -1.649 -2.902 -1.690 -2.899 

Global 

Hardness (GP) 
3.101 1.147 2.942 0.655 1.984 0.739 1.966 

Electronegativit

y (EN) 
3.710 1.768 3.562 1.649 2.902 1.690 2.899 

Electrophilicity 

(EP) 
2.219 1.363 2.156 2.076 2.122 1.933 2.137 

Softness (S) 0.323 0.872 0.340 1.527 0.504 1.354 0.509 

HOMO-LUMO 

Energy 
6.201 2.294 5.883 1.310 3.967 1.477 3.932 

 

 

Table 2 illustrates the diagrams of Frontier 

molecular orbital distributions for pure, carbon, silicon, 

and germanium-substituted monolayer BN in this study. 

From the table, it can be found that there were two 

different views, i.e., top and side views, for HOMO and 

LUMO for pure, carbon, silicon, and germanium-

substituted BN. These HOMO and LUMO diagrams 

clearly showed the electron distributions of the BN 

model systems in this study. The red and green surfaces 

indicated the positive and negative phases in the BN 

systems. Therefore, it could be noted that for the HOMO 

of pure BN, the electron distribution was localized on 

nitrogen atoms. In the case of the HOMO surface plots, 

carbon, silicon, and germanium-substituted monolayer 

BN were close to each other. While the LUMO surface 

plots of carbon-substituted BN were similar to the pure 

boron nitride. The surface plots of LUMO for silicon 

and germanium-substituted BN were the same in this 

study. 

 

The molecular electrostatic potential surface 

maps and Mulliken atomic charge distributions of 

pure, carbon, silicon, and germanium-substituted 

BN are illustrated in Table 3. From the table, it can 

be found that there were two different views, i.e., 

top and side views, for electrostatic potential surface 

maps for pure, carbon, silicon, and germanium-

substituted BN. Also, the top view of Mulliken 

atomic charge distributions for pure, carbon, silicon, 

and germanium-substituted boron nitride is 

presented in this study. From the literature studies, 

the study of molecular electrostatic potential is one 

of useful tools that helps to study how a molecular 

system interacts with its surroundings [36]. In this 

work, the molecular electrostatic potential surface 

map provides useful information about the charge 

distribution in the title system. As can be seem from 

the diagrams obtained in Table 3, the surface maps 

were coloued according to the local electrostatic 

potential in the title system, such as blue, green, 

yellow, and red. From the computed electrostatic 

potential maps, it could be found that the blue 

surface showed the most positive electrostatic 

potential, whereas the most negative electrostatic 

potential was presented in the region of the red 

surface. For pure boron nitride, the nitrogen atom at 

the center possessed the most negative electrostatic 

potentials, whereas the most positive electrostatic 

potentials were focused on H atoms at N-edges in 

this study. For the group IV-substituted BN clusters, 

the most positive electrostatic potentials were 

localized on the carbon, silicon, and germanium 

atoms. The results noted that all group IV atoms are 

the most reactive for nucleophilic attack in the title 

systems. Similar results were obtained on the 

Mulliken atomic charge distributions. The highest 

negative charges were found on the carbon, silicon, 

and germanium atoms for the cluster systems of 

carbon, silicon, and germanium-substituted BN, 

respectively.

 



89   Syed Amir Abbas Shah Naqvi, Pek-Lan Toh,    Computational Density Functional Theory Investigation  

       Yao-Cong Lim, Suh-Miin Wang, Lee-Sin Ang    of Stability and Electronic Structures on Boron Nitride  

       and Lan-Ching Sim   Systems Doped with/without Group IV Elements 

Table 2. Frontier molecular orbital distributions of pure, carbon, silicon, and germanium-substituted monolayer 

boron nitride. 

 

 
HOMO LUMO 

Top Side Top Side 

B15N15H14 

    

B14N15CH14 

    

B15N14CH14 

    

B14N15SiH14 

    

B15N14SiH14 

    

B14N15GeH14 

    

B15N14GeH14 
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Table 3. Molecular electrostatic potential surface maps and Mulliken atomic charges of pure, carbon, silicon, and 

germanium-substituted monolayer boron nitride. 
 

 
Molecular Electrostatic Potentials 

Mulliken Atomic Charges 
Top Side 

B15N15H14 

   

B14N15CH14 

   

B15N14CH14 

   

B14N15SiH14 

   

B15N14SiH14 

   

B14N15GeH14 

   

B15N14GeH14 
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CONCLUSIONS 

 

In this study, the optimized structures of BN cluster 

models were used to determine the total energies and 

other electronic properties by employing the 

DFT/B3LYP/6-31++G** level of theory. According to 

the findings obtained from the DFT calculations, 

B15N14GeH14 possessed the lowest energy among all BN 

cluster models. It was revealed that the relative stability 

of the B15N14GeH14 molecule is the highest compared to 

other BN cluster models. For HOMO and LUMO 

surface plots, the group IV-substituted monolayer BN 

were close to each other, while the electron distribution 

of pure BN was slightly different. Moreover, for the 

pure BN model, the nitrogen atom at the center clearly 

showed the most negative electrostatic potentials. While 

the most reactive to nucleophilic attacks on the group 

IV-substituted BN model systems were carbon, silicon, 

and germanium atoms. The same results were presented 

on the distributions of Mulliken atomic charges. For 

example, carbon, silicon, and germanium atoms 

possessed the highest negative charges in the group IV-

substituted BN clusters, whereas the highest negative 

charge was obtained on the nitrogen atom at the center 

of the pure BN cluster system. We believe that our DFT 

investigations in this study could be valuable for the BN 

nanosheet for hydrogen molecule storage in future 

studies. 
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