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On the Growth of Arc-Synthesized Boron Nitride Nanotubes 

B. G. Demczyk 

 

 

ABSTRACT 

 

 We have previously shown that boron nitride tubes grow in two configurations      

<112 0> (armchair) and <1 01
_
 0> (zig-zag). In that work it was reported that due to 

surface energy considerations, armchair tubes form first, followed by either further 

armchair layers or, with sidewall spacing relaxation, zig-zag tubes. Here, we provide 

further evidence for this duality of growth and relate the preferred growth direction to the 

inner tube (core) diameter. 
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1.0 Introduction 

 

Boron nitride (BN) nanotubes have been theoretically predicted [1-3] and 

experimentally observed [4] to have interesting mechanical and electrical properties. The 

crystalline nature of multi-wall BN tubules has been demonstrated by transmission 

electron microscropy (TEM) [5-13] and detailed examination of their structure has been 

undertaken by atomic resolution [14, 15]. We have previously shown that BN tubes grow 

primarily in two configurations, due to surface energy considerations [14]. Armchair 

tubes form first, followed by either further armchair layers or, with tube sidewall spacing 

relaxation, zigzag tubes. 

 

3.0 Experimental  

 

 Nanotubes were synthesized via arc deposition, using a B-1 a/o Ni + 1 a/o Co 

anode in a dynamically stabilized nitrogen atmosphere. Details of the synthesis are 

described elsewhere [10].  BN-containing soot was collected from the deposition chamber 

walls. Samples were prepared for TEM examination by dispersing the soot in isopropanol 

via ultrasonic agitation, followed by deposition onto a holey carbon-coated 3mm copper 

mesh grid. Specimens were examined in a Philips CM300 FEG TEM, operating at 

300kV. Digitized images were then analyzed by fast Hartley transform (FHT) techniques 

to reveal details of the local structure. 

  

2.0 Results and Discussion 

 

Figures 1a and 1b show two-walled BN nanotubes with core diameters of 

approximately 1.7 nm and 2 nm, respectively.  Note the particularly well-resolved core 

structure in Figure 1b. The inset FHT pattern of (a) shows that both walls are aligned 

along <112 0> (armchair), with near zero chirality (the deviation of tube sidewall maxima 

from the horizontal line joining the basal plane (0002) maxima). A different situation 

depicted in the inset to (b), in which both types of alignment were found [14].  
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Figure 1: Atomic resolution images of two-walled BN nanotubes with core diameters 

(a) less than and (b) greater than 2 nm. Inset FHT patterns, show armchair and zigzag plus 

armchair tube growth, respectively. 

 

Figure 2a depicts a four-walled BN tube with a core diameter less than 2 nm. The 

inset FFT pattern shows a mixture of (near zero chirality) armchair and zigzag tubes. This 

varies from the well-aligned four-walled zigzag structure for a tube with a core diameter 

greater than 2nm, reported earlier (Figures 2b and inset) [14].  
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Figure 2: Atomic resolution images of four-walled BN nanotubes with core diameters 

(a) less than and (b) greater than 2 nm. Inset FHT patterns, show zigzag plus armchair and 

armchair tube growth, respectively. 

 

It thus becomes apparent that it is not the number of walls, but the innermost tube 

diameter that determines the initial growth direction.  

In tubes comprised of a large number of walls, this initial armchair growth is not 

reflected strongly in the FFT pattern, due to the presence of superposed zigzag tubes, 

which are added later. One such well aligned multiwall tube (core diameter below 2nm) is 

depicted in Figure 3. The FHT shows that this tube grows predominantly in the zigzag 

configuration. Here, initial nanotubes grow in the armchair configuration. Subsequently, 

zigzag tube growth prevails. 
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Figure 3: (a) core region of a well-aligned multiple (20+) walled BN nanotube, with core 

diameter less than 2 nm and inset FHT pattern, showing primarily 

zigzag growth. 

 

It should be noted that we have not thus far encountered multiwall BN tubes with 

core diameters greater than 2 nm. Table 1 lists our experimental observations. 

Table 1: Summary of Experimental Observations 

 

# walls  Core Diameter (nm) Growth Direction 

2  < 2   armchair 

          2   ~2   armchair + zigzag 

          4   < 2   armchair + zigzag 

       4  > 2   zigzag 

20              < 2               zigzag 
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In summary then, it appears that, in BN nanotubes, a core diameter of ~ 2 nm 

serves as a transition from armchair to zigzag initial growth. This is in contrast to carbon 

nanotubes, for example, which display no particular correlation of tube growth direction 

with inner tube diameter. 

Geometrically, one can consider this in terms of the requirements for “closure” of 

the nanotube sheet. In general, for a nanotube core of diameter, D, one requires D/d (=n) 

hexagons for closure, d being the “width” of the hexagon. In the zigzag configuration, d Z 

= 2 x 0.144 cos 30 
o
 = 0.249 nm, while, for the armchair mode, d A = 0.144 + 2 x 0.144 

cos 60 
o
 = 0.288 nm. Therefore, considering our observed “transition” core diameter 

value (DC  ) of 2 nm, we obtain n A  =  D C  / n A  (= 3.47) and n Z  =  D C  / n Z  (= 4.01) 

hexagons for the armchair and zigzag cases, respectively. To avoid undue strain on the 

system, the preferred growth configuration is obtained when n is closest to an integral 

value. Therefore, the zigzag mode is preferable for D > 2 nm. This is reminiscent of the 

“entrainment” or “mode locking” paradigm in chaos theory [16]. In addition, surface 

energy considerations come into play. Since a layer composed of B atoms is of 

considerably larger surface energy than one comprised of N atoms [17], the armchair and 

zigzag configurations differ, energetically. As discussed in reference 14, a constant 

energy (armchair) configuration (B + N atoms) at the surface is preferred to a varying 

(zigzag) mode (B or N atoms added to the surface) for larger diameter structures. 

Nanotubes comprised of single atoms types (e.g. carbon) are not subject such 

restrictions, which may account for the lack of growth mode dependence on tube 

diameter in such systems. Of course, it is not generally possible to maintain perfect 

coherency, tube-to-tube, unless tube sidewall spacings are adjusted periodically. 

Hernandez et al. [3] report that beyond a critical diameter (~ 1.2 nm), the surface energy 

of BN nanotubes increases rapidly. They proposed that layers buckle (i.e. B atoms 

displace towards the tube axis and N atoms oppositely), forming a surface dipole layer 

which can repel subsequent, concentric layers, giving rise to a wall spacing increase. 

Additional arguments for such atomic rearrangements at high growth temperatures have 

been made by the authors previously [14]. For tubes with core diameters greater than 

2nm, as described earlier, such atomic rearrangements minimize the strain necessary for 
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closure [14], favoring the zigzag growth configuration. Fuentes et al. [18] report, based 

on minimum lattice energy considerations, the most favorable orientation for boron 

nitride nanotube growth is zigzag. However, no mention is made of core diameter 

dependence. Lieber et al. [19] have observed an analogous relationship of diameter to 

growth direction in Si nanowires. In that case, surface energy effects drive a faceting of 

the nanowire to produce a hexagonal cross section. In the present work, one may consider 

lower energy (basal plane) hexagons as forming "facets" on nanotube surface. A minimum 

energy situation would then be attainable by packing the maximum number of these 

hexagons around the circumference of the nanotube, corresponding to the zig-zag 

orientation. Therefore the zig-zag configuration would be increasingly favored, 

energetically, as the tube diameter increases, as is observed experimentally. Although 

experimentally challenging, it would be of interest to attempt to image tubes of varying 

diameter, edge-on to verify any such facet formation. To summarize, then, the zigzag 

growth mode is favored in boron nitride nanotubes for core diameters greater than 2nm 

and again when a large number of walls are present. Between these limits, armchair 

growth can occur, due to surface energy considerations.  

To examine the growth mode directly, a six-walled BN nanotube (core diameter 

over 2nm) was selected for analysis. Figure 4 shows an atomic-resolution image of this 

tube, taken at a defocus value of approximately -280 nm. This single image provided the 

best resolved central "core" structure (0001 basal plane) from among a through focal 

series of atomic-resolution images. 
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Figure 4: Atomic-resolution image of a six-walled boron nitride nanotube, taken at a 

defocus value of -280 nm, displaying well-resolved core structure. 

 

 Figure 5a schematically depicts the boron nitride basal plane, with relevant 

spacings noted. In this case, both the 0.067 nm and the 0.144 nm B-N bilayer spacings are 

below the point-to point resolution of the microscope (0.17 nm at 300 kV) and what is 

imaged is a 0.22 nm "averaged" B-N bilayer position. Image simulations were carried out 
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using the MacTempas [20] software suite, using a 0.254 x 0.422 nm rectangular unit cell, 

as depicted in Figure 5b. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic sketch of boron nitride basal plane, showing the {1 0 1

_

 0} 

Bilayers and the unit cell input into the image simulation program. (B (N) light 

(dark) orange. 

 

Figure 6a shows a simulated image at defocus values of -280 nm, and Figure 6b, 

the projected potential, which represents the true structure. Figure 6a, displays good 

agreement with Figure 5, thus verifying our model. The continuous bands shown in 

Figure 6a represent B-N bilayers, spaced by an average 0.22 nm. Since this simulated 

image incorporates microscope aberrations and delocalization effects, however, it does 

not represent the true structure of Figure 6b. Comparison of Figure 6b with Figure 4 

reveals that each apparent atomic column in Figure 4 actually represents the center of the 

six-fold BN basal plane structure. 
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Figure 6: (a) Simulated image of a six-walled boron nitride nanotube at defocus value of - 

280 nm, along with (b) the projected potential. 

 

This six-walled BN nanotube was selected for through focal series image 

reconstruction. In this technique [21-31], twenty images of the nanotube were digitally 

recorded at various defocus values (-318 to -250 nm) and the set of images, along with 

relevant microscope parameters, were input into the Philips Brite-Euram software for 

focal series reconstruction [32,33] and a computed image (reconstruction of the electron 

exit wavefunction) generated. The resolution of this image exceeds that of any single 

input image, since aberrations and delocalization effects are removed. The resulting 

reconstructed electron exit wave is shown in Figure 7. Close examination of this image 

reveals that the effects of the 0.144 nm and 0.067 nm B-N atomic separations are 

apparent in a number of areas. These are seen as a wavy layer inclined approximately 30 

degrees to the <112 0> (armchair) nanotube axis. Figure 8 shows a line intensity scan 

taken along one of these wavy layers.  
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Figure 7: Reconstructed image of a six-walled boron nitride nanotube. Note large range 

wavy linear repetitions, representing the basal plane B-N bilayers. 

Figure 8: Line intensity scan taken along a “wavy” line region of the fiber axis in 

Figure 7. Note dual set of maxima displayed, due to varying B and N atomic scattering. 
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The dual set of maxima displayed reflect the individual atomic scattering factors of B 

and N and verify that the effects of the basal plane structure are indeed represented in this 

direction. This is the actual B-N bilayer. This bilayer is imaged since the "information 

limit" (now an effective "line resolution") of the instrument is around 0.08 nm, allowing 

these effects to be depicted. It should be noted that the regions in which the bilayer is 

manifested are “off-axis”. This is reasonable, since in such areas, one or two actual (and 

initially grown) layers are being “sampled”, as opposed to the six plus six sampled when 

looking directly edge-on to the boron nitride hexagon. Similar wavy bilayer structures 

have been recently resolved in single-layer freestanding graphene [34] and boron nitride 

[35, 36] sheets. Identification of individual (B and N) atomic scattering has also been 

demonstrated in such structures via line intensity scans [37]. However, this is, to our 

knowledge, the first reporting imaging of the bilayer effects in multiwall BN nanotubes. 

 

3.0 Conclusions 

In summary, two competing factors are involved in determining the preferred growth 

direction for multiwall boron nitride nanotubes. From the standpoint of “closure”, the 

zigzag configuration appears optimal at transition tube “core” diameters of approximately 

2 nm and again after a number of additional walls have formed. In addition to closure, 

however, surface energy considerations initially favor the armchair orientation, 

particularly for smaller diameter concentric tubes. 
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