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1. Introduction 

Ammonia (NH3) gas is used as a solvent in many 

industries like fertilizers, plastic, petrochemical, 

textiles, pesticides [1,2], also is known to be extremely 

harmful to the human body and also a main cause of air 

pollution. 

Carbon monoxide (CO) is one of the outstanding 

pollutant gases in the circumference, mostly produced 

by automobiles and industrial process. About 5 ppm 

concentration of CO in atmosphere is dangerous for 

human health [3]. It is plays a significant role in solving 

environmental difficulties such refinement air and 

atmosphere filtration [4-8]. 

Carbon dioxide (CO2) is a colorless and odorless gas 

vital to life on Earth. It is used in the carbonated 

beverage industry, production of carbonates, carbon 

monoxide, carboxylic acids, such as present in deposits 

                                                           
 

of petroleum and natural gas [9]. Its concentration 

approximately 50000 ppm reasons respiratory 

difficulties along with a number of other indications.  

Water (H2O) is a liquid at standard ambient temperature 

and pressure, but it often co-exists on earth in its solid 

state, ice or gaseous state, steam (water vapor). It also 

exists as snow, fog, dew and cloud. Water is present as 

vapor in atmosphere of the Sun [10] and Earth's 

atmosphere [11] etc. 

Nano structures have attracted to the chemist for special 

properties and interesting character and applications 

[12-15]. Boron nitride nanocages have remarkable 

chemical and physical properties particularly due to 

showing the semiconductor properties [16–20]. 

Because of the polar nature of B-N bonds, the B12N12 

nanocage are anticipated to have more reactivity than 

the C24 cage. For example, theoretical probes displayed 

that the B12N12 nanocage could store H2 molecules with 
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In this work, density functional theory (DFT) calculations are performed at the 

M06-2X/6-31+G* level to the adsorption of COn (n=1, 2) and HnX (n=2, 3 and 

X=O, N) molecules onto pristine, Al- and Ga-doped B12N12 nanocages. We study 

the effect of Al- and Ga-doped on the sensing properties of B12N12 nanocage. This 

study clarifies the electrical behavior which obtained from interaction between the 

B12N12, Al- and Ga-doped B12N12 nanocages and COn (n=1, 2) and HnX (n=2, 3 and 

X=O, N). The more stable structures are obtained on the minimum energy and non-

imaginary vibrational frequencies. The results indicate a strong interactions 

obtained for the B12N12-NH3, AlB11N12-NH3 and GaB11N12-NH3 complexes with 

values of -1.54, -2.32 and -2.34 eV. Calculations clarify that the Al-doped B12N12 

can significantly improve both the adsorption energy and electronic properties of 

nanocage to NH3. Finally, the Al-doped B12N12 is awaited to be a potential novel 

sensor for indicating the presence COn (n=1, 2) and HnX (n=2, 3 and X=O, N) 

molecules. 
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more ease than the C24 nanocage [21]. It has been 

indicated that the B12N12 nanocage could be nice 

candidate for hydrogen adsorption on the surface this 

cages. Thus, significant charge dissociation between 

the B and N atoms, the B atom (electron deficient) and 

N atom (electron rich) can be used as Lewis acid and 

base, respectively. Therefore, the B12N12 nanocluster 

can be considered as a nanometal catalyst with Lewis 

acid-base pairs. The B12N12 nanocage is the most stable 

structure between several types of (BN)n structures 

[22]. Theoretical investigates indicated that the B12N12 

nanocage is the more stable between B12N12, B16N16, 

B28N28 nanocages [23]. The boron nitride nanocage 

contains from four– and six–membered rings [24–28]. 

Beheshtian et al. [29] suggested that the B12N12 cluster 

can be applied to storage CO with an exothermic 

process. Ahmadi et al. have presented the electronic 

properties of carbon monoxide on Al- and Ga-doped 

single-walled BN nanotubes [30]. They have stated that 

the adsorption of CO on the Al-BNNT is more qualified 

than that of the Ga-BNNT. Shakerzadeh et al. 

theoretical studied the phosgene adsorption onto 

pristine, Al- and Ga-doped B12N12 and B16N16 

nanoclusters [31]. Therefore, the obtained results for 

both clusters are nearly the same, which imply to this 

fact that the adsorption process is independent of 

cluster size. Kalateh and co-workers [32] have offered 

the adsorption treatment of H2S on the surface of B12N12 

and AlB11N12 fullerene at the B3LYP/6-31G* level of 

density functional theory.  

In this work, B12N12 and its Al- and Ga-doped 

derivatives were selected as absorbent for carbon 

monoxide (CO), carbon dioxide (CO2), water (H2O) 

and ammonia (NH3). Geometry optimizations, 

interaction energy, NBO charge transfer and energy 

gap are calculated and results were reported.  

 

2. Computational details 

 

Full geometry optimization, density of states (DOS), 

molecular electrostatic potential (MEP) frontier 

molecular orbitals (FMO) analyses, and adsorption 

energy calculations were done at the M06-2X level 

with 6-31+G* basis set as implemented in Gaussian 09 

suite of program [33]. All the calculations carried out 

in the gas phase under 1atm pressure and 298K 

temperature. The Ead was obtained via between the total 

energies of the adsorbent-nanocages complexes and the 

energies of each monomer. The interaction energies 

were reformed for the basis set superposition error 

(BSSE) in all the systems using the full counterpoise 

method [34]. The vibration frequencies were also 

calculated at the same level to determine that all the  

3. Results and Discussion 

3.1. Optimized the B12N12 and Al- and Ga-doped B12N12 

nanocages  

The optimized structures of the pristine and Al- and Ga-

doped B12N12 nanocages at the M06-2X/6-31+G* level 

are shown in Fig. 1. The B–N, Al–N and Ga–N bond 

length between two hexagonal rings are 1.439, 1.432 

and 1.431 Å and that is between a four- and a six- 

membered ring are 1.48, 1.82 and 1.89 Å. The energy 

difference between the highest occupied molecular 

orbital (HOMO) and the lowest un-occupied molecular 

orbital (LUMO), Eg of pristine and Al- and Ga-doped 

B12N12 nanocages are calculated to be 9.15, 6.58 and 

6.14 eV, respectively. The highest occupied molecular 

orbital (HOMO) are localized on the nitrogen atom and 

the lowest un-occupied molecular orbital (LUMO) of 

the pristine and Al- and Ga-doped B12N12 nanocages are 

localized on the boron, aluminum and gallium atoms, 

respectively. The boron, aluminum and gallium atoms 

of nanocages acts as an electron acceptor (Lewis acid) 

and the nitrogen atoms of nanocages acts as an electron 

donor (Lewis base).  

 

3.2. Adsorption of NH3, CO, CO2 and H2O on the B12N12 

and Al- and Ga-doped B12N12 nanocages  

Air pollutant and toxic molecules including NH3, CO, 

CO2 and H2O were chosen as the adsorbents. We 

performed full structural optimization on monomers 

and complexes to investigate the energetic, equilibrium 

geometries and electronic properties. The values of 

adsorption energy (Eads), adsorbent-nanocages 

interaction distance (d(adsorbent-nanocages)), natural bonding 

orbital (NBO) analysis and the ΔEg (change of Eg of 

cage upon the adsorption process) are presented in 

Table 1.  

 

3.2.1. Adsorption of NH3 on the nanocages 

Fig. 1 shows optimized structures and complexes at the 

M06-2X/6-31+G* level of calculations. After the 

geometry optimization, stable systems were observed 

for adsorption processes NH3─B12N12, NH3─AlB11N12 

and NH3─GaB11N12 complexes. The adsorption 

energies (Eads) for NH3─B12N12, NH3─AlB11N12 and 

NH3─GaB11N12 complexes are -1.54, -2.32 and -2.34 

eV, and values of adsorbent-nanocages distances are 

1.62, 1.98 and 2.04 Å, respectively. The charge 

transfers from nitrogen of NH3 to the boron, aluminum 

and gallium atoms of nanocages are 0.56, 0.17 and 0.18 

e, respectively, showing high polarity nature of these 

bonds. Calculated molecular electrostatic potential 
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displays that the nitrogen atom of NH3 acts as an 

electron donor Lewis base and the boron atom of cage 

acts as an electron acceptor. The FMO analysis on the 

NH3 sensor, showing that its energy gaps for 

NH3─B12N12, NH3─AlB11N12 and NH3─GaB11N12 

complexes are about 7.72, 6.91 and 6.87 eV, 

respectively. 

 

3.2.2. Adsorption of CO on the nanocages 

Three complexes were found in order to study the 

adsorption of CO on the pristine and Al- and Ga-doped 

B12N12 nanocages. The C─side and O─side of CO 

adsorb on the top of the boron, aluminum and gallium 

atoms of nanocages (Fig. 1). The calculations show that 

the CO─B12N12, CO─AlB11N12 and CO─GaB11N12 

systems are exothermic processes with negative 

adsorption energies.  

 

                       

A 

     B  C D  E  F 

       G  H I  J  K 

 L   M   N O        P 

Fig. 1. Geometric parameters of pure B12N12, Al- and Ga-doped B12N12 and absorbents/nanocages. Distances in Å and angles in 

degree
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Table 1. Calculated equilibrium adsorbent-nanocages distance (d nanocagesadsorbate/ ), adsorption energy (Ead: eV), 

HOMO energies (EHOMO), LUMO energies (ELUMO) and HOMO–LUMO energy gap (Eg) for mentioned Configurations. 

aΔEg 

(%) 

(eV) 

Eg (eV) ELUMO (eV) EHOMO (eV) QNBO Ead d
1212

NMolecule/B  Configurations 

─ 9.15 -0.36 -9.51 ─ ─ ─ B12N12 

142.59 7.72 -0.95 -8.68 0.56 -1.54 1.62 B12N12-NH3 

127.05 7.88 -0.99 -8.86 0.29 -0.87 1.64 B12N12-H2O 

14.69 9.00 -0.44 -9.44 0.04 -0.14 2.54 B12N12-CO2 

5.87 9.09 -0.05 -9.14 1.20 -0.15 1.81 B12N12-CO(C─side) 

29.01 9.44 -0.01 -9.45 0.02 -0.09 2.66 B12N12-CO(O─side) 

─ 6.58 -2.51 -9.08 ─ ─ ─ AlB11N12 

32.93 6.91 -1.46 -8.36 0.17 -2.32 1.98 AlB11N12-NH3 

10.64 6.68 -1.75 -8.44 0.14 -1.83 1.90 AlB11N12-H2O 

85.17 7.43 -1.28 -8.71 0.12 -0.87 1.98 AlB11N12-CO2 

50.42 6.07 -2.68 -8.75 0.25 -0.85 2.19 AlB11N12-CO(C─side) 

10.83 6.47 -2.29 -8.76 0.10 -0.54 2.05 AlB11N12-CO(O─side) 

─ 6.14 -2.92 -9.06 ─ ─ ─ GaB11N12 

72.85 6.87 -1.42 -8.30 0.18 -2.34 2.04 GaB11N12-NH3 

59.73 6.74 -1.65 -8.39 0.13 -1.67 2.01 GaB11N12-H2O 

114.05 7.28 -1.42 -8.71 0.11 -0.83 2.09 GaB11N12-CO2 

3.78 6.11 -2.57 -8.68 0.26 -0.99 2.22 GaB11N12-CO(C─side) 

78.94 6.93 -1.83 -8.75 0.09 -0.59 2.19 GaB11N12-CO(O─side) 

aThe change of HOMO–LUMO gap of B12N12N after adsorption. All energies are in eV. All distances are in Å. QNBO is in e.  

For C─side interaction, Ead (adsorbent-nanocages 

interaction distance) are -0.15 (1.81 Å), -0.85 (2.19 Å), 

respectively. For O─side interaction, Ead (adsorbent-

nanocages interaction distance) are -0.99 (2.22 Å) eV 

and -0.09 (2.66 Å), -0.54 (2.05 Å) and -0.59 (2.19 Å) 

eV respectively, (Fig. 1 and Table 1). Therefore, we can 

conclude that the C─side interaction is stronger than 

that of O─side interaction. The DFT calculations 

showed the charge transfers of 1.20, 0.25 and 0.26 e 

from C─side of CO to the B, Al and Ga atoms of 

nanostructures and 0.02, 0.10 and 0.09 e from O─side 

of CO to the boron, aluminum and gallium atoms of 

cages. The calculated MEP displays electron rich 

regions with red and electron deficient regions with 

blue color (Fig. 2). 

The FMO analysis shows that the interactions between 

the C─side and O─side of CO and B, Al and Ga atoms 

of the pristine and Al- and Ga-doped B12N12 nanocages 

were carried out which HOMO locates at the C as well 

as O atoms and LUMO locates at the B, Al and Ga of 

the nanocages, respectively (Fig. 3). 

 

3.2.3. Adsorption of CO2 on nanocages virtues  

The optimized structures for the most stable 

configurations CO2─B12N12, CO2─AlB11N12 and 

CO2─GaB11N12 complexes are presented in Fig. 1. The 

adsorption energies are -0.14, -0.87 and -0.83 eV and 

the adsorbent-nanocages distance are 2.54, 1.98 and 

2.09 Å, respectively. The charges of 0.040, 0.125 and 

0.115 e are transferred from CO2 to the boron, 

aluminum and gallium atoms of nanocages (Table 1). 

Electrostatic potential analysis which displays at the 

0.001 electrons per Bohr-3 isodensity surfaces were 

calculated with WFA surface analysis (Fig. 2) [35]. 

DFT calculations shows the electron transfer from the 

HOMO of CO2 to the LUMO on the boron, aluminum 

and gallium atom of the cages (Fig. 3). The HOMO–

LUMO energy gap (Eg) for the CO2─B12N12, 

CO2─AlB11N12 and CO2─GaB11N12 systems are 9.00, 

7.43 and 7.28 eV, respectively (Table 1) 

 

3.2.4. Adsorption of H2O on nanocages virtues 

We investigate the adsorption of H2O on the pristine 

and Al- and Ga-doped B12N12 nanocages (Fig. 1). The 

adsorbent-nanocages distance for H2O─B12N12, 

H2O─AlB11N12 and H2O─GaB11N12 are 1.64, 1.90 and 

2.01 Å and the adsorption energies (Ead) are -0.87, -1.83 

and -1.67 eV, respectively. The NBO calculations 

reveal that the charge transfers from oxygen of H2O to 

boron, aluminum and gallium atoms of cages are 0.29, 

0.140 and 0.134 e, respectively (Table 1). 

 Therefore, boron, aluminum and gallium atoms of  
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cages act as Lewis acid site and the oxygen atom of 

water acts as Lewis base site.
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Fig. 2 Electron density difference (EDD) maps isosurfaces (± 0.001 au) of pristine, Al- and Ga-doped and complexes 



  Chem Rev Lett 2 (2019) 140-150 

 

145 
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LUMO HOMO Name 
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LUMO HOMO Name 

 

 
 

 

 
 

 

 

 

 
 

 
 

Fig. 3 Frontier orbitals of 

mentioned Configurations 
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The most positive and most negative potentials that 

defined as VS,max and VS,min, respectively are shown in 

Fig. 2 (Table 1). The HOMO–LUMO gap (Eg) for the 

H2O─B12N12, H2O─AlB11N12 and H2O─GaB11N12 

systems are 7.88, 6.68 and 6.74 eV, respectively (Fig. 

3). 

Adsorption energy difference in the mentioned 

complexes attributed to the basis of electronegativity 

difference, p character, and dipole moment in the 

molecules (Table 2).  

 

3.3. Density of state analysis 

 

To investigate the adsorption effects of the COn (n=1, 

2) and HnX (n=2, 3 and X=O, N) molecules over the 

B12N12, AlB11N12 and GaB11N12, the density of states 

DOS for the most stable systems of the 

adsorbent/nanocages complexes was studied which 

shown in Fig. 4. In mentioned complexes, the DOS near 

the Fermi level are not affected upon the adsorptions 

process and Eg of the cages has no significant change at 

the M06-2X/6-31+G* level of theory (Table 1). The 

change of HOMO–LUMO gap (%ΔEg) in the 

adsorption process is associated to the sensitivity of an 

absorbent for a particular molecule. As seen in Table 1, 

the ΔEg for NH3─B12N12, NH3─AlB11N12 and 

NH3─GaB11N12, CO(C─side)─B12N12, CO(C─side)─ 

AlB11N12 and CO(C─side)─GaB11N12, CO(O─side) 

─B12N12, CO(O─side)─AlB11N12 and CO(O─side) 

─GaB11N12 CO2─B12N12, CO2─AlB11N12 and CO2─ 

GaB11N12, H2O─B12N12, H2O─AlB11N12 and 

H2O─GaB11N12 systems are 142.59%, 32.93%, 

72.85%, 5.87%, 50.42%, 3.78%, 29.01%, 10.83%, 

78.94%, 14.69%, 85.17%, 114.05%, 127.05%, 10.64% 

and 59.73%, respectively. It is known that the Eg is a 

major factor in determination of the electrical 

conductivity of B12N12, AlB11N12 and GaB11N12 which 

will improve in the existence of the molecules with 

respect to the following equation: 








 


KT

Eg

2
exp  

Where σ is the electrical conductivity and k is the 

Boltzmann’s constant. According to the equation, the 

smaller Eg amount leads to increase the conductivity at 

a given temperature. However, it can be conclude that 

the B12N12, AlB11N12 and GaB11N12 nanocages 

selectively act as a gas sensor device to the CO2, CO, 

H2O and NH3 molecules which cages acts as the most 

appropriate gas sensor for the NH3 molecule. 

 

4. Conclusions 

 

DFT calculations were carried out to study the 

equilibrium geometries, stabilities, and electronic 

properties of COn (n=1, 2) and HnX (n=2, 3 and X=O, 

N) molecules which adsorbed at top of the B12N12, 

AlB11N12 and GaB11N12 nanocages. The results reveal 

that the CO2, CO, NH3 and H2O molecules can be 

strongly adsorbed over the B12N12, AlB11N12 and 

GaB11N12 nanocages with a good adsorption energy. 

Charge transfer from nitrogen, carbon or oxygen, 

oxygen, oxygen atoms of NH3, CO, CO2, and H2O, 

respectively, to boron, aluminum and gallium atoms of 
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nanocages. Strong interaction between the electron 

deficient part of the nanocages and electron donating 

part of NH3, CO, CO2 and H2O molecules observed. 

The most stable configurations were NH3─B12N12 

NH3─AlB11N12 and NH3─GaB11N12 with Ead about – 

1.54, -2.32 and -2.34 eV, respectively. Finally, it is 

concluded that the B12N12, AlB11N12 and GaB11N12 

nanocages has greater respond selectivity toward NH3 

compared to CO2, CO and H2O and it is consistent with 

the theoretical and experimental observation

Table 2. HOMO energies (EHOMO), LUMO energies (ELUMO) and HOMO–LUMO energy gap (Eg), dipole moment (D) and 

electronegativity of NH3, H2O, CO2 and CO 

 

 

 

 
 

 

 

 

 

Electronegativity dipole moment (D) Eg (eV) ELUMO (eV) EHOMO (eV) analyte 

-3.82 1.86 10.48 1.42 -9.06 NH3 

4.42- 2.27 12.69 1.92 -10.77 H2O 

-6.16 0.00 12.23 -0.05 -12.28 CO2 

-6.00 0.01 12.50 0.26 -12.25 CO 
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Fig. 4. Computed density of states (DOS) for monomers and complexes. 
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