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Abstract: This study investigates the enhanced hydrogen gas adsorption on M (M = Al, C, and Si) 

doped boron nitride nanocage (BN) through first-principles density functional theory calculations. The 

results denote that H2→ B4MN10 are stable materials with the most stable adsorption spot being the 

heart of the cage cycle. The partial density of states can determine a specific charge transfer between 

H2 and B4MN10. Analyzing NQR of C-based doping on B5N10 has indicated the lowest fluctuation in 

electric potential and the highest negative charge distribution on doping atoms containing carbon, 

silicon, and aluminum in H2→ B4CN10, H2→ B4SiN10, and H2→ B4AlN10 heteroclusters, respectively. 

The reported results of NMR spectroscopy have exhibited that the yield of electron accepting for doping 

atoms on the B4MN10 through H2 adsorption can be categorized into Si≈Al>C, which displays the 

rigidity of the covalent bond between Al, C, Si, and H-atoms. Regarding IR spectroscopy, doped 

nanocages of H2→ B4SiN10 ≈, H2→ B4AlN10>H2→ B4CN10, respectively, have the most fluctuations 

and the highest adsorption tendency for hydrogen molecules, which can address specific questions on 

the individual effect of charge carriers, as well as doping atoms on the overall structure. Our findings 

provide important insights into the potential of employing B4MN10 nanocages in hydrogen-based 

energy-storage approaches.  
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1. Introduction 

Compared to traditional materials, boron nitride nanotubes (BNNTs) have a higher 

surface area, better structural and morphological characteristics, and greater activity. Hence, 

BNNTs are actively being investigated in a number of domains, including adsorption and gas 

adsorption applications. Boron nitride nanomaterials have been used owing to their 

unparalleled specifications of eco-friendly attributes for pollutant adsorption and 

semiconducting properties [1–4]. 

Boron nitride nanomaterials usually exhibit semi-leading behavior, which is considered 

a proper alternative to carbon nanotubes. The properties of boron and nitrogen atoms, which 

are the first neighbors of carbon in the periodic table, make boron nitride an interesting subject 

of numerous studies [5–7].  
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In recent years, various investigations on the adsorption of chemical contaminants and 

on the application of boron nitride nanostructures as adsorbents for water purification have 

been conducted [8–10]. 

Various physical shapes of boron nitride (BN)-based nano adsorbents such as 

nanoparticles, fullerenes, nanotubes, nanofibers, nanoribbons, nanosheets, nanomeshes, 

nanoflowers, and hollow spheres have been broadly considered possible adsorbents owing to 

their exceptional characteristics such as large surface area, structural variability, great 

chemical/mechanical strength, abundant structural defects, high reactive sites, and functional 

groups [11,12]. 

H2 gas is mostly preserved either by liquefaction under high compressing pressure [13–

16] or by adsorption on the surface or interstitial region of material cavity [17–19]. In this 

regard, the adsorption of H2 on the surfaces of 2D materials offers advantages in terms of 

safety, functionality, and cost-effectiveness. For the effective utilization of H2 in fuel cells, the 

adsorption energy and gravimetric weight percentage on the adsorbent should be sufficiently 

high [20–24]. The adsorption-desorption kinetics and the strength of binding energy ought to 

be intermediate for hydrogen to bind on the material surfaces with an optimal adsorption energy 

range. Given the reasons mentioned above, we have explored the possibility of using boron 

nitride nanocages doped with aluminum, carbon, and silicon for H2 storage using first-

principles calculations. We have analyzed the structural and electronic properties of M (M=Al, 

C, Si)–B4N10 nanocages using state-of-the-art computational techniques [25–31]. 

Adsorption of charged adsorbates alters the double layer and the potential at the outer 

Helmholtz plane, thereby influencing the adsorption rates of both anodic and cathodic 

reactions. The first three modes are intimately associated with adsorption, and the double layer 

involves interaction of the adsorbates and the intermediate products. These compounds have 

been formed during partial electrochemical reactions and during the interaction of adsorbed 

intermediates with organic molecules, which can either inhibit or enhance the electrode 

reaction rate [32–49]. 

Against this backdrop, the current study focused on comparing various dopants (Al, C, 

and Si) and their effect on the B5N10's adsorption ability towards H2 using first-principle 

calculations. The effects of the doping of Al, C, and Si on the adsorption behavior of the B5N10 

have been investigated. The optimized geometries are used to analyze the geometrical 

parameters. The adsorption energies were measured in order to comprehend the 

thermodynamics of H2 adsorption. The density of states, atomic charge, and electromagnetic 

properties were examined and verified using reactivity descriptors. 

2. Materials and Methods 

Theoretical approaches are a preliminary step and provide atomistic knowledge of 

interactions. Theoretical approaches are widely used in numerous investigations of BNNT-

based materials for gas adsorption. The pristine BNNT exhibits a small surface area and is less 

sensitive to various gaseous molecules than its counterpart.  

2.1. Hydrogen molecules adsorbed on B4MN10. 

The aim of this study is to adsorb hydrogen molecules in the energy storage cell as an 

eco-friendly approach by using (Al, C, Si)-doped B5N10 (Figure 1). 
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Boron nitride nanocage was modeled in the presence of doping atoms of aluminum, 

carbon, and silicon, which can increase the hydrogen sensing potential of BN-nanocage. In our 

research, sample characterization was performed by CAM–B3LYP–D3 /EPR–3, LANL2DZ 

level of theory.  

 

Figure 1. Application of B4MN10 for adsorption of hydrogen molecules in the energy storage cell accompanying 

formation of complexes: H–H→ B4AlN10, H–H→ B4CN10, and H–H→ B4SiN10, complexes using CAM–

B3LYP–D3/6-311+G (d,p), LANL2DZ calculation. 

Figure 1 shows the process of adsorption of H2 molecules on the B4MN10 surface, which 

leads to the formation of complexes containing H–H→B4AlN10, H–H→B4CN10, and H–H→ 

B4SiN10 complexes by molecular modeling computations. 

The charge distribution of the mentioned complexes is calculated due to the Bader 

charge analysis [50]. The trapping of H2 molecules by B4MN10 (M =Al, C, Si) was successfully 

incorporated due to binding formation consisting of H→Al, H→C, and H→Si (Figure 1).  

2.2. Application of the density functional theory (DFT) approach. 

Hohenberg-Kohn (HK) functions have rigidly made the electronic density permissible 

as a fundamental variable for electronic and structure computations. In other words, the 

development of the applied DFT methodology only became notable after W. Kohn and L. J. 

Sham released their reputable series of equations, which are introduced as Kohn-Sham (KS) 

equations [51–58]. 

Considering the electronic density in the KS image points to a remarkable reduction in 

quantum computing. Thus, the KS methodology lightens the path to pursuing systems that 
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cannot be addressed by conventional ab initio methodologies. Kohn and Sham" introduces the 

solution which brings up the mono-electronic orbitals to account for the kinetic energy in a 

simple and relatively exact way, by finding a residual modification that might be computed 

apart. So, one starts with a reference model of M with non-interacting electrons related to the 

external potential  𝑣𝑠 and with Hamiltonian [59–64]: 

𝐻̂𝑠 =  − ∑
1

2
 V̅𝑖

2 +  ∑ 𝑣𝑠
𝑀
𝑖 (𝑟𝑖)  =  ∑ ℎ̂𝑠

𝑀
𝑖

𝑀
𝑖  ;  ℎ̂𝑠 =  −

1

2
 V̅𝑖

2 + 𝑣𝑠(𝑟𝑖)    (1) 

By representing the single particle orbitals 𝜓𝑖 all electronic densities physically 

acceptable for the system of "non-interacting" electrons are written in equation (2): 

𝜌 (𝑟) = ∑ |𝜓𝑖 (𝑟)|2   𝑀
𝑖          (2) 

Finally, the total energy could be measured by the KS method due to equation (3): 
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Therefore, the precise exchange energy functional is described by the Kohn–Sham 

orbitals in lieu of the density, which is cited as the indirect density functional. This research 

has employed the penetration of the hybrid functional of the three-parameter basis set of 

B3LYP (Becke, Lee, Yang, Parr) within the conception of DFT upon theoretical computations 

[59–64]. The popular B3LYP (Becke, three-parameter, Lee–Yang–Parr) and exchange-

correlation functional becomes based on equation (4) [59–64]: 

𝐸XC
B3LYP = (1 − 𝛼)𝐸x

LSDA +  𝛼𝐸x
HF  + 𝑏∆𝐸x

B + (1 − 𝑐)𝐸c
LSDA + 𝑐𝐸c

LYP   (4) 

𝛼 = 0.20, 𝑏 = 0.72, 𝑐 = 0.81 shows a generalized gradient approximation: the Becke 

exchange functional [57] and the correlation functional of Lee, Yang, and Parr [58] for B3LYP 

and 𝐸c
LSDA  is the VWN local spin density approximation to the correlation functional [59]. 

In this article, the rigid PES using DFT calculations has been computed applying 

Gaussian 16 revision C.01 software [65]. The input Z-matrix for the adsorption of H2 molecules 

by the B4MN10 has been designed with GaussView 6.1 [66] using 6-311+G (d,p), EPR–3, 

LANL2DZ basis set. In this study, the interaction between H2 molecules and B4MN10 was 

modeled and analyzed. As revealed by DFT-based analysis, the potency of B4MN10 for 

grabbing H2 molecules was determined mainly by the electronegativity of the functional 

groups, as well as the interaction between the B4MN10 and the H2 molecules [67,68].  

2.3. Nuclear quadrupole resonance (NQR). 

The NQR method is related to the multipole expansion in Cartesian coordinates as in 

equation (5) [69,70]:  
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. 𝜕𝑥𝑖𝜕𝑥𝑗)]        (5) 

After that, a simplification of the equation (5), there are only the second derivatives 

related to the identical variable for the potential energy [38,39]: 
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            (6) 

There are two parameters which must be obtained from NQR experiments: the 

quadrupole coupling constant, 𝜒, and the asymmetry parameter of the EFG tensor, η:  

𝜒 =  
𝑒2𝑄𝑞𝑧𝑧

ℎ
⁄                    (7) 
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η =  
𝑞𝑥𝑥 − 𝑞𝑦𝑦

𝑞𝑧𝑧
⁄                  (8) 

where 𝑞𝑖𝑖 are ingredients of the EFG tensor at the quadrupole nucleus are determined 

in the EFG principal axes system, 𝑄 is the nuclear quadrupole moment, 𝑒 is the proton charge, 

and ℎ is Planck's constant [69,70]. 

3. Results and Discussion 

In this article, the efficiency of boron nitride nanocage doped with aluminum, carbon, 

and silicon (B4MN10) for hydrogen detection is discussed. In fact, it can be remarked that the 

chemisorptive nature of the bond among the hydrogen molecules with boron and nitrogen 

elements through the equilibrium distribution of doping atoms, B5N10, and a monolayer 

attribute.  

3.1. PDOS and electronic evaluation. 

The electronic structures of hydrogen adsorption on the M (Al, C, Si)–doped B5N10 as 

the smart molecule sensor have been illustrated using CAM–B3LYP–D3/6-311+G (d,p), 

LANL2DZ level of theory.  

Figure 2 (a–c) shows the projected density of state (PDOS) of H2→ (Al, C, Si)–B4N10 

through hydrogen molecule adsorption. The appearance of the energy states (p-orbital) of Al, 

C, Si, and N within the gap of (Al, C, and Si)–B4N10 induces the reactivity of the system.  

  
(a) (b) 

 
(c) 

Figure 2. PDOS of H2 adsorbed on B4MN10 including (a) H2→ B4AlN10; (b) H2→ B4CN10; (c) H2→ B4SiN10 

complexes by CAM–B3LYP–D3/6–311+G (d,p), LANL2DZ. 
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It is clear from the figure that after trapping with hydrogen molecules, there is a 

significant contribution of the p-orbital in the unoccupied level. Therefore, the curve of partial 

PDOS describes that the s states of H atoms and Al, C, and Si atoms in B4MN10 are overcome 

due to the conduction band (Figure 2a–c). A distinguished adsorption trait might be seen in 

H2→ B4MN10 because of the potent interaction between the s states of hydrogen atoms with p 

states of Al, C, and Si in B4MN10 complexes. 

Figure 2(a–c) shows that H2→ B4AlN10, H2→ B4CN10, and H2→ B4SiN10 complexes 

through hydrogen adsorption, respectively, have the most contribution at the middle of the 

conduction band between –5 to –10 eV, while contribution of boron and nitrogen states are 

enlarged and similar together, and adsorbing of H2 depicts interfacial electronic of the B4N10 

for selection of hydrogen molecules. H2→ B4AlN10 has indicated sharp peaks for the Al atom 

close to H atoms in Figure 2 (a). H2→ B4CN10 (Figure 2 b) has exhibited strong peaks for the 

C atom close to the H atoms. Furthermore, the sharp Si graph near H atoms in H2→ B4SiN10 

(Figure 2c) has been indicated. Therefore, the order ability of hydrogen adsorption by doping 

atoms of Al, C, and Si on B4MN10 based on the PDOS might be shifted as: B4SiN10> B4CN10> 

B4AlN10. 

3.2. Insight into electric potential analysis.  

As the electric field gradient (EFG) at the citation of the nucleus in H2 is allocated by 

the valence electrons twisted in the attachment with close nuclei of B4MN10 (M =Al, C, and 

Si) through trapping of hydrogen molecules, the NQR frequency at which transitions occur is 

particular for H2→ (Al, C, and Si)–B4N10 complexes (Table1).  

In this research work, the electric potential as the quantity of work energy through 

carrying over the electric charge from one position to another position in the essence of the 

electric field has been evaluated for H2→ B4AlN10, H2→ B4CN10, and H2→ B4SiN10 complexes 

(Table 1).  

Table1. The electric potential (a.u.) and Bader charge (coulomb) through NQR calculation for H2→ B4AlN10, 

H2→ B4CN10, and H2→ B4SiN10 complexes using CAM–B3LYP–D3/EPR–3, LANL2DZ calculation. 

H–H→ B4AlN10 H–H → B4CN10 H–H → B4SiN10 

Atom Q Ep Atom Q Ep Atom Q Ep 

B1 0.28 –11.31 B1 0.29 –11.27 B1 0.32 –11.27 

N2 –0.18 –18.15 N2 –0.15 –18.09 N2 –0.16 –18.12 

N3 –0.11 –18.12 N3 –0.14 –18.07 N3 –0.16 –18.12 

B4 0.28 –11.31 B4 0.29 –11.26 B4 0.32 –11.28 

B5 0.30 –11.30 B5 0.29 –11.27 B5 0.32 –11.28 

B6 0.31 –11.29 B6 0.29 –11.27 B6 0.33 –11.28 

N7 –0.17 –18.14 N7 –0.15 –18.09 N7 –0.16 –18.13 

N8 –0.15 –18.14 N8 –0.13 –18.08 N8 –0.15 –18.10 

N9 –0.36 –18.21 N9 –0.10 –18.09 N9 –0.34 –18.18 

N10 –0.37 –18.21 N10 –0.10 –18.09 N10 –0.35 –18.18 

N11 –0.33 –18.20 N11 –0.09 –18.08 N11 –0.33 –18.17 

N12 –0.36 –18.19 N12 –0.10 –18.07 N12 –0.34 –18.17 

Al13 1.15 –43.68 C13 0.11 –14.52 Si13 1.06 –48.33 

N14 –0.16 –18.12 N14 –0.14 –18.08 N14 –0.19 –18.13 

N15 –0.17 –18.14 N15 –0.14 –18.08 N15 –0.18 –18.13 

H16 –0.03 –1.06 H16 0.02 –1.17 H16 –0.02 –1.01 

H17 0.09 –1.02 H17 –0.02 –1.21 H17 0.04 –1.10 

In Table 1, the Bader charge and electronic potential properties of Al, C, and Si–B, N 

in B4MN10 and hydrogen molecules absorbed on atom–doped boron nitride nanocage have 

been investigated. The amounts indicate that with increasing the negative charge of different 
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atoms, the electric potential resulting from NQR calculations increases. Moreover, the doping 

atoms of Al (13), C (1), and Si (13) on the B4N10 have shown the most potential for accepting 

the electron from the electron donor of H (16) and H (17) in H2 adsorbed on the B4N10 (Table 

1). 

Furthermore, in Figure 3 (a–c), the electric potential of nuclear quadrupole resonance 

for some atoms of Al, C, and Si/B, N in B4MN10 and H atoms of H2 molecule trapped on atom–

doped boron nitride nanocage, which has been calculated by CAM–B3LYP–D3/EPR–3, 

LANL2DZ.  

  
(a) (b) 

 
(c) 

Figure 3. Electric potential (a.u.) versus Bader charge (coulomb) through NQR calculation for (a) H–H→ 

B4AlN10; (b) H–H → B4CN10; (c) H–H → B4SiN10 complexes by CAM–B3LYP–D3/EPR–3, LANL2DZ. 

 

In Figure 3 (a), the behavior of H2 adsorption on the B4AlN10 was observed with high 

sensitivity based on the relation coefficient of R² = 0.9276. Adsorption of H2 on the B4CN10 

and in Figure 3 (b) has illustrated the highest sensing of R² = 0.9769. In addition, Figure 3 (c) 

shows that B4SiN10 has a good detection for H2 adsorption in the battery cell based on the 

relation coefficient of R² = 0.9689. 

It’s vivid that the curve of B4MN10 is wavy due to these H2 molecules. The fluctuated 

peaks for electric potential have been shown around H2 trapping on the B4MN10, which 

demonstrates the electron accepting specifications of hydrogen versus the aluminum, carbon, 

and silicon doped on the B5N10 (Figure 3a–c). Besides, it can be considered that carbon (Figure 

3b) and silicon (Figure 3c) are semiconductor elements in the functionalized B4N10, which 

might exhibit greater sensitivity to accepting electrons from H atoms during adsorption. 

However, aluminum-doped on B5N10 (adsorbent) has shown the lowest fluctuation (R² = 

0.9276) between Bader charge versus electric potential extracted from NQR parameters and 

the lowest negative atomic charge including 1.1541 coulomb in H2→ B4AlN10 which can be an 

appropriate option for H2 molecules (adsorbate) after B4CN10 with 0.1167 coulomb on C atom 

and B4SiN10 with 1.0620 coulomb on Si atom, the highest tendency for electron accepting in 

the adsorption current (Table 1).  
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In fact, the uptake of H2 molecules has been shown to be associated with B4MN10, 

indicating that the adsorbed hydrogen molecules in the Mdoped nanocage can be internalized 

via a different pathway than in the pristine nanocage. 

3.3. Nuclear magnetic resonance spectra.  

Based on the resulting amounts, nuclear magnetic resonance (NMR) spectra of M (Al, 

C, and Si)–B4N10 complexes can be used as a potent sensor for adsorbing H2 molecules, thereby 

unraveling the efficiency of B4MN10 for saving clean energy as an eco-friendly approach in 

battery cells.  

From the DFT calculations, the chemical shielding (CS) tensors in the principal axes 

system to estimate the isotropic chemical shielding (CSI) and anisotropic chemical shielding 

(CSA) [71]: 

 𝜎𝑖𝑠𝑜  =  ( 𝜎11 +   𝜎22 +   𝜎33)/3              (9) 

 𝜎𝑎𝑛𝑖𝑠𝑜  =   𝜎33 − ( 𝜎22  +   𝜎11)/2              (10) 

The NMR data of isotropic (σiso) and anisotropic shielding tensors (σaniso) of hydrogen 

molecules trapped in the B4MN10 towards formation of H2→ B4AlN10, H2→ B4CN10, and H2→ 

B4SiN10 complexes have been computed by the Gaussian 16 revision C.01 program package 

[65] and are shown in Table 2. 

Table 2. Data of NMR shielding tensors for selected atoms of H2→ B4AlN10, H2→ B4CN10, and H2→ B4SiN10 

complexes using CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ calculation. 
H–H→ B4AlN10 H–H → B4CN10 H–H → B4SiN10 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

B1 97.53 83.40 B1 104.44 91.68 B1 75.38 57.49 

N2 256.12 636.67 N2 122.34 619.504 N2 33.56 576.41 

N3 62.43 79.19 N3 1555.43 2736.94 N3 1098.19 2362.50 

B4 105.73 72.88 B4 100.08 126.13 B4 104.48 42.51 

B5 95.50 55.88 B5 126.13 40.37 B5 60.95 54.51 

B6 78.10 73.12 B6 110.96 62.81 B6 56.07 69.73 

N7 173.56 565.37 N7 248.31 382.14 N7 49.56 1405.12 

N8 78.65 254.42 N8 516.69 1188.98 N8 1110.12 1984.65 

N9 472.62 831.22 N9 593.24 1206.16 N9 18.26 5065.21 

N10 569.41 703.54 N10 871.58 1747.50 N10 528.91 2567.90 

N11 508.15 940.57 N11 1075.36 1808.54 N11 446.94 4452.66 

N12 275.13 706.00 N12 601.11 1086.02 N12 146.36 1615.65 

Al13 522.13 157.54 C13 106.50 79.78 Si13 722.90 178.47 

N14 26.41 596.76 N14 0.53 1401.62 N14 253.75 706.94 

N15 18.66 593.71 N15 268.24 1157.89 N15 46.21 1894.76 

H16 23.45 2.75 H16 24.29 6.76 H16 16.54 32.84 

H17 21.29 2.81 H17 26.55 3.36 H17 22.67 25.85 

In Table 2, NMR data have reported notable amounts for H2 molecules, which were 

adsorbed on the B4MN10 as a selective sensor for saving energy. The observed increase in the 

chemical shift anisotropies spans for H atoms adsorption on the B4MN10 are near N(9), N(10), 

N(11), N(12), N(14), and N(15). The observed weak signal intensity near the parallel edge of 

the nanocage pattern may be due to boron binding-induced non-spherical distribution of these 

complexes. 

It is remarkable that doping of Al, C, and Si on B5N10 might promote the stability of 

the nanocage that results in enhanced magnetic alignment of complexes. Interestingly, the 
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reported results show that Al, C, and Si elements can be optimized to achieve optimal alignment 

of the nanocage in the presence of an applied magnetic field. 

In fact, the adsorption of H2 can introduce spin polarization on the B4MN10, which 

indicates that these surfaces might be applied as a magnetic scavenging surface as a hydrogen 

detector. Isotropic and anisotropic shielding fluctuate with the occupancy in the electron-

accepting hydrogen molecules trapped in the atom-doped on the boron nitride nanocage.  

Figure 4 (a–c) exhibited the same tendency of shielding for boron and nitrogen; 

however, a considerable deviation exists from doping atoms of Al(13), C(13), and Si(13) 

through interaction with H(16) of H2 molecules during adsorption on the B5N10. 

  
(a) (b) 

 
(c) 

Figure 4. The NMR spectra for (a) H2→ B4AlN10; (b) H2→ B4CN10; (c) H2→ B4SiN10 complexes using 

CAM–B3LYP–D3/6–311+G (d,p), LANL2DZ. 

 

In Figure 4 (a–c), H2 molecules in the complexes of H2→ B4AlN10 (Figure 4a), H2→ 

B4CN10 (Figure 4b), and H2→ B4SiN10 (Figure 4c) denote the fluctuation in the chemical 

shielding during ion trapping. 

Figure 4 (a–c) shows the gap chemical shielding between aluminum, carbon, silicon 

and hydrogen molecules in B4MN10 complexes. The yield of electron acceptors for doping 

atoms on the B4MN10 complexes through hydrogen molecule adsorption can be ordered as: 

Si≈Al>C, which supports the possibility of a covalent bond between aluminum, carbon, silicon, 

and hydrogen atoms in H2 molecules towards energy storage in battery technology.  

In NMR spectroscopy, it has been observed that the prominent peaks around the 

interaction of H2 molecules with adsorbed B4MN10 during molecule detection; however, there 

are fluctuations in the chemical shielding behavior, both isotropic and anisotropic.  

Therefore, the authors believe that the extracted results would be useful for the design 

of B4MN10-doped nanomaterials to enhance hydrogen adsorption, as well as for structural 

studies using solid-state and solution NMR techniques. 

3.4. Infrared (IR) spectroscopy and thermodynamic factors.  

The IR calculations have been accomplished for the adsorption of H2 molecules by 

B4MN10 during hydrogen sensing. Therefore, it has been simulated the several clusters 

containing H2→ B4AlN10 (Figure 5a), H2→ B4CN10 (Figure5b), and H2→ B4SiN10 (Figure 5c) 

using CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ. 
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(a) (b) 

 
(c) 

Figure 5. The Frequency (cm-1) changes through the IR spectra for (a) H2→ B4AlN10; (b) H2→ B4CN10;  

(c) H2→ B4SiN10 complexes using CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ. 

 

The graph of Figure 5 (a) has been observed in the frequency range between 100–2000 

cm-1 for H2→ B4AlN10 with several sharp peaks around 177.92, 483.81, 910.24, and 1645.95 

cm-1. Figure 5 (b) shows the frequency range between 200–2000 cm-1 for H2→ B4CN10 with a 

sharp peak around 1729.19 cm-1. Figure 5 (c) indicates the fluctuation of frequency between 

1000–2500 cm-1 for H2→ B4AlN10 with a sharp peak around 1531.05 cm-1.  

The IR spectra of H2 adsorption with B4MN10 have demonstrated that the structure of 

the dominant complex correlates with the electron potency of doped M (Al, C, Si) on the B5N10. 

The doped nanocage of B4AlN10 (Figure 5a) has shown the most fluctuations and the highest 

tendency for adsorption of H2 molecules than B4CN10 and B4SiN10 complexes, respectively 

(Figure 5b and c). Therefore, it can be found that IR spectroscopy of H2-adsorbed B4AlN10 is 

now well-placed to address specific questions on the individual effect of charge carriers 

(hydrogen molecule-nanocage), as well as doping atoms on the overall structure (Figure 5a–c). 

Table 3, through the thermodynamic specifications, concluded that M (Al, C, Si)–

B4N10, due to the adsorption of H2, might be more efficient sensors for detecting and absorbing 

the hydrogen molecules towards the energy storage in battery cells and its implications for 

clean energy technology. 

Table 3. The thermodynamic characters of H2→ B4AlN10, H2→ B4CN10 and H2→ B4SiN10 complexes using 

CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ calculation. 

Compound 
∆Eo

ads×10-3 

(kcal/mol) 

∆Ho
ads×10-3 

(kcal/mol) 

∆Go
ads×10-3 

(kcal/mol) 

So
ads

 

(cal/K.mol) 

Dipole moment 

(Debye) 

B5N10 –420.550 –420.549 –420.579 100.650 0.202 

B4AlN10 –406.553 –406.553 –406.584 105.620 3.946 

B4CN10 –428.953 –428.952 –428.982 99.184 1.759 

B4SiN10 –407.701 –407.700 –407.730 102.387 1.266 

H2→ B4AlN10 –551.051 –551.050 –551.081 104.003 4.403 

H2→ B4CN10 –424.231 –424.231 –424.260 99.710 1.472 

H2→ B4SiN10 –580.207 –580.206 –580.235 95.419 2.812 

Thermodynamic parameters of H2 molecules' adsorption on the B4MN10 complexes 

have been determined using the DFT theoretical technique. It has been shown that for a given 

number of hydrogen donor sites in H2 molecules, the stabilities of complexes owing to doping 
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atoms of Al, C, and Si can be considered as: H2→ B4SiN10>H2→ B4AlN10>>>H2→ B4CN10 

complexes (Table 3). The changes of Gibbs free energy versus dipole moment in Figure 6 could 

detect the maximum efficiency of Al, C, and Si atoms doping of B4N10_NC for H2 molecules 

adsorption through ∆Gads
o  which depends on the covalent bond between H2 molecules and 

B4MN10 as a potent sensor for air pollution removal.  

 
Figure 6. Gibbs free energy ( ∆GR

𝑜  ) for H2→ B4AlN10, H2→ B4CN10, and H2→ B4SiN10 complexes using 

CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ calculation. 

The adsorption process of H2 molecules on the B4MN10 is affirmed by the ∆Gads
o  

quantities: 

 ∆Gads
o =  ∆GH2→B4MN10

o − (∆GH2 
o + ∆GB4MN10

o ) , M = Al, C, Si   (11) 

Figure 6 shows the key role of doped atoms containing Al, C, and Si during interaction 

between the adsorbate of H2 molecules as the electron donors and the adsorbent of B4AlN10, 

B4CN10, and B4SiN10 nanocages as electron acceptors. Therefore, the selectivity of atom-

doping on boron nitride nanocage (hydrogen sensor) for H2 adsorption can be expressed as: 

Si˃Al˃˃˃C (Table 3 and Figure 6). 

By combining experimental data with first-principles calculations, the interaction 

mechanism between the BN nanocage and H2 molecules is identified as physical adsorption, 

and the doped atoms can enhance polarization and magnify the binding energy [72]. 

4. Conclusions 

This research has investigated doping of M (Al, C, Si) elements on the boron nitride 

(B5N10) nanocage for enhancing H2 sensing, applying it in the hydrogen-based energy storage 

technology. Therefore, H2 molecule adsorption on B4MN10 nanocages has been investigated 

based on electrostatic interactions between the H2 molecules and the B4MN10 complexes. The 

electromagnetic and thermodynamic properties of B4MN10 complexes were computed using 

density functional theory. The results have illustrated that chosen hydrogen molecules adsorbed 

on the B4MN10 are rather stable, with the most stable adsorption site being in the center of the 

B4MN10 system. The selectivity of atom-doping on boron nitride nanocage (hydrogen sensor) 

for H2 molecules adsorption can be expressed as: H2→ B4SiN10>H2→ B4AlN10>>>H2→ 

B4CN10 complexes, respectively. This work proposes that metallic, nonmetallic, and metalloid 

semiconductors can be examined by doping nanomaterials to enhance adsorption potency for 

designing pollution-removal sensors. 
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