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Abstract: Adsorption of toxic gases, CO or NO molecules, using transition metals of Cr, Co, Cu, Zn, 

which have been implanted on the boron nitride nanocage (B5N10), has been studied by computational 

chemistry. Based on NQR analysis, X-doped on B5N10 has shown the lowest fluctuation in electric 

potential and the highest negative atomic charge including 0.2331 (copper), 0.3112 (cobalt), 0.5883 

(chromium), 0.6853 (zinc) coulomb for CO adsorption and 0.2962 (cobalt), 0.3710 (copper), 0.5970 

(chromium), 0.7768 (zinc) coulomb for NO adsorption have presented the most tendency for being the 

electron acceptors. Moreover, the parameters of the NMR method have indicated that the yield of 

electron acceptance for doping atoms on the X–B4N10 through gas molecules adsorption can be ordered 

as: Cu˃ Co ˃˃Cr > Zn for CO adsorption and Co≈Cr ˃ Cu ˃Zn for NO adsorption. The Gibbs free 

energy has shown that the maximum efficiency of Cr, Co, Cu, and Zn atoms doping of B5N10 for gas 

molecules adsorption depends on the covalent bond between CO or NO molecules and X–B4N10 as a 

potent sensor for air pollution removal. Therefore, for a given number of carbon or nitrogen donor sites 

in CO or NO,  the stabilities of complexes owing to doping atoms of Cr, Co, Cu, and Zn can be 

considered as: CO@Cu–B4N10>> CO@Co–B4N10> CO@Cr–B4N10> CO@Zn–B4N10. Therefore, the 

TM-doped B5N10 can be used as CO and NO gas sensor manufacturing, and it may be a potential 

material for nanodevice applications. 
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1. Introduction 

The privileged attributes of boron nitrides, especially their structural and electronic 

properties, have made them appropriate for pollutant adsorption and semiconducting 

applications [1,2]. Boron nitride nanomaterials usually exhibit semiconducting 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 [3,4].  

In recent years, different investigations on the adsorption of chemical contaminants and 

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

been studied [5,6]. 

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

nanoparticles, fullerenes, nanotubes, nanofibers, nanoribbons, nanosheets, nanomeshes, 
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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 [7]. 

The interactions between carbon monoxide gas and boron nitride nanocage were 

investigated using two DFT functionals (B3LYP and B97D), and 6-31G(d) basis set. The 

computational results indicated the capability of B12N12 as a sensor for potential applications 

in the detection of CO under an external electric field [8]. 

Ammar et al. have studied the effect of transition metals of magnesium and iron doping 

the boron nitride nano-cage (B12N12) for the adsorption of CO, NO, and NH3 gases through the 

electrical and optical properties using DFT-D3 and TD-DFT calculations at B3lyp/6-311+g(d) 

level of theory. They found that binding energy, ionization potential, electron affinity, chemical 

hardness, and softness are estimated to emphasize the stability of the doped MnB11N12 and 

FeB11N12 [9]. 

Particularly, this research work aims to assess the influences of doping atoms of Cr, Co, 

Cu, Zn on B5N10 for increasing gas detection through measurement of some parameters 

containing charge transfer, electric potential, electromagnetic and thermodynamic properties, 

surface area, functional group, and to examine the removal of selected toxic gas molecules of 

carbon monoxide during the adsorption process. These discoveries are supposed to open new 

nanosensors in applications for selective sensing of carbon monoxide and nitric monoxide in 

future detection implementations. 

2. Materials and Methods 

2.1. CO and NO molecules adsorption on X–B4N10. 

This research article aims to remove toxic gas molecules, including CO or NO, from 

air through an eco-friendly approach by using (Cr, Co, Cu, Zn)-doped B5N10. Boron nitride 

nanocage has been designed by doping atoms of chromium, cobalt, copper, and zinc, which 

can increase the gas-sensing potential of the BN nanocage. The status of CO or NO adsorption 

on the X–B4N10 surface, towards the formation of complexes containing CO/NO @Cr–B4N10, 

CO/NO @Co–B4N10, CO/NO @Cu–B4N10, and CO/NO @Zn–B4N10 by computational 

chemistry has been declared. The charge distribution of the mentioned complexes is calculated 

using Bader charge analysis [10]. The trapping of CO molecules by X–B4N10 (X= Cr, Co, Cu, 

Zn) was successfully incorporated due to binding formation consisting of C/N→Cr, C/N → 

Co, C/N→ Cu, C/N→ Zn.  

2.2. Density functional theory background. 

Considering the electronic density within the KS image directs us to a remarkable 

reduction in quantum computing. Thus, the KS methodology lightens the route for pursuing 

systems that cannot be discussed 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 [11–13]: 

𝐻̂𝑠 =  − ∑
1

2
 V̅𝑖

2 +  ∑ 𝑣𝑠
𝑀
𝑖 (𝑟𝑖)  =   ∑ ℎ̂𝑠

𝑀
𝑖

𝑀
𝑖 ;   ℎ̂𝑠 =  −

1

2
 V̅𝑖

2 + 𝑣𝑠(𝑟𝑖)                     (1) 
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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): 

 

𝐸[𝜌] =  ∑ 𝑛𝑖
𝑀
𝑖 〈𝜓𝑖 |−

1

2
 V̅2 +  𝑣𝑒𝑥𝑡 (𝑟) +  

1

2
 ∫

𝜌(𝑟′)

|𝑟−𝑟′|
 d𝑟′| 𝜓𝑖〉 + 𝐸𝑥𝑐 [𝜌] +

1

2
  ∑ ∑

𝑍𝛼𝑍𝛽

|𝑅⃗⃗𝛼− 𝑅⃗⃗𝛽|

𝑁
𝛼≠𝛽

𝑁
𝛽               (3) 

 

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

16 revision C.01 software [14]. The input Z-matrix for adsorption of CO molecules in air by 

X–B4N10 has been designed with GaussView 6.1 [15] using 6–311+G (d,p), EPR–3, and  

LANL2DZ basis sets with multiplicity of +1 and convergence on RMS density matrix=1.00D-

08 and convergence on MAX density matrix=1.00D-06. In this study, the interaction between 

gas molecules and X–B4N10 was modeled and analyzed. As revealed by DFT-based analysis, 

the potency of X–B4N10 for grabbing CO molecules was determined mainly by the 

electronegativity of the functional groups, as well as the interaction between X–B4N10 and the 

CO molecules. 

3. Results and Discussion 

One of the most dominant gas pollutants in the air is carbon monoxide. The results have 

estimated the yield of boron nitride nanocages doped with Cr, Co, Cu, and Zn for gas detection. 

In fact, it can be remarked that the chemisorptive nature of the bond between the gas molecules 

and the boron and nitrogen elements is attributed to the equilibrium distribution of doping 

atoms, B5N10, and a monolayer attribute.  

3.1. PDOS and electronic evaluation. 

The electronic structure of CO adsorption using X (X= Cr, Co, Cu, Zn)-doped B5N10 

has been illustrated using CAM–B3LYP–D3/6–311+G (d,p), LANL2DZ level of theory.  

Figure 1 (a–h) shows the projected density of states (PDOS) of CO/NO @ X – B4N10 

through gas-molecule adsorption. The existence of the energy states (p-orbital) of C, N, O, and 

(d-orbital) of Cr, Co, Cu, Zn within the gap of X – B4N10 induces the reactivity of the system. 

It is clear from the figure that after trapping with gas molecules, there is a significant 

contribution of d-orbital in the unoccupied level. Therefore, the curve of partial PDOS 

describes that the p states of N atoms in gas molecules and d-orbital in Cr, Co, Cu, Zn transition 

metals in X–B4N10 overlap due to the conduction band (Figure 1a–h). A distinguished 

adsorption trait might be seen in CO/NO @X–B4N10 because of the potent interaction between 

the p states of the carbon atom in gas molecules and the d states of Cr, Co, Cu, Zn in X–B4N10 

complexes. 
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(e) (f) 

  
(g) (h) 

Figure 1. PDOS of gas molecules of CO or NO adsorbed on X–B4N10, including (a) CO@Cr–B4N10; (b) 

CO@Co–B4N10; (c) CO@Cu–B4N10; (d) CO@Zn–B4N10; (e) NO@Cr–B4N10; (f) NO@Co–B4N10; 

(g) NO@Cu–B4N10; (h) NO@Zn–B4N10 complexes by CAM–B3LYP–D3/6–311+G (d,p), LANL2DZ. 
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Figure 1(a–h) shows that  CO@Cr–B4N10, CO@Co–B4N10, CO@Cu–B4N10, CO@Zn–

B4N10, NO@Cr–B4N10, NO@Co–B4N10, NO@Cu–B4N10, and NO@Zn–B4N10 complexes 

through gas molecules adsorption, respectively, have the most contribution at the middle of the 

conduction band between –5 to –15 eV, while contribution of boron and nitrogen states are 

enlarged and similar together, and adsorbing of CO or NO depicts interfacial electronic of the 

B4N10 for selection of this gas. CO @ Cr–B4N10 complex (Figure 1a) has exhibited two sharp 

peaks around –10 eV for V and Cr atoms, respectively. Furthermore, CO@ Co–B4N10 (Figure 

1 b) and Cu@ Cu–B4N10 (Figure 1c) have exhibited a strong peak around –12.5 eV in the 

graphs for Co and Cu atoms, respectively. However, the Zn graph in CO@ Zn–B4N10 (Figure 

1d) with a sharp peak around –20 eV attracts our attention. Therefore, the order of adsorption 

strength by doping atoms of Cr, Co, Cu, Zn on X–B4N10 based on the PDOS might be shifted 

as: Zn–B4N10>>Cu–B4N10≈Co–B4N10>Cr–B4N10. 

Moreover, the NO@ Cr–B4N10 complex (Figure 1e) exhibited two sharp peaks around 

–10 and –14.5 eV for Cr atoms, respectively. NO@ Co–B4N10 (Figure 1f) exhibited four strong 

peaks around –8, –10, –11.5, and –14.5 eV in the graphs for the Co atom. Furthermore, the Cu 

graph shows two sharp, closely spaced peaks around –14 and –14.5 eV in NO@ Cu–B4N10 

(Figure 1g). However, the Zn graph in NO@ Zn–B4N10 (Figure 1h), with a sharp peak around 

–19.5 eV, attracts our attention. Therefore, the order of potency of gas adsorption by doping 

atoms of Cr, Co, Cu, Zn on X–B4N10 based on the PDOS might be shifted as: Cu–B4N10>>Co–

B4N10> Cr–B4N10> Zn–B4N10. 

3.2. Insight into nuclear quadrupole resonance.  

As the electric field gradient (EFG) at the citation of the nucleus in CO or NO is 

allocated by the valence electrons twisted in the attachment with close nuclei of X–B4N10 

(X=Cr, Co, Cu, Zn) through trapping of gas molecules (Figure 2), the nuclear quadrupole 

resonance (NQR) frequency at which transitions occur is particular for CO/NO @X–B4N10 

complexes (Table1).  

    

    
Figure 2. Optimized structures of CO adsorbed on the surface of X–B4N10 (X= Cr, Co, Cu, Zn) towards 

formation of (a) CO@Cr–B4N10; (b) CO@Co–B4N10; (c) CO@Cu–B4N10; (d) CO@Zn–B4N10; (e) NO@Cr–

B4N10; (f) NO@Co–B4N10; (g) NO@Cu–B4N10; (h) NO@Zn–B4N10 complexes. 
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The NQR method is related to the multipole expansion in Cartesian coordinates as in 

equation (4) [16,17]: 

 

𝑉(𝑟) =  𝑉(0) +  [(
𝜕𝑉

𝜕𝑥𝑖
) |

0
 . 𝑥𝑖)] +  

1

2
  [(

𝜕2𝑉

𝜕𝑥𝑖𝑥𝑗
) |

0
. 𝑥𝑖𝑥𝑗)] +          (4) 

 

After that, a simplification of equation (4), there are only the second derivatives related 

to the identical variable for the potential energy [16,17]: 
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         (5) 

 

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

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

 

𝜒 =   
𝑒2𝑄𝑞𝑧𝑧

ℎ
⁄              (6) 

η =  
𝑞𝑥𝑥 − 𝑞𝑦𝑦

𝑞𝑧𝑧 ⁄          (7) 

 

where 𝑞𝑖𝑖 are the components of the EFG tensor at the quadrupole nucleus, determined 

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

and ℎ is Planck's constant [18,19]. 

In this research work, the electric potential, defined as the work energy required to carry 

the electric charge from one position to another position in the presence of the electric field, 

has been evaluated for CO/NO @Cr–B4N10, CO/NO @Co–B4N10, CO/NO @Cu–B4N10, and 

CO/NO @ Zn–B4N10 complexes (Table 1). 

Table 1. The electric potential (Ep/a.u.) and Bader charge (Q/coulomb) through NQR calculations for 

CO/NO@Cr–B4N10, CO/NO@Co–B4N10, CO/NO@Cu–B4N10, and CO/NO@Zn–B4N10 complexes using 

CAM–B3LYP–D3/EPR–3, LANL2DZ calculations. 

CO@Cr–B4N10 CO@Co–B4N10 CO@Cu–B4N10 CO@Zn–B4N10 

Atom Q Ep Atom Q Ep Atom Q Ep Atom Q Ep 

C1 0.1019 -14.5703 C1 0.1255 -14.5643 C1 0.1820 -14.5522 C1 0.2162 -14.5178 

O2 -0.2053 -22.2094 O2 -0.1857 -22.2102 O2 -0.1756 -22.2044 O2 -0.1318 -22.1584 

B3 0.1285 -11.271 B3 0.1396 -11.2851 B3 0.1277 -11.2865 B3 0.0982 -11.2942 

N4 -0.0515 -18.2755 N4 -0.0346 -18.2779 N4 -0.0300 -18.2904 N4 -0.0316 -18.2923 

N5 -0.0936 -18.2746 N5 -0.0651 -18.2712 N5 -0.0630 -18.266 N5 -0.0690 -18.2603 

B6 0.1442 -11.2733 B6 0.1314 -11.2867 B6 0.1262 -11.284 B6 0.1036 -11.2942 

B7 0.1227 -11.2688 B7 0.1274 -11.2867 B7 0.1261 -11.2843 B7 0.0992 -11.2939 

B8 0.1439 -11.2743 B8 0.1310 -11.284 B8 0.1203 -11.2865 B8 0.1032 -11.294 

N9 -0.0452 -18.2605 N9 -0.0676 -18.2828 N9 -0.0670 -18.2879 N9 -0.0513 -18.2827 

N10 -0.0936 -18.2754 N10 -0.0656 -18.2731 N10 -0.0635 -18.2662 N10 -0.0679 -18.2598 

N11 -0.1418 -18.2607 N11 -0.1153 -18.275 N11 -0.1046 -18.2728 N11 -0.2191 -18.2894 

N12 -0.1738 -18.2605 N12 -0.1171 -18.2739 N12 -0.1140 -18.272 N12 -0.2207 -18.2896 

N13 -0.1517 -18.2623 N13 -0.1067 -18.2718 N13 -0.0960 -18.2696 N13 -0.2109 -18.2884 

N14 -0.1728 -18.2598 N14 -0.1152 -18.2705 N14 -0.1140 -18.2688 N14 -0.2225 -18.2899 

Cr15 0.5883 -14.3983 Co15 0.3112 -21.031 Cu15 0.2331 -26.0904 Zn15 0.6853 -16.151 

N16 -0.0518 -18.2647 N16 -0.0580 -18.2849 N16 -0.0597 -18.2861 N16 -0.0504 -18.2829 

N17 -0.0483 -18.2739 N17 -0.0350 -18.2876 N17 -0.0280 -18.288 N17 -0.0304 -18.292 

NO@Cr–B4N10 NO@Co–B4N10 NO@Cu–B4N10 NO@Zn–B4N10 
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Atom Q Ep Atom Q Ep Atom Q Ep Atom Q Ep 

N1 -0.1006 -18.2437 N1 0.0813 -18.1696 N1 0.0377 -18.1784 N1 -0.0503 -18.2247 

O2 -0.0957 -22.2099 O2 -0.1111 -22.1930 O2 -0.0847 -22.1827 O2 -0.0987 -22.1976 

B3 0.1151 -11.2746 B3 0.1511 -11.2799 B3 0.1439 -11.2831 B3 0.1150 -11.2782 

N4 -0.0326 -18.2739 N4 -0.0547 -18.2763 N4 -0.0320 -18.2747 N4 -0.0185 -18.2727 

N5 -0.0825 -18.2753 N5 -0.0626 -18.2520 N5 -0.0657 -18.2511 N5 -0.0436 -18.2528 

B6 0.1111 -11.2739 B6 0.1449 -11.2800 B6 0.1362 -11.2829 B6 0.1141 -11.2787 

B7 0.1199 -11.2748 B7 0.1460 -11.2798 B7 0.1301 -11.2822 B7 0.1127 -11.2786 

B8 0.1163 -11.2758 B8 0.1462 -11.2809 B8 0.1247 -11.2809 B8 0.1128 -11.2786 

N9 -0.0326 -18.2658 N9 -0.0739 -18.2786 N9 -0.0631 -18.273 N9 -0.0645 -18.2693 

N10 -0.0994 -18.2819 N10 -0.0678 -18.2558 N10 -0.0536 -18.2432 N10 -0.0414 -18.25 

N11 -0.1406 -18.2638 N11 -0.1124 -18.2576 N11 -0.1440 -18.2666 N11 -0.2080 -18.2814 

N12 -0.1407 -18.2624 N12 -0.125 -18.2642 N12 -0.1344 -18.2611 N12 -0.2116 -18.2823 

N13 -0.1347 -18.2608 N13 -0.1081 -18.257 N13 -0.1352 -18.2648 N13 -0.2026 -18.2819 

N14 -0.1442 -18.2639 N14 -0.1174 -18.2619 N14 -0.1410 -18.2634 N14 -0.2102 -18.2826 

Cr15 0.5970 -14.3934 Co15 0.2962 -21.0329 Cu15 0.3710 -26.0693 Zn15 0.7768 -16.175 

N16 -0.0291 -18.2635 N16 -0.0817 -18.2785 N16 -0.0604 -18.273 N16 -0.0642 -18.2689 

N17 -0.0265 -18.2683 N17 -0.0510 -18.2718 N17 -0.0294 -18.2757 N17 -0.0174 -18.2724 

In Table 1, the Bader charge and electronic potential properties of Cr, Co, Cu, Zn, and 

B, N in X– B4N10 and C, O of CO molecules trapped on doped-boron nitride nanocages have 

been investigated. The amounts indicate that as the negative charge of different atoms, the 

electric potential resulting from NQR calculations increases. Moreover, the doping atoms of 

Cr(15), Co(15), Cu(15), Zn(15) on B5N10 have shown the most potential for accepting the 

electron from the electron donor of C(1) and O (2) in CO adsorbed on the X–B4N10 (Table 1).  

  

(a) (b) 

  

(c) (d) 
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(e) (f) 

  

(g) (h) 
Figure 3. Electric potential (a.u.) versus Bader charge (coulomb) through NQR calculation for (a) CO @ Cr–

B4N10; (b) CO @ Co–B4N10;(c) CO@ Cu–B4N10; (d) CO@ Zn–B4N10; (e) NO @ Cr–B4N10; (f) NO @ Co–

B4N10; (g) NO@ Cu–B4N10; (h) NO@ Zn–B4N10 complexes by CAM–B3LYP–D3/EPR–3, LANL2DZ. 

In addition, the Bader charge and electronic potential properties of Cr, Co, Cu, Zn, and 

B, N in X– B4N10 and N, O of NO molecules trapped on doped-boron nitride nanocages have 

been investigated. The amounts indicate that, as the negative charge of different atoms 

increases, the electric potential resulting from NQR calculations increases. Moreover, the 

doping atoms of Cr(15), Co(15), Cu(15), Zn(15)  on the B5N10 have shown the most potential 

for accepting the electron from the electron donor of N(1) and O (2) in NO adsorbed on the X–

B4N10 (Table 1). 

Furthermore, in Figure 3 (a–h), it has been sketched the electric potential of nuclear 

quadrupole resonance for some atoms of Cr, Co, Cu, Zn / B, N in X– B4N10 and C, N, O of gas 

molecules (CO and NO) trapped on doped-boron nitride nanocages has been sketched, which 

has been calculated by CAM–B3LYP–D3/EPR–3, LANL2DZ. Adsorption of CO on the Cr–

B4N10, Co–B4N10, and Cu–B4N10 in Figure 3 (a), (b), and (c), respectively, has illustrated the 

highest sensing of R² = 0.9666 and R² = 0.9679 (both Co–B4N10 and Cu–B4N10). However, 

Figure 3 (d) shows that CO@ Zn–B4N10 has a lower potential than other nanocage surfaces for 

CO removal from air (R² = 0.687). Adsorption of NO on the Cr–B4N10 and Co–B4N10 in Figure 

3 (e) and (f), respectively, has illustrated the highest sensing of R² = 0.9332 and R² = 0.9218. 

In addition, Figures 3 (g) and (h) show that NO@ Cu–B4N10, and NO @ Zn–B4N10, 

respectively, have a good detection of NO removal from air with correlation coefficients of R² 

= 0.9477 and R² = 0.9533. 

It is evident that the curve of X–B4N10 is affected by CO or NO molecules. The 

fluctuating peaks for electric potential have been observed around CO or NO trapping on the 

X–B4N10, which demonstrate the electron-accepting properties of carbon, nitrogen, and oxygen 

versus the chromium, cobalt, copper, and zinc doped on the B4N10 (Figure 3a–h). Besides, it 

can be considered that transition metals, such as ferromagnetic semiconductors in the 
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functionalized B5N10, might have more impressive sensitivity for accepting the electrons from 

CO or NO by Cr, Co, Cu, Zn in the process of the adsorption mechanism.  

Table 1 shows that Cu-doped B5N10 and Co-doped B5N10 have high fluctuations 

between Bader charge versus electric potential extracted from NQR parameters and negative 

atomic charge, including 0.2331 and 0.3112 coulomb in Cu @Co–B4N10 and CO @Co–B4N10, 

respectively, which can be appropriate options with the highest tendency for electron 

acceptance in the adsorption current (Table 1). In addition, the adsorbents of chromium with 

0.5883 and zinc with 0.6853 coulomb, respectively, have presented the greatest tendency to be 

electron acceptors. In fact, the uptake of gas molecules has been known to be associated with 

X–B4N10, indicating that the adsorbed CO molecules in the X–doped nanocage can be 

internalized through a different pathway from the pristine nanocage. Cobalt-doped B5N10 has 

the lowest fluctuation between Bader charge and electric potential extracted from NQR 

parameters and the highest negative atomic charge, including 0.2962 coulomb in NO@Co–

B4N10, which can be an appropriate option with the highest tendency for electron acceptance 

in the adsorption current (Table 1). In addition, the adsorbents of copper with 0.3710 coulomb, 

chromium with 0.5970 coulomb, and zinc with 0.7768 coulomb, respectively, have presented 

the greatest tendency for being the electron acceptors during NO adsorption. In fact, the uptake 

of gas molecules has been known to be associated with X–B4N10, indicating that the adsorbed 

NO molecules in the X–doped nanocage can be internalized through a different pathway from 

the pristine nanocage. 

3.3. Nuclear magnetic resonance.  

NMR spectra of X–B4N10 (X= Cr, Co, Cu, Zn) as a potent sensor for adsorbing toxic 

gas molecules of CO or NO can unravel the efficiency of X–B4N10 for detecting and removing 

these hazardous gases in air as an eco-friendly approach.  

From the DFT calculations, it has been attained the chemical shielding (CS) tensors in 

the principal axes system have been obtained to estimate the isotropic chemical shielding (CSI) 

and anisotropic chemical shielding (CSA) [20,21]: 

 

 𝜎𝑖𝑠𝑜  =  ( 𝜎11 +   𝜎22 +   𝜎33)/3                             (8) 

 𝜎𝑎𝑛𝑖𝑠𝑜  =   𝜎33 − ( 𝜎22  +   𝜎11)/2                          (9) 

 

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

molecules trapped in the X–B4N10 towards formation of CO/NO@Cr–B4N10, CO/NO @Co–

B4N10, CO/NO@Cu–B4N10, and CO/NO@Zn–B4N10 complexes have been computed by the 

Gaussian 16 revision C.01 program package [14] and are shown in Table 2. 

Table 2. Data of NMR shielding tensors for selected atoms of CO/NO @Cr–B4N10, CO/NO @Co–B4N10, 

CO/NO @Cu–B4N10, and CO/NO@Zn–B4N10 complexes using CAM–B3LYP–D3/6–311+G (d,p), 

LANL2DZ calculation. 

CO@Cr–B4N10 CO@Co–B4N10 CO@Cu–B4N10 CO@Zn–B4N10 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

C1 292.1782 694.1805 C1 236.7354 564.5258 C1 203.5355 617.4635 C1 257.7474 592.4371 

O2 633.1859 3188.7465 O2 734.6573 1565.6378 O2 726.2906 1300.8011 O2 843.7191 1329.2058 

B3 39.2967 99.6046 B3 68.9199 67.7533 B3 72.2837 77.4514 B3 97.6044 107.2476 

N4 1870.0279 2661.9993 N4 364.1386 807.7547 N4 595.1884 1409.1634 N4 2231.2755 5778.7287 

N5 131.5764 2171.5379 N5 328.3577 1013.4882 N5 545.3801 617.9658 N5 476.9844 9155.3197 

B6 52.5392 46.2836 B6 57.9880 75.7327 B6 63.8370 79.6242 B6 87.7693 106.0778 
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CO@Cr–B4N10 CO@Co–B4N10 CO@Cu–B4N10 CO@Zn–B4N10 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

B7 38.0691 111.9754 B7 58.2838 70.2613 B7 63.7860 78.3922 B7 92.6279 113.0517 

B8 54.2128 45.9159 B8 70.0946 74.7531 B8 72.6591 78.0618 B8 89.0662 96.9983 

N9 378.9198 1752.4055 N9 344.3997 658.6215 N9 338.7207 254.9285 N9 2048.7010 8332.6107 

N10 928.6784 2162.4106 N10 384.4197 935.6162 N10 540.1666 624.4985 N10 379.2790 8951.7586 

N11 813.3494 2124.0132 N11 911.7619 703.4108 N11 454.4266 357.8068 N11 785.1710 1756.5284 

N12 70.9784 2292.9194 N12 792.8207 735.7745 N12 473.0107 371.9460 N12 513.8596 1121.0887 

N13 1115.8864 2122.6552 N13 781.2989 680.5794 N13 523.3912 680.3183 N13 1255.5158 1825.1782 

N14 147.3939 1954.1015 N14 736.7560 539.9430 N14 532.5175 679.2489 N14 791.7575 1017.0261 

Cr15 12676.2274 4962.3842 Co15 12319.7965 4125.6887 Cu15 2243.5444 806.4926 Zn15 335.1748 1057.4872 

N16 14.0527 1720.0787 N16 391.9645 522.6333 N16 246.6325 550.8873 N16 2106.9316 8278.3243 

N17 1283.8952 4581.8198 N17 359.8620 1190.9198 N17 428.7270 601.6366 N17 2872.1260 5426.2698 

NO@Cr–B4N10 NO@Co–B4N10 NO@Cu–B4N10 NO@Zn–B4N10 

Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso Atom σiso σaniso 

N1 657.46 449.15 N1 6235.13 21991.86 N1 63293.00 94223.48 N1 1551.16 1716.94 

O2 638.05 829.81 O2 13191.61 46595.00 O2 88823.60 132087.84 O2 1866.55 1659.43 

B3 73.15 59.20 B3 315.80 857.56 B3 31.0022 237.228 B3 59.21 86.06 

N4 864.67 935.73 N4 11531.79 25317.62 N4 3081.29 26445.87 N4 867.69 1132.70 

N5 663.8211 1162.01 N5 18262.38 59345.21 N5 2474.98 20423.95 N5 80.45 310.76 

B6 73.63 64.90 B6 371.00 784.1426 B6 39.79 210.98 B6 59.63 89.72 

B7 70.66 58.23 B7 322.72 820.1116 B7 66.86 321.73 B7 58.66 84.79 

B8 67.77 55.83 B8 351.29 762.9027 B8 1.84 182.22 B8 58.32 90.12 

N9 194.59 867.75 N9 2775.17 43699.70 N9 1189.16 18670.09 N9 270.49 738.94 

N10 637.10 1350.34 N10 16350.09 52405.72 N10 2089.78 23940.52 N10 113.63 385.12 

N11 739.01 891.46 N11 2593.17 5918.10 N11 1208.41 5659.78 N11 913.16 606.23 

N12 648.83 703.63 N12 3290.23 6195.62 N12 4479.93 27757.65 N12 967.93 781.41 

N13 686.99 715.76 N13 653.93 6410.61 N13 2635.56 6052.16 N13 871.75 595.94 

N14 708.80 622.45 N14 1621.05 5288.46 N14 6411.38 25786.03 N14 916.85 656.01 

Cr15 7806.68 2373.72 Co15 49289.45 84963.85 Cu15 16157.16 44143.15 Zn15 5.2 431.41 

N16 309.99 704.31 N16 6136.67 43276.78 N16 3203.10 17623.09 N16 273.41 716.23 

N17 1013.79 1526.37 N17 14002.19 27833.11 N17 8941.76 21869.78 N17 877.54 1156.93 

NMR data have reported notable amounts of CO or NO adsorbed on the X–B4N10 

(Table 2). The increase in the chemical shift anisotropies spans for C (1), O (2) atoms of CO 

and N (1), O (2) atoms of NO adsorption on the X–B4N10. It is notable that doping of Cr, Co, 

Cu, and Zn on B4N10 might promote the strength of the nanocage. In fact, the adsorption of CO 

can present spin polarization on the X–B4N10, which indicates that these nano-surfaces may be 

employed as a magnetic scavenging surface as a gas detector. The parameters of isotropic and 

anisotropic shielding change with the occupancy of electrons, resulting in trapped gas 

molecules in the atom-doped boron nitride nanocage.  

Table 2 indicates the similar orientation of shielding for boron and nitrogen; however, 

a remarkable deviation is observed for doping atoms of Cr (15), Co (15), Cu (15), Zn(15) 

through interaction with C (1), O (2) of CO and N (1), O (2) of NO during adsorption on the 

B5N10. Table 2 shows the gap chemical shielding between chromium, cobalt, copper, and zinc 

doping of X–B4N10 nanocage and CO/NO gas molecules. The yield of electron acceptors for 

doping atoms on the X–B4N10 through gas molecules adsorption can be ordered as: Cu˃ Co 

˃˃Cr > Zn for CO adsorption and Co≈Cr ˃ Cu ˃Zn for NO adsorption, which supports the 

possibility of a covalent bond between chromium, cobalt, copper, zinc, and carbon monoxide 

for removing it from the air.  

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

of X–B4N10 complexes based on doped nanomaterials for increasing the adsorption of CO/NO 
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gas molecules, in addition to the structural studies using solid-state and solution NMR 

techniques. 

3.4. Thermodynamic factors and IR spectroscopy. 

The IR calculations have been done for the adsorption of CO or NO molecules by X–

B4N10 during toxic gas sensing in air. Therefore, it has been simulated the several clusters 

containing CO@ Cr–B4N10 (Figure 4a), CO@Co–B4N10 (Figure 4b), CO@Cu–B4N10 (Figure 

4c), CO @Zn–B4N10 (Figure 4d), NO@ Cr–B4N10 (Figure 4e), NO@Co–B4N10 (Figure 4f), 

NO@Cu–B4N10 (Figure 4g), and NO @Zn–B4N10 (Figure 4h) complexes using CAM–

B3LYP–D3/6-311+G (d,p), LANL2DZ. 

  

  

  

  
Figure 4. The frequency (cm-1) changes through the IR spectra for (a) CO @ Cr–B4N10; (b) CO @ Co–

B4N10; (c) CO@ Cu–B4N10; (d) CO@ Zn–B4N10; (e) NO @ Cr–B4N10; (f) NO @ Co–B4N10; (g) NO@ Cu–

B4N10; (h) NO@ Zn–B4N10 complexes using CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ. 

The graph in Figure 4 (a) indicates the fluctuation of frequency between 100–1100 cm-

1 for CO@ Cr–B4N10 with several sharp peaks around 328.93, 433.18, and 554.91 cm-1. Figure 

4 (b) shows the fluctuation of frequency between 100–1100 cm-1 for CO@ Co–B4N10 with 

sharp peaks around 180.91, 211.68, 370.94, 403.62, 545.15, and 642.16 cm-1. Moreover, it has 

https://doi.org/10.33263/LIANBS153.095
https://nanobioletters.com/


https://doi.org/10.33263/LIANBS153.095  

 https://nanobioletters.com/ 12 of 16 

 

been observed that the frequency range between 200–1100 for CO@ Cu–B4N10 shows sharp 

peaks around 357.09, 581.27, and 673.35 cm-1 (Figure 4c). Besides, Figure 4 (d) exhibits the 

frequency between 200–1100 for CO@ Zn–B4N10 with sharp peaks around 264.84, 563.65, 

and 769.01cm-1. Furthermore, Figure 4 (e) indicates the fluctuation of frequency between 100–

1400 cm-1 for NO@ Cr–B4N10 with several sharp peaks around 537.56, 547.52, and 1314.38 

cm-1. Figure 4 (f) shows the fluctuation of frequency between 100–1200 cm-1 for NO@ Co–

B4N10, with two sharp peaks around 485.02 and 508.81cm-1. Moreover, it has been observed 

that the frequency range between 200–1100 for NO@ Cu–B4N10, with sharp peaks around 

429.12 cm-1 (Figure 4g). Besides, Figure 4 (h) shows the frequency range between 200–1100 

for NO@Zn–B4N10 with two sharp peaks around 448.61 and 688.63 cm-1. 

The IR spectra of CO or NO adsorption on the X–B4N10 have indicated that the 

formation of the principal complex correlates with the electron potency of doped X (X= Cr, 

Co, Cu, Zn) on the B5N10. As has been seen, the doped nanocages of Cr–B4N10, Co–B4N10, Cu–

B4N10, and Zn–B4N10 complexes have the most fluctuations and the highest tendency for 

adsorption of CO or NO around 450 cm-1.  

Thermodynamic specifications indicate that X–B4N10, due to the adsorption of CO or 

NO, might be more efficient sensors for detecting and removing the gas molecules from the 

polluted air (Table 3). 

Table 3. The thermodynamic characters of CO/NO @Cr–B4N10,  CO/NO @Co–B4N10,  CO/NO @Cu–

B4N10, and CO/NO @Zn–B4N10 complexes using CAM–B3LYP–D3/6–311+G (d,p), LANL2DZ calculation. 

Compound 
∆Eo×10-3 

(kcal/mol) 

∆Ho×10-3 

(kcal/mol) 

∆Go×10-3 

(kcal/mol) 

So 

(cal/K.mol) 

Dipole moment 

(Debye) 

CO@Cr–B4N10 -530.213 -530.213 -530.244 104.267 1.2359 

CO@Co–B4N10 -567.365 -567.365 -567.397 108.482 1.2664 

CO@Cu–B4N10 -599.390 -599.389 -599.422 109.196 1.5135 

CO@Zn–B4N10 -517.415 -517.415 -517.448 113.042 3.3803 

NO@Cr–B4N10 -540.960 -540.959 -540.993 111.987 0.7802 

NO@Co–B4N10 -577.471 -577.471 -577.503 109.405 0.5716 

NO@Cu–B4N10 -609.782 -609.781 -609.813 106.275 0.4199 

NO@Zn–B4N10 -527.877 -527.876 -527.907 103.769 0.5630 

Thermodynamic parameters of CO or NO gas molecules adsorption on the X–B4N10 

have been measured by the DFT approach. It has been indicated that for a given number of 

carbon donor sites in CO, the stabilities of complexes owing to doping atoms of Cr, Co, Cu, 

Zn can be considered as: CO@Cu–B4N10>> CO@Co–B4N10> CO@Cr–B4N10> CO@Zn–

B4N10> (Table 3). Besides, for a given number of nitrogen donor sites in NO, the stabilities of 

complexes owing to doping atoms of Cr, Co, Cu, and Zn can be considered as: NO@Cu–

B4N10>>NO@Co–B4N10>NO@Cr–B4N10> > NO@Zn–B4N10 (Table 3). 

The thermodynamic information in Figure 5 can explain the high efficiency of Cr, Co, 

Cu, and Zn atoms doping of B5N10 for gas molecules adsorption through ∆GR
o  which depends 

on the covalent bond between CO or NO gas molecules and X–B4N10 as a potent sensor for air 

pollution removal. 

The adsorption process of CO or NO gas molecules on the X–B4N10 is affirmed by the 

∆Gads
o  quantities: 

 

 ∆Gads
o =  ∆GCO/NO @X−B4N10

o − (∆GCO/NO   
o +  ∆GX−B4N10

o ) ; X= Cr, Co, Cu, Zn    (10)  
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Figure 5. The Gibbs free energy ( ∆Gads

o ) versus dipole moment (Debye) for CO@Cr–B4N10, CO@Co–

B4N10, CO@Cu–B4N10, CO@Zn–B4N10 and NO@Cr–B4N10, NO@Co–B4N10, NO@Cu–B4N10, NO@Zn–

B4N10 complexes using CAM–B3LYP–D3/6-311+G (d,p), LANL2DZ calculation. 

 

Figure 5 shows the key role of doped atoms of Cr, Co, Cu, and Zn during the interaction 

between the adsorbates of CO or NO gas molecules as electron donors and the adsorbents of 

Cr–B4N10, Co–B4N10, Cu–B4N10, and Zn–B4N10 as electron acceptors. Therefore, the 

selectivity of atom-doping on boron nitride nanocage (gas sensor) for gas molecules adsorption 

can be summarized as: Cu>>Co>Cr>Zn for CO or NO adsorption (Table 3 and Figure 5). 

4. Conclusions 

This research has investigated doping of Cr, Co, Cu, and Zn transition metals on the 

boron nitride nanocage (X–B4N10) for enhancing toxic gas sensing of these nanomaterials for 

air pollution removal. Therefore, CO or NO gas molecules separation involving X–B4N10 has 
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been experimented with based on electrostatic interactions between the gas molecules and X–

B4N10. The electromagnetic and thermodynamic properties of X–B4N10 complexes were 

computed using the DFT method. The data have demonstrated that the chosen gas molecules 

adsorbed on X–B4N10 are rather stable, with the most stable adsorption site being in the center 

of the X–B4N10 system. The selectivity of atom-doping on boron nitride nanocage (gas sensor) 

for gas molecules adsorption can be expressed as: CO/NO@Cu–B4N10>> CO/NO@Co–

B4N10> CO/NO@Cr–B4N10> CO/NO@Zn–B4N10>, respectively. This work proposes that 

transition metals, as ferromagnetic semiconductors, can be examined through doping of 

nanomaterials to enhance adsorption potency for designing pollution removal sensors. 
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