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Perfect boron nitride (BN) nanotubes are chemically inert, and hardly considered as catalysts. Nevertheless, metal wire encapsulated BN nanotubes show extraordinarily high chemical activity. We report nickel (Ni) nanowire encapsulated BN(8.0) and BN(9.0) nanotubes toward O2 activation and CO oxidization on the basis of first-principles calculations. Our results suggest that Ni wire encapsulated BN(8.0) and BN(9.0) nanotubes can easily adsorb and activate O2 molecules to form peroxo or superoxo species exothermically. Meanwhile, superoxo species are ready to react with CO molecules forming OCOO intermediate state and finally yielding CO2 molecules. Meanwhile, the rate-limiting step barrier is only 0.637 eV, implying excellent performance for CO oxidation on Ni nanowire encapsulated BN nanotubes. Furthermore, encapsulation of nickel wire improves the catalytic activity of BN nanotubes by facilitating electron transfer from Ni wire to BN nanotubes, which facilitates the adsorption of highly electronegative O2 molecules and subsequent CO oxidation. This study provides a practical and efficient strategy for activating O2 on a metal encapsulated BN nanotube toward CO oxidation.
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INTRODUCTION
Low-dimensional materials have attracted a great attention for their exhibited excellent, novel properties and a wide range of potential applications (Golberg et al., 2007). The most well-known materials are two-dimensional carbon-based graphene (Geim and Novoselov, 2007) and one-dimensional carbon nanotube (Baughman et al., 2002). Boron nitride nanotube (Chopra et al., 1995; Golberg et al., 2010) is an isoelectronic analogue of carbon nanotube with boron and nitrogen alternately replacing carbon and presents ultrahigh mechanical stability as well as chemical inertness (Golberg et al., 2010) similar to carbon nanotube, but entirely different electronic properties. Carbon nanotubes (CNTs) could be metallic or semiconducting, which depends on helicities (Baughman et al., 2002). In contrast, BN nanotubes (BNNTs) are insulators independent of their chirality (Blase et al., 1994; Rubio et al., 1994) and more chemically inert (Chen Y. et al., 2004; Golberg et al., 2007) than CNTs, which render them candidates to serve as protective shields for encapsulating metallic clusters, nanowires, and nanorods.
To enhance the catalytic activity of BNNTs, a number of approaches have been conducted to manipulate BNNTs’ electronic properties and chemical activity, including electric field (Chen C.-W. et al., 2004; Attaccalite et al., 2007), strain (Wang et al., 2009), introducing defects (An et al., 2007), functionalization (Liu et al., 2020), or doping (Cho et al., 2009; Abdel Aal, 2016; Zhang et al., 2018; Jabarullah et al., 2019; Kim et al., 2019). Among them, doping is a very effective way to modulate electronic properties and chemical activities of BNNTs. For instance, the electronic property and chemical activity of BN nanomaterials, such as toward H2 (Baierle et al., 2006) and malononitrile (Li et al., 2018) molecules, might be greatly improved by nonmetal C doping. Moreover, transition metals, with their inherent magnetic moment and great chemical reactivity, are another type of commonly employed doping atoms in BNNTs. Transition metals’ doping could induce the change of BNNTs’ structure, magnetic properties (Wu and Zeng, 2006), electronic structure (Wu and Zeng, 2006; Li et al., 2011), and chemical reactivity (Soltani et al., 2012; Xie et al., 2012; Peyghan et al., 2013; Soltani et al., 2014; Zhang et al., 2018). Li et al. (2011) studied the electronic structure of 10 types of 3d transition metal (TM) atoms doped (8.0) zigzag single walled BNNTs and demonstrated that doping reduced band gap and affected conductivity of BNNTs. Moreover, modulation of chemical activity of BNNTs toward adsorption such as CO (Peyghan et al., 2013), NO (Xie et al., 2012), and NH3 (Soltani et al., 2012) is quite promising. For example, enhanced H2 molecules’ adsorption was observed on platinum-doped boron nitride nanotubes (Wu et al., 2006). However, the active sites are mainly limited to TM metals rather than the abundant B and N atoms.
According to previous report, BN nanomaterials could also provide active sites under modulation of metals, in which B atoms are always regarded as active sites. Wang et al. (2013) indicated that the adsorption of O2 molecules was boosted on BNNT (10.0) with ion Pd3-based transition metal clusters encapsulated inside. Moreover, Nigam and Majumder (2008) have shown that an inert (BN)36 cluster is activated by incorporating into Fe nanoparticles, and serves as catalysts for CO oxidation. Besides, our previous work (Mao et al., 2017) and other similar papers have presented that metal supports could effectively modulate chemical reactivity of h-BN monolayer toward O2 activation (Wasey et al., 2013; Lyalin et al., 2014) and ORR reaction (Lyalin et al., 2013). The above works demonstrate that metal can effectively modulate the chemical activity of BN nanomaterials, especially in oxidation.
In 2003, Tang et al. (2003) synthesized boron nitride nanotubes filled with Ni and NiSi2 nanowires, which shows potential applications in catalysis, especially in O2 molecules involved reaction. However, the in-depth catalytic mechanism remains unclear. How does the embedded metal wire affect the catalytic activity of BNNTs? What are the key factors in manipulating catalytic performance? Is it the same with a metal-supported h-BN monolayer? In this work, we have investigated nickel (Ni) wire encapsulated BN nanotubes toward O2 activation and benchmark reaction of CO oxidation. Distinct from extremely inert BNNTs, metal encapsulated BNNTs show great chemical reactivity. Firstly, the adsorption and dissociation of O2 molecules were investigated on Ni nanowire encapsulated (8.0) BNNT and (9.0) BNNT. Three types of adsorptions including physical adsorption, superoxo chemisorption, and peroxo chemisorption were observed on various active sites of Ni nanowire encapsulated (8.0) BNNT and (9.0) BNNT. CO oxidation starting from peroxo chemisorbed O2 molecule is always trapped in very stable CO3 intermediate state and starting from superoxo chemisorbed shows a promising CO oxidation pathway.
COMPUTATIONAL METHODS AND DETAILS
Spin polarized density functional theory (DFT) methods implemented in the Vienna ab initio simulation package (VASP) (Kresse and Hafner, 1993; Kresse and Furthmüller, 1996) were employed for all calculations. Perdew, Burke, and Ernzerhof (PBE) (Perdew et al., 1996) for the exchange–correlation functional of generalized gradient approximation and a plane wave cutoff of 400 eV were used. All atomic positions were fully relaxed using the conjugate gradient method. All structures were optimized within energy and force convergences of 10−4 eV/atom and 0.02 eV/Å, respectively. The Brillouin zone was sampled by using a 1 × 1 × 5 Gamma centered k-points mesh. A vacuum distance more than 15 Å perpendicular to the tube’s axial direction was imposed between two periodic units to avoid interactions between periodic images. The CO oxidation minimum energy path (MEP) and energy barrier was simulated by adopting climbing-image–nudged elastic band (CI-NEB) methods (Henkelman et al., 2000). The convergence criteria force of CI-NEB was set to be 0.04 eV/Å. The adsorption energy (Eads) of molecules (CO or O2 molecules) was calculated based on the following formula: Eads(mol*) = E(mol*) − E(*) − E(mol). The E(mol*) and E(*) are total energies of BN(8.0)/Ni or BN(9.0)/Ni with and without molecules adsorbed on. Meanwhile, E(mol) is the total energy of a gaseous CO or O2 molecule.
RESULTS AND DISCUSSION
Our calculation model of metal wire encapsulated BNNT is based on Xiang et al.’s previous work (Xiang et al., 2005). The embedded metal wire is hcp Ni wire whose unit cell is composed of six atoms with ABAB staggered triangle packing. Single-walled zigzag (8.0) and (9.0) BNNTs are the chosen encapsulant in consideration of the diameters of BNNTs and adopted Ni wire model. Figure 1 presents the hybrid structures. In structure, three Ni atom are in the same plan with N atoms in zigzag (8.0) or (9.0) BNNTs. Xiang et al.’s work (Xiang et al., 2005) also calculated the formation energy of the hybrid structures. The values are 0.88 and −0.04 eV for BN(8.0)/Ni and BN(9.0)/Ni, respectively. Here, BN(8.0)/Ni and BN(9.0)/Ni denote Ni nanowire encapsulated (8.0) and (9.0) BNNTs, respectively. Negative formation energy implies that the formation of this hybrid structure is exothermic. Results indicate that the formation of BN(9.0)/Ni is more favorable in energy.
[image: Figure 1]FIGURE 1 | Ni nanowire encapsulated (A) (8.0) BNNT and (B) (9.0) BNNT. The pink spheres represent B atoms, the blue spheres represent N atoms, and the light blue spheres represent Ni atoms.
In order to investigate adsorption behaviors of O2 molecules on BN(8.0)/Ni and BN(9.0)/Ni, various initial adsorption structures on different adsorption sites were constructed and optimized. After optimization, three types of O2 molecules’ adsorption were observed on different adsorption sites. Here, we take BN(8.0)/Ni as an example. In type I adsorption (Supplementary Figure S1A), the O2 molecule is difficult to chemically adsorb on the site, moves away from BN(8.0)/Ni during optimization, and finally physically adsorbs on BN(8.0)/Ni. It can be seen from Supplementary Figure S1A that O–O bond length is 1.246 Å, which is very close to the bond length of 1.235 Å of a gaseous O2 molecule. This is consistent with the O2 molecule’s physical adsorption behavior. In type Ⅱ adsorption (Figure 2A, Table 1), O2 molecule superoxo chemisorbs on BN(8.0)/Ni species, with only one O atom of the O2 molecule atom chemically bonded with one B atom in the BN nanotube, as shown in Figure 2A. The adsorbed O2 molecule’s O–O bond length is elongated to 1.344 Å and the adsorption energy is −0.463 eV. The adsorbed O2 molecule possesses largely decreased local magnetic moment 0.290 and 0.523 μB, while both are 1 μB in triplet oxygen. The O atom bonded with the B atom in the BN nanotube has a lower local magnet moment, 0.290 μB. In type III adsorption (Figure 2B, Table 1), O2 molecule peroxo chemisorbs on BN(8.0)/Ni, with both two O atoms of O2 molecule bonding with B atoms in the BN nanotube, as seen in Figure 2B. The peroxo adsorbed O2 molecule has much lower adsorption energy, −0.728 eV, and much longer O–O bond length, 1.511 Å, than the superoxo chemisorbed O2 molecule’s −0.463 eV and 1.344 Å. Moreover, the peroxo adsorbed O2 molecule possesses more lower local magnetic moments of 0.008 and 0.017 μB. All these results indicate that peroxo chemisorbed O2 molecule (type III) is much more highly activated than superoxo chemisorbed O2 molecule (typeⅡ). In summary, the adsorption behaviors of O2 molecules exhibit three different adsorption types on account of different adsorption sites of BN(8.0)/Ni. Even in the same adsorption type, the adsorbed O2 molecules’ activation degree may be different. Since the adsorption sites of O2 molecules are B atoms in the BN nanotube, the activity of B atoms largely determines adsorption type and even activation degree of adsorbed O2 molecule. Our results show that B atoms’ activity is dominated by its neighboring N atoms’ distances with Ni atoms in the encapsulated Ni wire. For example, if its neighboring N atoms are on top of Ni atoms (the shortest N–Ni distance), the B atoms present the largest activity, and as a result, the adsorption type of O2 molecules are likely to be peroxo chemisorption, possessing the highest degree of activation. The adsorption behaviors of O2 molecules on metal wire encapsulated BNNTs are very different from a metal surface [Ni(111) or Cu(111)]-supported h-BN monolayer (Mao et al., 2017). On these 1 × 1 matched metal surface-supported h-BN monolayers, all the N atoms are on top of metal atoms and all the B atoms are the same, showing the same activity. Thus, the adsorbed O2 molecules exhibit the same peroxo chemisorption behavior on a metal surface-supported h-BN monolayer.
[image: Figure 2]FIGURE 2 | (A, B) Structures of superoxo and peroxo chemisorbed O2 molecules on BN(8.0)/Ni with the lowest adsorption energy. (C, D) Structures of peroxo chemisorbed O2 molecules on BN(9.0)/Ni with the lowest and highest adsorption energy. (E) Peroxo chemisorbed O2 molecule dissociation reaction path on BN(8.0)/Ni.
TABLE 1 | The structural, electronic, and magnetic properties of adsorbed O2 molecules: superoxo chemisorbed, peroxo chemisorbed on BN(8.0)/Ni, and peroxo chemisorbed on BN(9.0)/Ni with the lowest adsorption energy. Eads is the adsorption energy. D(O–O) is the elongated O–O bonds length, LM is the local magnetic moments of two O atoms of the adsorbed O2 molecule. C is the charge transfer from BN(8.0)/Ni or BN(9.0)/Ni to adsorbed O2 molecule.
[image: Table 1]In contrast, the adsorption behaviors of O2 molecules on BN(9.0)/Ni are extraordinarily different. Firstly, we constructed 9 initial adsorption structures on different adsorption sites, in which O2 molecules are all about 2 Å away from tubes. After optimization, in eight structures, O2 molecules finally peroxo chemisorb on BN(9.0)/Ni, and in one structure, O2 molecule moved away from BN(9.0)/Ni and finally physically adsorbs on BN(9.0)/Ni (Supplementary Figure S1B). No superoxo chemisorption is observed. Interestingly, in the final physical adsorption structure, the N atom between two possible adsorption sites of B atoms is far away from encapsulated Ni atoms, and this might account for the final physical adsorption. Moreover, the degree of activation of adsorbed O2 molecules is different in the other eight O2 peroxo adsorbed structures. The adsorption energy ranges from −0.773 eV to −1.767 eV, and the O–O bond length ranges from 1.500 Å to 1.533 Å. It is worth noting that the adsorbed O2 molecule with the highest adsorption energy is the adsorbed O2 molecule perpendicular to the tube’s axial direction (Figure 2D). In this O2 adsorbed structure (Figure 2D), the adsorption energy is −0.773 eV, the elongated O–O bond length is 1.533 Å, and the formed O–B bonds length are 1.474 and 1.497 Å. Interestingly, the N atom between two active site B atoms falls down largely towards Ni atom as a result of O2 molecule’s adsorption. The N–Ni bond length changes from 2.440 Å to 1.974 Å. In the lowest adsorption energy structure (Figure 2C), the elongated O–O bond length is 1.500 Å.
Table 1 summarizes the properties of three chemisorbed O2 molecules on BN(8.0)/Ni and BN(9.0)/Ni, which have the lowest adsorption energy in superoxo chemisorption or peroxo chemisorption. It is noteworthy that the peroxo chemisorbed O2 molecule on BN(9.0)/Ni has the lowest adsorption energy of −1.767 eV, the elongated O–O bond length of 1.500 Å, and the lowest local magnetic moments of 0.008, 0.017 μB. So, the peroxo chemisorbed O2 molecule on BN(9.0)/Ni is the most highly activated in the three adsorption structures. The observed significant decrease in magnetic moments of chemisorbed O2 molecules could be attributed to charge transfer from BNNT/Ni to the adsorbed O2 molecule. Bader charge analysis indicates that the peroxo chemisorbed O2 molecule has obtained 1.445 |e| from BN(8.0)/Ni or 1.490 |e| from BN(9.0)/Ni, respectively. The gained electrons fill into the π* orbital of O2 molecules, which results in elongated O–O bond length and reduced local magnetic moments of O atoms. Furthermore, the adsorption behaviors of O2 molecules on BN(8.0)/Ni are extraordinarily different from BN(9.0)/Ni due to the different curvature of (8.0) and (9.0) BNNTs. Actually, because (9.0) BNNT has a curvature that is closer to that of an h-BN monolayer, the adsorption behaviors of O2 molecules on BN(9.0)/Ni are more similar to those of a metal-supported h-BN monolayer. In our previous work (Mao et al., 2017), we have investigated the adsorption behaviors of O2 molecules on a Ni(111) surface-supported h-BN monolayer [h-BN/Ni(111)]. On h-BN/Ni(111), the adsorption energy of the adsorbed O2 molecule is −1.709 eV, the elongated O–O bond length is 1.481 Å, and the local magnetic moments are both 0.018 μB for the two O atoms, while on BN(9.0)/Ni, they are −1.767 eV, 1.500 Å, and 0.008, 0.017 μB, respectively.
The dissociation of adsorbed O2 molecules was also investigated. On a metal-supported h-BN monolayer, the dissociation is an endothermic process, and the energy differences between the dissociated and molecular O2 are 0.960, 0.884, and 0.933 eV on h-BN/Cu(111), h-BN/Ni(111), and h-BN/Co(001) respectively. Here, on BN(8.0)/Ni and BN(9.0)/Ni, we just consider the dissociation of peroxo chemisorbed O2 molecules with the lowest adsorption energy. On BN(9.0)/Ni and BN(8.0)/Ni, the dissociation of peroxo adsorbed O2 is also endothermic by 0.962 (Supplementary Figure S1C, D) and 0.518 eV, respectively. Note that the dissociation energy has been greatly decreased on BN(8.0)/Ni compared to BN(9.0)/Ni or a metal-supported h-BN monolayer due to larger curvature in the BN(8.0) tube. Furthermore, we used the CI-NEB method to search the minimum energy path and found that the dissociation barrier is 0.700 eV (Figure 2E). Since the energy barrier 0.700 eV is low and can be satisfied at room temperature, the dissociation of adsorbed O2 on BN(8.0)/Ni is probable.
Finally, CO oxidation reaction was investigated on BNNT/Ni. In order to investigate CO oxidation reaction, coadsorption of CO and O2 molecules was firstly studied on BNNT/Ni. On both BN(8.0)/Ni and BN(9.0)/Ni, a single CO molecule is hard to be adsorbed. Interestingly, the CO molecule may adsorb on BNNT/Ni when one O2 molecule is pre-adsorbed on BNNT/Ni. In this part, we comparatively discuss the coadsorption of one pre-peroxo chemisorbed O2 molecule and another CO molecule. On both BN(8.0)/Ni and BN(9.0)/Ni, the possible CO adsorption sites are B atoms nearest to the adsorption sites of O2 molecule (another two B atoms). There are two nearest B atoms: one B atom is in the same hexatomic ring with two B atoms of the adsorption sites of the adsorbed O2 molecule (noted by the B1 site, as in Figures 3A,C), and the other is in a neighboring hexatomic ring (noted by the B2 site, as in Figures 3B,D). In Figure 3, the energy below is the adsorption energy of CO molecule after one O2 molecule pre-adsorbed. On BN(8.0)/Ni, the adsorption energy is positive, which indicates that the CO adsorptions are endothermic by 0.114 and 0.010 eV on the B1 and B2 site, respectively. On BN(9.0)/Ni, CO adsorption on the B1 site is also endothermic by 0.170 eV. However, CO adsorption on the B2 site is exothermic, releasing heat of 0.230 eV. The results indicate that CO adsorption on the B2 site of BN(9.0)/Ni is exothermic, and is the most favorable in energy.
[image: Figure 3]FIGURE 3 | CO and O2 coadsorption structures with CO adsorbed on (A) B1 site in BN(8.0)/Ni, (B) B2 site in BN(8.0)/Ni and (C) B1 site in BN(9.0)/Ni, (D) B2 site in BN(9.0)/Ni. The values below are the adsorption energy of CO molecules after O2 pre-adsorbed. (E) Two reaction pathways of CO oxidation on BN(9.0)/Ni starting from (D) coadsorption.
Since the coadsorption on the B2 site of BN(9.0)/Ni is favorable in energy, we use it as the reactant. From this reactant, two possible reaction paths were observed. One is traditional LH reaction path. As shown in Figure 3E, coadsorbed CO and O2 molecules form OCOO intermediate state with an energy barrier of 0.317 eV, and the process is endothermic by 0.124 eV. In this path, the adsorbed O2 molecule breaks one of two O–B bonds with BN(9.0)/Ni, and rotates to the adsorbed CO molecule, finally forming an OCOO intermediate state. In the other reaction path, as presented in Figure 3E, coadsorbed CO and O2 molecules form a CO3 structure. The process is exothermic, releasing a large amount of heat of 4.293 eV, and the energy barrier is very low, only 0.008 eV. In this path, the adsorbed CO molecule jumps to the middle of the adsorbed O2 molecule, breaks the O–O bond, and finally forms the extremely stable intermediate state CO3 structure. Comparing two reaction paths, it is obvious that the CO3 formation path is much more favorable in both thermodynamics and dynamics. Afterwards, CO3 state dissociates into one gaseous CO2 molecule and one O atom adsorbed on BN(9.0)/Ni. The process is endothermic, requiring a great deal of energy of 2.130 eV. The energy barrier may be higher. In summary, although the coadsorbed CO and O2 molecules are easy to form the CO3 intermediate state, the CO3 state is very stable that the following dissociation process is hard to proceed at low temperature. As a result, CO oxidation on BN(9.0)/Ni is always trapped in a very stable CO3 state.
On BN(8.0)/Ni, since the chemical coadsorption of CO and O2 molecules is endothermic on both B1 and B2 sites, we use one peroxo chemisorbed O2 molecule and a gaseous CO molecule as the reactant. The same with BN(9.0)/Ni, two reaction paths were observed on BN(8.0)/Ni. Moreover, the CO3 intermediate state is also much more stable than OCOO because CO3’s total energy is 3.660 eV lower than OCOO, which again demonstrates that the CO3 formation process is extraordinarily favorable in thermodynamics. Supplementary Figure S2 gives the reaction path of the CO3 intermediate state formation and dissociation. The CO3 formation process is exothermic, releasing 4.780 eV heat, and the energy barrier is 0.559 eV. The following CO3 dissociation process is endothermic by 1.806 eV and the energy barrier is very high, 1.898 eV. This is very similar to reaction path on BN(9.0)/Ni. The formed CO3 intermediate state is very stable, which inhibits the following CO3 dissociation into CO2 at low temperature.
Previous work demonstrates that CO oxidation starting from the peroxo chemisorbed O2 molecule is hard to proceed at low temperature on both BN(8.0)/Ni and BN(9.0)/Ni. In this paragraph, we will discuss the reaction path starting from the superoxo chemisorbed O2 molecule on BN(8.0)/Ni (Figure 4). In the superoxo chemisorbed O2 structure, only one O atom of the adsorbed O2 molecule formed one O–B bond during the adsorption, so the adsorbed O2 will not form the CO3 intermediate state with a CO molecule. Notably, CO and O2 molecules’ co-chemisorption was not observed when the O2 molecule was superoxo pre-adsorbed. So, a superoxo chemisorbed O2 molecule and a gaseous CO molecule on BN(8.0)/Ni serve as the reactant. As seen in Figure 4, firstly the gaseous CO molecule easily reacts with the chemisorbed O2 molecule and forms OCOO intermediate state adsorbed on BN(8.0)/Ni. In this process, the energy barrier is very low, only 0.113 eV, and the reaction releases 1.345 eV heat. Then, the OCOO intermediate state dissociates into one gaseous CO2 molecule and one adsorbed O atom on BN(8.0)/Ni. The reaction releases heat of 1.866 eV and the energy barrier is low, only 0.637 eV. Finally, the remaining adsorbed O atom will react with another CO molecule and forms an adsorbed CO2 molecule and then the CO2 molecule desorbs from BN(8.0)/Ni (Supplementary Figure S3). The following two elementary reactions are both exothermic by 1.694 and 1.177 eV, respectively. The corresponding barriers are 0.291 and 0.388 eV, respectively. In all, the rate-limiting step in the whole CO oxidation is the OCOO intermediate state dissociation step with a low energy barrier of 0.637 eV. All the elementary reactions are exothermic. Thus, CO oxidation reaction on BN(8.0)/Ni starting from superoxo chemisorbed O2 molecule is easy to occur at low temperature.
[image: Figure 4]FIGURE 4 | CO oxidation path starting from superoxo chemisorbed O2 molecule on BN(8.0)/Ni.
In order to further investigate the mechanism of enhanced activity of boron nitride nanotubes by encapsulation Ni wire, Bader charge analysis and partial density of states were performed. According to Bader charge analysis, BN(8.0) or BN(9.0) nanotubes in BN(8.0)/Ni or BN(9.0)/Ni obtain 2.391 or 1.815 |e| from encapsulated Ni wire. As a result, BN nanotubes became negatively charged, making it easier for highly electronegative O2 molecules to adsorb on them. Moreover, Figure 5 shows the partial density of states (PDOS) of B and N p orbitals of BN(8.0)/Ni, BN(8.0), BN(9.0)/Ni, and BN(9.0). Both BN(8.0) and BN(9.0) tubes are insulators, with band gaps of 3.607 and 3.766 eV, respectively. The highest occupied state levels come from N p orbitals, and the lowest unoccupied states are mainly derived from B p orbitals. After encapsulation by Ni wire for BN(8.0)/Ni and BN(9.0)/Ni, numerous PDOS of B and N p orbitals emerge in the gap region. In addition, the p-band center of B and N p orbitals was computed. For BN(8.0)/Ni, BN(8.0), BN(9.0)/Ni, and BN(9.0), the p-band centers of the B orbitals are −7.053, −8.795, −6.560, and −7.536 eV, respectively, while the p-band centers of the N orbitals are −7.302, −8.528, −7.441, and −7.890 eV. The results reveal that both p-band centers of B orbitals and N orbitals have shifted up toward the Fermi energy as a result of charge transfer from Ni wire to BN nanotubes, promoting the adsorption of highly electronegative O2 molecules and the following CO oxidation on BN(8.0)/Ni and BN(9.0)/Ni.
[image: Figure 5]FIGURE 5 | Partial density of states of B (red) and N (blue) p orbitals of BN(8.0)/Ni, BN(8.0), BN(9.0)/Ni, and BN(9.0). The black dashed line is the Fermi level of each species. The red and blue dashed lines are the p band center of each species.
CONCLUSION
Spin polarized density functional theory was employed to investigate the chemical activity of Ni wire encapsulated BN(8.0) and BN(9.0) nanotubes toward O2 and CO molecules. For O2 molecules, three types of adsorptions—physical adsorption and superoxo and peroxo chemisorption—were observed. The curvature of BN nanotubes and adsorption sites accounts for various types of adsorptions. On BN(8.0)/Ni, all three types of adsorptions exist. In contrast, only physical adsorption and peroxo chemisorption on BN(9.0)/Ni were observed because the curvature of BN(9.0) is closer to that of the h-BN monolayer, resulting in similar adsorption behaviors on BN(9.0)/Ni as on the metal-supported h-BN monolayer. Moreover, on BN(9.0)/Ni, the adsorbed O2 molecules are more highly activated than on BN(8.0)/Ni, showing much lower adsorption energy, longer O–O bond length, and lower possessed local magnetic moments. Furthermore, the dissociation of the peroxo chemisorbed O2 molecule on BN(8.0)/Ni is probable, whose energy barrier is only 0.70 eV. For CO oxidation, peroxo chemisorbed O2 molecules prefer to react with CO molecules, forming a very stable CO3 intermediate state that inhibits the following CO3 dissociation and CO2 production. Fortunately, superoxo chemisorbed O2 molecules on BN(8.0)/Ni are easy to react with gaseous CO molecules to form an OCOO intermediate state, and the subsequent OCOO dissociation barrier is low, only 0.637 eV, which is the rate-limiting step of the whole reaction. In all, both BN(8.0) and BN(9.0) nanotubes encapsulated by Ni nanowire have high activity toward O2 activation, and Ni nanowire encapsulated BN(8.0) has good catalytic performance in O2 dissociation and CO oxidation. In addition, according to the results of Bader charge analysis and PDOS, BN nanotubes obtain electrons from the enclosed Ni wire, causing them to become negatively charged, making it easier for highly electronegative O2 molecules to adsorb on them. It is expected that our calculations of Ni wire encapsulated BN tubes will shed light on catalytic applications of BN nanotubes.
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