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Abstract 

The properties of pristine carbon nanotubes (CNTs) can be modified in a number of different 

ways: covalent attachments, substitutional doping, induced defects, and non-covalent interactions 

with ligands. One unconventional approach is to combine CNTs with boron-nitride nanotubes 

(BNNTs) to form hybrid carbon and boron-nitride nanotube (CBNNT) materials. In this work, 

we perform a first-principles density functional theory study on the adsorption properties of NO2 

on CBNNT heterostructures. It is found that the adsorption of NO2 is significantly increased on 

both zigzag CBNNT(8,0) and armchair CBNNT(6,6), as compared to either a pristine CNT or 

BNNT. For example, the chemisorption of NO2 on CNT(8,0) is found to be endothermic, while 

the chemisorption of NO2 on CBNNT(8,0) is an exothermic process with a very large binding 

energy of –27.74 kcal mol–1. Furthermore, the binding of NO2 on both CBNNT(8,0) and 

CBNNT(6,6) induces an increase in the conductivity of the nanotube. These characteristics 

indicate that the CBNNT heterostructures may have significant potential as an NO2 sensor or as a 

catalyst for NO2 decomposition reactions.  Our calculations provide critical information for 

further evaluation, such as molecular-level adsorption simulations and microkinetic studies. 
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1. Introduction 

Recently, there has been considerable interest in investigating the properties of chemically-

modified carbon nanotubes (CNTs).1, 2 This is due to the fact that modified CNTs show 

remarkably different features compared to pristine CNTs, and these modifications can help CNT-

based materials meet the performance demands of real-world applications in many electronic, 

solar, and electocatalytic technologies.3-8 An effective approach is to add substitutional dopants 

(such as nitrogen or boron) to the CNT, since this can significantly modify the original electronic 

structure of the material. Recently, various experimental methods have been reported for 

synthesizing boron-doped9, 10 and nitrogen-doped CNTs11 using many techniques such as the 

substitutional reaction of B2O3,
12 arc discharge,13 and aerosol chemical vapor deposition 

methods.14  

Another possible approach to modify CNTs is to hybridize CNTs with other structurally and 

chemically compatible nanotubes, such as boron-nitride nanotubes (BNNTs). Although BNNTs 

and CNTs can adopt very similar structures, their electronic properties are fundamentally 

different. For example, BNNTs are insulators,15 while CNTs can be either metallic or 

semiconducting, depending on their chirality.16 Therefore, combining these two different 

nanotubes into a hybrid material may result in a new material platform with unique (and tunable) 

electronic, catalytic, and/or sensor properties. Indeed, various experimental approaches to 

synthesize such hybrid carbon and boron-nitride nanotubes (CBNNTs, Fig. 1) have been reported 

and reviewed in the literature.17-21 In addition, many computational studies have been performed 

to investigate the fundamental electronic, energetic, geometric and gas molecule adsorption 

properties of these hybrid nanotubes.22-28 We recently reported a first-principles density 

functional theory (DFT) study of the adsorption of O2 on CBNNT materials.28 It was found that 

CBNNT materials have an increased ability to adsorb O2 versus either pristine CNT or BNNT, 

and the chemisorption of O2 on the CBNNTs significantly increases the conductivity of the 

nanotubes. Hence, CBNNT materials are predicted to be a promising new material for catalytic 

or gas sensor applications. 
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Fig. 1 The optimized structure of the CBNNT(8,0) model (with a diameter of ~6.4 Å) used in 

this study. Color scheme: Grey = carbon, blue = nitrogen, pink = boron. 

 

Another industrially-relevant gas molecule is NO2. It is a major air pollutant produced by 

automotive engines, fossil fuel combustion, and many manufacturing industries. Furthermore, 

NO2 is able to react with and decompose ozone into O2,
29 causing serious environmental 

concerns of atmospheric ozone depletion. Therefore, effective approaches for high-sensitivity 

detection and removal of NO2 have attracted considerable interest. Many transition metals and 

metal oxides have been found to be able to adsorb and decompose NO2.
30-35 Furthermore, carbon 

nanotubes have also been known to be able to interact with NO2, which can cause changes in the 

electric resistance of the nanotube.36 Currently, many NO2 sensors are commercially available. 

However, there are a number of drawbacks in their low selectivity, limited sensitivity, and bulky 

size.37 As a result, it is important to search for new NO2-sensitive materials with better 

functionality. Although CBNNTs show an enhanced ability to adsorb O2 compared to pristine 

CNTs and BNNTs28 and the adsorptions of other relevant NOx molecules on carbon 

nanomaterials have been studied as well,38, 39 the interactions of CBNNT with NO2 are 

completely unknown. 

Finally, we note that NO2 can form the NO2 dimer (N2O4) at room temperature. However, 

due to the fact that NO2 dimerization is an exothermic process, higher temperatures significantly 

inhibit the formation of N2O4.  Since NO2 is largely produced from combustion, typical high-

temperature exhaust gas contains negligible amounts of the NO2 dimer.  As a result, 
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understanding the interaction of a single NO2 with CBNNT will be most relevant to the majority 

of NO2 sensor applications. 

In this work, our CBNNT model is formed by a 1:1 stoichiometric combination of CNT and 

BNNT segments, which has been previously predicted to be a thermodynamically stable 

structure.24 Using DFT calculations, the adsorption (chemisorption and physisorption) of NO2 is 

studied on both zigzag (8,0) and armchair (6,6) CBNNT models, and the adsorption behavior is 

compared with that of pristine CNT and BNNT models.  The adsorption calculations provide 

critical energetic information, which can be used in future molecular-level simulations of 

adsorption/selectivity, as well as microkinetic modeling of adsorption and reaction.  In addition, 

the electronic structure characteristics of the CBNNT materials are characterized by analyzing 

the band structure and density of states upon adsorption of NO2. 

 

2. Computational Methods 

In this work, our computational methods are similar to those used previously to model 

CBNNT…O2 interactions.28 Specifically, the Vienna ab initio simulation package (VASP)40-43 

was used in all the calculations. The generalized gradient approximation (GGA) functional of 

Perdew, Burke, and Ernzerhof (PBE),44 combined with the projector-augmented wave (PAW)45, 

46 method was used for geometry optimizations, with a 400 eV energy cutoff for the plane-wave 

basis set. For CBNNT(8,0), the dimensions of the unit cell are 19.37 Å × 19.57 Å × 8.69 Å with 

α = β = 90° and γ = 120°, while for CBNNT(6,6) the dimensions of the unit cell are 16.73 Å × 

16.91 Å × 7.51 Å with α = β = 90° and γ = 120°. The Brillouin-zone integration was sampled by 

1×1×3 k-points using the Monhorst-Pack scheme.47 The density of states (DOS) and the band 

gap were obtained using a finer 1×1×11 k-point grid. The binding energy (BE) is obtained 

according to the following definition: 

 

BE = E(NO2/Tube) – E(NO2) – E(Tube)      (1) 
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where E(NO2), E(Tube), and E(NO2/Tube) are the energies of an isolated NO2 molecule, an 

isolated nanotube (CBNNT, CNT, or BNNT), and the NO2/nanotube complex, respectively. 

Thus, a negative binding energy indicates a thermodynamically-favored exothermic adsorption 

process. Because NO2 is a radical, all of the calculations were performed using the spin-polarized 

method in the doublet spin state. It is known that GGA functionals tend to underestimate 

adsorbate binding energies due to their poor description of dispersion interactions. Thus, in order 

to estimate the magnitude of the dispersion interaction (for selected structures), we performed 

single-point calculations using the DFT-D2 method developed by Grimme.48 Partial charges 

were calculated by the Bader charge analysis.49-51 

 

3. Results and discussion 

3.1 Adsorption of NO2 on CBNNT(8,0) 

Nine chemisorbed NO2/CBNNT(8,0) complexes were found in our study, with the 

CBNNT…NO2 interaction distances within the range of ~1.4–1.6 Å. The optimized structures 

with the calculated binding energies and key interaction distances are shown in Fig. 2. Previous 

studies on the interaction of NO2 with CNT52 and BNNT53 found three possible configurations 

when NO2 interacts with the nanotubes, which have been identified as: 

a) nitrite configuration: an oxygen atom of NO2 interacting with the nanotube; 

b) nitro configuration: a nitrogen atom of NO2 interacting with the nanotube; and  

c) cycloaddition configuration: both oxygen atoms of NO2 interacting with the nanotube. 

Similarly, all these configurations were found in the NO2/CBNNT(8,0) complexes. 

Furthermore, NO2 can also interact with the BNNT component (NO2/CBNNT(8,0)-1 to -5) or the 

CNT component (NO2/CBNNT(8,0)-6 to -9) via the oxygen or nitrogen atom of NO2 interacting 

with the boron or carbon atom of BCNNT. Interactions that involve the nitrogen atom of 

BCNNT could not be obtained. When NO2 interacts with the BNNT component, the binding is 

found to be a highly exothermic process. The lowest energy structure, NO2/CBNNT(8,0)-1 is in 

the nitrite configuration, and it has a calculated binding energy of –27.74 kcal mol–1. The Bader 
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charge analysis shows that NO2 carries a partial negative charge of –0.69, indicating a sizable 

charge transfer from the nanotube to NO2 during the formation of this complex. As for the nitro 

configurations (NO2/CBNNT(8,0)-4 and NO2/CBNNT(8,0)-5), they are all found to be less 

energetically favorable than the nitrite configurations (NO2/CBNNT(8,0)-1 to -3) by ~4–9 kcal 

mol–1. In contrast, when NO2 interacts with the CNT component, the binding is generally found 

to be endothermic. An exception is NO2/CBNNT(8,0)-6, which is marginally thermoneutral with 

a very small binding energy of –0.09 kcal mol–1. The binding energies of NO2/CBNNT(8,0)-7 to 

-9 are all positive, suggesting that the formation of these chemisorbed complexes is not 

thermodynamically favored. The NO2/CBNNT(8,0)-9 complex is the only cycloaddition 

configuration found in our study. However, the formation of this complex is the most 

endothermic with a calculated binding energy of 20.71 kcal mol–1. 
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Fig. 2 The optimized structures of the chemisorbed NO2/CBNNT(8,0) complexes. Key distances 

are shown in angstroms and colors are consistent with Fig. 1. The strongest chemisorption 

energy is observed in NO2/CBNNT(8,0)-1 with a calculated BE of –27.74 kcal mol–1.   

 

As NO2 interacts with CBNNT(8,0) in the nitrite configuration, the N–O bond which is 

directly involved in the interaction is found to be significantly lengthened. This in turn slightly 

distorts the other N–O bond (either slightly shortened or essentially remains unchanged). For 

example, the N–O1 and N–O2 bond lengths in NO2/CBNNT(8,0)-1 are 1.411 and 1.202 Å, 

respectively. Compared to the N–O bond in free NO2 which is calculated to be 1.214 Å at the 

same level of theory, the former is significantly lengthened by 0.197 Å while the latter is slightly 
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shortened by 0.012 Å. Such lengthening of the N–O bond (0.197 Å) is more significant than the 

adsorption of NO2 on the ZnO surface (~0.04 Å)54 and Pt surface (~0.1 Å),55 but less significant 

than that on CNT, in which the N–O bond can be lengthened up to 1.457 Å.52 In contrast to the 

nitrite configuration, for the nitro and the cycloaddition configurations, the interactions between 

NO2 and CBNNT(8,0) cause the lengthening of both of the N–O bonds (see Fig. 2). For example, 

in the most stable nitro configuration complex NO2/CBNNT(8,0)-4 the N–O bond is lengthened 

to a value of 1.247 Å, while in the cycloaddition complex NO2/CBNNT(8,0)-9 a more 

considerable lengthening of the N–O bonds to 1.381 and 1.414 Å is observed. As found in a 

number of previous studies56-59 on catalytic NO2 decomposition reactions, the initial NO2 

adsorption on the catalytic surfaces often results in a lengthening of the N–O bond. Hence, the 

elongation of the N–O bond upon adsorption on CBNNT implies that CBNNT may also be a 

potential catalyst for NO2 decomposition reactions. 

We then considered the physisorbed NO2/BCNNT complexes. Five complexes were found, 

and their optimized structures are shown in Fig. 3. Similar to the chemisorbed complexes, NO2 

can bind in the nitrite (NO2/CBNNT(8,0)-10, NO2/CBNNT(8,0)-12 and NO2/CBNNT(8,0)-14), 

nitro (NO2/CBNNT(8,0)-11), and cycloaddition (NO2/CBNNT(8,0)-13) configurations. The 

interaction distances in the physisorbed complexes are much longer than those in the 

chemisorbed complexes, which results in much weaker binding energies. For example, the most 

stable physisorbed complex NO2/CBNNT(8,0)-10 has a calculated binding energy of –3.05 kcal 

mol–1, which is 24.69 kcal mol–1 weaker than the most stable chemisorbed complex 

NO2/CBNNT(8,0)-1. In addition, the N–O bond in NO2 is lengthened as in the chemisorbed 

complexes, but to a lesser extent. Furthermore, the charge transferred from the nanotube to NO2 

is also much less significant than that in NO2/CBNNT(8,0)-1, as evidenced by the much smaller 

partial negative charge of –0.26 on NO2 in NO2/CBNNT(8,0)-10. This also suggests that in this 

configuration NO2 has a much weaker interaction with CBNNT, as compared to the chemisorbed 

complex NO2/CBNNT(8,0)-1. 
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As the GGA functional that is used is unable to properly describe the dispersion interactions 

(which are relevant to weakly-bound physisorbed complexes), we performed single-point 

calculations on the lowest energy physisorbed complex NO2/CBNNT(8,0)-10 using the DFT-D2 

method. The calculated binding energy with dispersion corrections is –5.52 kcal mol–1, which 

indicates an underestimate of 2.47 kcal mol–1 to the binding energy using the GGA functional. A 

previous study60 on the interaction of O2 with BNNT(5,5) found a very consistent dispersion 

interaction (with only ~0.2 kcal mol–1 difference amongst all of the physisorbed complexes). 

Hence, we expect a similar trend for the physisorbed complexes in this study.  

 

 

Fig. 3 The optimized structures of the physisorbed NO2/CBNNT(8,0) complexes. Key distances 

are shown in angstroms and colors are consistent with Fig. 1. The strongest physisorption energy 

is observed in NO2/CBNNT(8,0)-10 with a calculated BE of –3.05 kcal mol–1.   

 

In order to compare the binding of NO2 on CBNNT(8,0) with that on the pristine CNT and 

BNNT, the NO2/CNT(8,0) and NO2/BNNT(8,0) complexes were also investigated. The binding 
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of NO2 with various zigzag and armchair CNTs have been thoroughly addressed in previous 

studies.52, 61-69 Several chemisorbed complexes of a single NO2 molecule on CNT(8,0) were 

obtained,52 all with positive binding energies (endothermic process) in the range of 1.3–30.4 kcal 

mol–1 using the GGA functional PW91 with the Vanderbilt ultrasoft pseudopoential in VASP. In 

our work, we obtained only one chemisorbed NO2/CNT(8,0) complex in the nitrite configuration 

with an endothermic binding energy of 13.00 kcal mol–1 (Fig. 4). This is significantly different 

from the hybrid CBNNT, in which the most stable chemisorbed NO2/CBNNT(8,0)-1 complex 

has a negative binding energy (exothermic process) of –27.74 kcal mol–1. Although the 

chemisorption of a single NO2 molecule on CNT was found to be endothermic, the 

chemisorption of a second NO2 molecule on CNT(8,0) was found to be exothermic with the 

highest binding energy value of –21.4 kcal mol–1, with respect to the sum of the energies of a 

singly-adsorbed complex (NO2/CBNNT(8,0)) and a free NO2 molecule.52 This result was 

attributed to the formation of a radical on the nanotube upon the adsorption of the first NO2 

molecule, which then makes the interaction with another NO2 radical a thermodynamically 

favored process.52 However, the calculated binding energy of a second NO2 on a singly-absorbed 

NO2/CNT(8,0) complex is still weaker than the NO2/CBNNT(8,0) binding energy obtained in 

our study. Furthermore, if a second NO2 molecule adsorbs on CBNNT, its binding energy is 

similarly expected to be much stronger than that of the first NO2 molecule.  
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Fig. 4 The optimized structures of a chemisorbed complex NO2/CNT(8,0)-1 and the lowest 

energy physisorbed complexes NO2/CNT(8,0)-2. Key distances are shown in angstroms and 

colors are consistent with Fig. 1. 

 

In addition to the chemisorbed NO2/CNT complex, we obtained three physisorbed 

NO2/CNT(8,0) complexes. The optimized structure of the most stable physisorbed complex 

NO2/CNT(8,0)-2 is shown in Fig. 4, while the other two complexes (slightly higher in energy) 

are shown in ESI. The NO2/CNT(8,0)-2 complex has a calculated binding energy of –1.13 kcal 

mol–1, which is weaker than the physisorbed NO2/CBNNT(8,0) complexes. As a result, the 

hybrid CBNNT(8,0) shows an increased NO2 adsorption strength by approximately 29 kcal mol–

1, as compared with pristine CNT(8,0). 

For the adsorption of NO2 on pristine BNNT, eight complexes were obtained in our study. 

The most stable chemisorbed and physisorbed complexes are shown in Fig. 5, while all the rest 

of the structures are shown in ESI. Similar to CNT(8,0), the chemisorption of NO2 on 

BNNT(8,0) is found to be an endothermic process with a calculated binding energy of 10.77 kcal 

mol–1. Furthermore, the binding energy of the physisorbed NO2/BNNT(8,0) complex of –0.74 

kcal mol–1 is also weaker than that of the lowest energy physisorbed NO2/CBNNT(8,0) complex 

by 2.31 kcal mol–1. As a result, the hybrid CBNNT(8,0) also increases the NO2 binding strength 

as compared to the pristine BNNT. 
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Fig. 5 The optimized structures of the lowest energy chemisorbed complex NO2/BNNT(8,0)-1 

and the lowest energy physisorbed complex NO2/BNNT(8,0)-2. Key distances are shown in 

angstroms and colors are consistent with Fig. 1. 

 

3.2 Adsorption of NO2 on CBNNT(6,6) 

The optimized structures of the chemisorbed NO2/CBNNT(6,6) complexes are shown in Fig. 

6. Only the nitrite (NO2/CBNNT(6,6)-1, -2, -3 and -5) and nitro (NO2/CBNNT(6,6)-4) 

configurations could be obtained. The NO2/CBNNT(6,6)-1 complex has the strongest binding 

energy of –8.03 kcal mol–1. However, it is still 19.71 kcal mol–1 weaker than that of 

NO2/CBNNT(8,0)-1. Similar to NO2/CBNNT(8,0)-1, a charge transfer is observed from the 

nanotube to NO2, with a calculated Bader charge on NO2 of –0.67 in NO2/CBNNT(6,6)-1, which 

is slightly less negative than that in NO2/CBNNT(8,0)-1 (–0.69). This smaller charge transfer 

may be attributed in part to the smaller band gap of CBNNT(8,0) (0.98 eV) versus CBNNT (6,6) 

(1.40 eV). This, therefore, results in a weaker binding of NO2 with CBNNT(6,6) than with 

CBNNT(8,0). The NO2 molecules in NO2/CBNNT(6,6)-1 to -4 interact with a boron atom from 

CBNNT, and the negative binding energies suggest that the formation of these complexes is 

thermodynamically favored. In contrast, NO2 in NO2/CBNNT(6,6)-5 interacts with a carbon 

atom, and the calculated binding energy is a large positive value of 17.09 kcal mol–1.  

Similar to the NO2/CBNNT(8,0) complexes, the N–O bond which is directly involved in the 

interaction with CBNNT is found to be significantly lengthened. For example, the N–O1 bond in 

NO2/CBNNT(6,6)-1 is calculated to be 1.348 Å, which is 0.134 Å longer than that in the free 

NO2. In contrast, the N–O2 bond in NO2/CBNNT(6,6)-1 only marginally increases by 0.005 Å to 

1.219 Å. In general, the lengthening of the N–O bond in the NO2/CBNNT(6,6) complexes is less 

significant than that in the NO2/CBNNT(8,0) complexes. This observation corresponds with the 

fact that NO2 binds weaker with CBNNT(6,6) than with CBNNT (8,0).  
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Fig. 6 The optimized structures of the chemisorbed NO2/CBNNT(6,6) complexes. Key 

distances are shown in angstroms and colors are consistent with Fig. 1. The strongest 

chemisorption energy is observed in NO2/CBNNT(6,6)-1 with a calculated BE of –8.03 kcal 

mol–1.   

 

 

Several physisorbed NO2/CBNNT(6,6) complexes were also obtained with the optimized 

structures shown in Fig. 7. The interaction distances are much longer than the chemisorbed 

NO2/CBNNT(6,6) complexes. As a result, the binding energies of the physisorbed 

NO2/CBNNT(6,6) complexes are much weaker than the chemisorbed NO2/CBNNT(6,6) 

complexes. For example, the lowest energy physisorbed complex NO2/CBNNT(6,6)-6 has a 

calculated binding energy of only –1.87 kcal mol–1. Such a weak binding between NO2 and the 

nanotube results in much smaller charge transfer, with the calculated Bader charge on NO2 of 

only –0.19 in NO2/CBNNT(6,6)-6. 
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Fig. 7 The optimized structures of the physisorbed NO2/CBNNT(6,6) complexes. Key 

distances are shown in angstroms and colors are consistent with Fig. 1. The strongest 

physisorption energy is observed in NO2/CBNNT(6,6)-6 with a calculated BE of –1.87 kcal mol–

1.   

 

Similar to the NO2/CBNNT(8,0) complex, we also performed single-point calculations on 

lowest energy physisorbed complex NO2/CBNNT(6,6)-6 using the DFT-D2 method to account 

for the magnitude of the dispersion interaction. The calculated binding energy of 

NO2/CBNNT(6,6)-6 with dispersion correction is –3.74 kcal mol–1, which is only 1.87 kcal mol–1 

stronger than that without the inclusion of dispersion interaction. As a result, a consistent ~2 kcal 

mol–1 underestimate of the binding energy for the physisorbed NO2/CBNNT(8,0) and 

NO2/CBNNT(6,6) complexes is expected due to the inadequate description of dispersion 

interactions by the GGA functional. 

The binding characteristics of NO2 on pristine CNT(6,6) and BNNT(6,6) were also 

investigated to compare with the NO2 binding on CBNNT(6,6). Only physisorbed NO2/CNT(6,6) 
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and NO2/BNNT(6,6) complexes could be obtained in our study. The lowest energy 

NO2/CNT(6,6) and NO2/BNNT(6,6) complexes are shown in Fig. 8, and all of the obtained 

complexes are provided in ESI. The binding energy of NO2/CNT(6,6)-1 is a positive value of 

3.97 kcal mol–1, suggesting that it is a thermodynamically unfavored adsorption complex. In 

addition, the binding energy of NO2/BNNT(6,6)-1 is only slightly negative at a value of –0.61 

kcal mol–1, which is 7.42 kcal mol–1 weaker than that of the lowest energy NO2/CBNNT(6,6) 

complex. Therefore, similar to the (8,0) analogue, the hybrid CBNNT(6,6) also shows an 

increased ability to bind NO2, as compared with pristine CNT(6,6) and BNNT(6,6). 

 

 

Fig. 8 The optimized structures of the lowest energy NO2/CNT(6,6) and NO2/BNNT(6,6) 

complexes. Key distances are shown in angstroms and colors are consistent with Fig. 1. 

 

In addition to the comparisons with pristine CNT and BNNT, the binding of NO2 on CBNNT 

is also stronger than many of the structurally defective and heteroatom-doped CNT models.  For 

instance, binding energies can be compared against CNT models with Stone-Wales defects (BE = 

–20.99 kcal mol–1),70 B-doped CNTs (BE = –24.21 kcal mol–1)71 and N-doped CNTs (BE = –

13.61 kcal mol–1),71 monovacancy defective CNTs (BE = –65.95 kcal mol–1),70 Co-doped CNTs 

(BE = –54.36 kcal mol–1),72 Rh-doped CNTs (BE = –47.95 kcal mol–1),72 Ir-doped CNTs (BE = –

60.41 kcal mol–1)72 and Si-C nanotubes (BE = –32.52 kcal mol–1).73 It is worth noting that the 

binding energy of NO2/CBNNT(8,0)-1 is comparable to the computed binding energy of NO2 on 
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B-doped CNT(10,0) (–24.21 kcal mol–1) reported in the literature.71 This is likely due to the 

preference of boron within the CBNNT to interact with the NO2 adsorbate. Such a strong B…O 

interaction between NO2/CBNNT(8,0)-1 can also be seen from the projected density of states 

(provided in ESI), which shows significant overlap between the O-p and B-p states. Hence, in the 

most stable NO2/CBNNT(8,0) complex, the hybrid CBNNT nanotube seems to show similar 

adsorption characteristics to a boron doped CNT. However, a primary advantage of the CBNNT 

materials is that the band gap of the nanotube can be methodically tuned by varying the ratio of 

the CNT and BNNT components24. In principle, this tunability should modulate the charge 

transfer ability of the CBNNT, which may be able to further alter its binding energy with NO2. 

Indeed, we tested another CBNNT(8,0) nanotube formed by a 2:2 stoichiometric combination of 

CNT and BNNT segments. By using the same NO2 orientation as that in NO2/CBNNT(8,0)-1, 

the binding energy was calculated to be –39.64 kcal mol–1, which is 11.90 kcal mol–1 stronger 

than that of NO2/CBNNT(8,0)-1 (the calculated total density of states is provided in ESI). Hence, 

this preliminary result shows the great potential to further tune the CBNNT…NO2 binding 

energy by using different types of CBNNTs. 

 

3.3 Electronic structures 

In order to further investigate the influence of the NO2 binding on the electronic properties of 

CBNNT, the band structures and the total density of states (DOS) of the lowest energy 

chemisorbed and physisorbed NO2/CBNNT(8,0) and NO2/CBNNT(6,6) complexes are shown in 

Fig. 9. As a comparison, the pristine CBNNT(8,0) and CBNNT(6,6) materials are 

semiconductors, with calculated band gaps (direct) of 0.98 and 1.40 eV, respectively. When NO2 

is chemisorbed onto CBNNT(8,0), the calculated band gap decreases to 0.16 eV. Furthermore, 

significant electron densities are populated at the Fermi level as observed from the total DOS. 

All of these observations suggest that the conductivity significantly increases in the chemisorbed 

complex NO2/CBNNT(8,0)-1. A similar conductivity increase is also observed in the 

physisorbed complex NO2/CBNNT(8,0)-10, which has a calculated band gap of 0.09 eV. When 
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NO2 binds with CBNNT(6,6), both the chemisorbed and physisorbed complexes become 

metallic, as can be seen from the band crossing the Fermi level in the band structures shown in 

Figure 9. All of these results indicate that NO2 is able to increase the conductivity of the hybrid 

CBNNT(8,0) and (6,6). This is similar to the behavior predicted for CNT from both 

computations52, 66 on a series of zigzag CNTs from (7,0) to (12,0) and experiment on 

semiconducting chiral CNTs36 and BNNT(8,0), with calculated band gaps that decreased from 

5.63 to 3.12 eV.53 Such conductivity increase suggests that such hybrid nanotubes may have 

potential applications as an NO2 sensor. 
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Fig. 9 The calculated band structures and total density of states for the lowest energy 

chemisorbed and physisorbed NO2/CBNNT(8,0) and NO2/CBNNT(6,6) complexes. The Fermi 

level (red line) is shifted to 0 eV. 

 

4. Conclusions 

In this work, DFT methods have been used to investigate the ability of hybrid carbon and 

boron-nitride carbon nanotubes to adsorb and potentially detect NO2. It is found that both the 

zigzag CBNNT(8,0) and armchair CBNNT(6,6) show a significantly enhanced ability to adsorb 

NO2 compared with pristine CNTs and BNNTs. For example, the lowest energy chemisorbed 

NO2/CBNNT(8,0) complex has a calculated binding energy of –27.74 kcal mol–1. In contrast, 

similar to a previous study,52 the chemisorption of NO2 on CNT(8,0) is found to be endothermic, 

with a positive binding energy of 13.00 kcal mol–1, and the calculated binding energy of the 

physisorbed NO2/CNT(8,0) complex is slightly exothermic at only –1.13 kcal mol–1. The binding 

of NO2 on CBNNT(6,6) is found to be weaker than that on CBNNT(8,0), but as a comparison, it 

is considerably stronger than the binding on pristine CNT(6,6) and BNNT(6,6). Furthermore, it 

is found that the binding of NO2 on CBNNT(8,0) and CBNNT(6,6) results in a significant bond 

distortion of the NO2 molecule and an increase in the conductivity of the nanotube, suggesting 

that these hybrid nanotubes may be useful as a catalyst for NO2 decomposition reactions or in 

sensing applications. Together with our previous study28 that showed CBNNT strongly adsorbs 

O2 (compared with pristine CNT and BNNT), this opens attractive possibilities of using CBNNT 

as a new material in gas sensor, electrochemical, and catalytic applications.  This work should 

motivate further experimental investigations of these materials, as well as provide critical 

energetic information for larger-scale simulation studies. 
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Electronic supplementary information (ESI) available: The optimized structures of the 

NO2/CNT(8,0) NO2/BNNT(8,0), NO2/CNT(6,6) and NO2/BNNT(6,6) complexes obtained in this 

study. The calculated projected density of states of NO2/CBNNT(8,0)-1.  The calculated total 

density of states for the complex between NO2 and a CBNNT with a 2:2 stoichiometric 

combination of CNT and BNNT segments. 
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Graphical Abstract 

  

 

Hybrid CNT/BNNT materials are predicted to have enhanced NO2 adsorption, which leads 

to large shifts in band gap, indicating potential sensing applications. 

Page 24 of 24Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t


