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Boron Nitride Nanotubes
The Most Interesting ‘Stuff’ You May Have Barely Heard of...



www.pbs.org



Forms (Allotropes) of Carbon

Images: wikipedia.orggraphite

carbon nanotube

diamond

buckyball



graphite carbon nanotubes

diamond

buckyballs

From left to right: C60, C70, C76/C78, C84

in solution. 

Images:  www.nano-c.com  www.megaexecutive.com  www.diamondvues.com  www.teamdeltax.com

Macro Forms of Carbon



Allotropes of Carbon

Linus Pauling

proposed hybridization of 

sp bonds in methane, CH4…

Nobel Prize 1954



Allotropes of Carbon

Kroto, Curl, and Smalley

C60 (buckyball)

Nobel Prize 1996



Allotropes of Carbon

Geim and

Novoselov

Isolation of graphene

Nobel Prize 2010



Allotropes of Carbon

Sumio Ijima

2002 Carbon Nanotube

Benjamin Franklin Medal in Physics,



morrisonlabs.com



morrisonlabs.com



Images: www.mext.go.jp  http://nano-bio.ehu.es  

BN ball

?

BNNT

(BN nanotube)

Forms of Boron-Nitrogen

Hexagonal BN (hBN)

Cubic BN (cBN)



Diamond-like cubic BN

Images: www.cybelesays.com  www.kyocera.com.sg  www.momentive.com

X

White „graphite‟ Boron nitride nanotubes

Macro Forms of BN



Boron Nitride Nanotubes (BNNTs)…

Are just as strong as carbon nanotubes

and are good thermal conductors too, but…

Have double the service temperature,

Are highly electro-active (due to polar bond),

Are good neutron shields (due to boron content),

Have more active surface chemistry,

Are white (you can dye them!).

Are non-cytotoxic (to human cells, so far),

But, BNNTs were much harder to make than CNTs. 

…until now.



Structural similarities and differences,

BNNT vs CNT…



Image:  coecs.ou.edu



images: www.computenano.com

BNNT

(boron nitride

nanotube)

Blue=boron

Grey=nitrogen

CNT

(carbon

nanotube)

Grey=carbon



Chiral BNNT

Image:  www.dcmp.bc.edu/images



Image:  http://home.icpf.cas.cz
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Image:  http://home.icpf.cas.cz



http://www.spaceward.org

„Stone Wales‟

Defects in 

Carbon Nanotube

Under tensile stress



Image:  http://nanogloss.com

Four-wall carbon nanotube



Three layers of graphite-like hBN, showing stacking structure

Layer 3

Layer 2

Layer 1



Image: http://nano-bio.ehu.es



Cross-section, one-wall BNNT



Cross-section, two-wall BNNT



Cross-section, three-wall BNNT



Cross-section, four-wall BNNT?

too much strain?



HRTEM images of multiwalled 

BN NTs found in the specimens 

synthesized using Ag2O (a) and 

MoO3 (b) promoters. Definite but 

different stacking order is 

apparent in marked areas in (a) 

and (b) as highlighted in the 

insets. Hexagonal type stacking 

in (a) and rhombohedral-type 

stacking in (b) are confirmed by 

corresponding computer 

simulated HRTEM images

(right-hand side images) for BN 

NTs having the axes parallel to 

the [1010] orientation (zigzag 

tubes).

Source: „Insights into the structure of BN nanotubes. ‟Applied Physics Letters, 2000 Golberg et al.



Example of BC3

Nanotube

http://nano-bio.ehu.es



S. Azevedo and R. de Paiva 2006 Europhys. Lett. 75 126

Possible Combinations of BxCyNz



S. Azevedo and R. de Paiva 2006 Europhys. Lett. 75 126

Possible Combinations of BxCyNz

1.37 eV

= 906 nm

0.96 eV

= 1292 nm

1.57 eV

= 790 nm

1.07 eV

= 1116 nm

1.69 eV

= 735 nm

2.45 eV

= 506 nm

0 eV 0 eV 0 eV

0 eV

calculated band gaps



23,200 miles

Image: http://commons.wikimedia.org
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images:  www.vectorstock.com http://www.wallpaper.net.au

one millimeter

nanotube fiber!



23,200 miles

How close are we??

Image: http://commons.wikimedia.org
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World’s first 

BNNT

YARN



Russian…

http://itnews.com.ua



…Korean…



…German…

Technology Review, Feb 2010



…and Chinese.

www.sic.ac.cn



http://sciencenow.sceincemag.org



Two reasons for interest:

1. Crystallinity + aspect ratio = „quality‟



BNNT

PVC method

C. Zhi, Y. Bando, C. Tan, D. Golberg, 

Solid State Commun. 135, 67-70 (2005).

Japanese NIMS,  B2O2/NH3 CVD-Grown BNNTs

50 nm



5 nm

BNNT, new method (same scale)

Image: Wei Cao, ODU/ARC



BNNT, new method (same scale)

5 nm dia.

Image: Wei Cao, ODU/ARC



Image Source: 

Zettl Research Group, U.C. Berkeley 

(via www.flickr.com/photos/kqedquest)

Double-Wall

BNNT



Human Hair,

~ 60 mm diameter

Image: http://creationwiki.org



Human Hair,

~ 60 mm diameter

Image: http://creationwiki.org



Human Hair,

~ 60 mm diameter

Image: http://creationwiki.org

.

300 nm

= 0.3 mm



JFK

http://www.nasastockphotos.com



6300 miles!

JFK

http://www.nasastockphotos.com





Natural Cotton Fiber

~ 15 mm

diameter

http://www.alpinemeadowsguild.org



.

300 nm

= 0.3 mm



Scale Comparison:

BNNT and DNA 5-wall

BNNT

DNA

(model)

~2.5 nm

DNA model:

flickr.com/photos/ynse/542370154/



0.5 mm

TEM image: Dr Wei Cao, ODU/ARC



0.5 mm

TEM image: Dr Wei Cao, ODU/ARC

Lacey carbon grid

BNNTs



60 X Magnification

6 mm gap

Isolated, highly crystalline, 10 mm x 4 nm, 3-wall BNNT, strung across air gap (aspect ratio > 2500).

Credit: NASA/JLab/ODU

















http://mt.seas.upenn.edu



E-beam modification



BNNT modification under 200 keV electron beam























BN Nanoribbons (white graphene)



BN Nanoribbons (white graphene)



Fractal?



0.5 mm

TEM image: Dr Wei Cao, ODU/ARC





15 cm fibril of PVC-BNNT resembling

spider silk… ~3 seconds run time.

15 cm

g
ro

w
th



Two reasons for interest:

1. Crystallinity + aspect ratio = quality

2. Self assembly.  Our BNNTS can vigorously self-assemble.



A movie on self assembly,

but first a bit of history…



Schematic of First Carbon Nanotube

Side-Pumped Synthesis Chamber

Chamber (1000 C, 760 torr)

Argon heater

Graphite/catalyst target
Spindle

Nanotube

SprayInput FEL beam

Plasma plume

Sonic nozzle



4/05/06, Carbon Nanotube Targets, 

75 Minutes Elapsed Time

Fresh Target

Expended Target



4/05/06, 7.5 grams Raw Material Collected

1.25 Hour Exposure



Hot-pressed 

BN Target



Lightly-ablated

BN target 

(hot-pressed with

Ni:Co catalyst)



Use CNT Synthesis Rig for BNNT’s?

Laser ablation chamber normally used for 
Carbon Nanotubes

FEL at Jefferson Lab

FEL Beam Path

HRSEM image of BN material 

made by FEL



Horizontal, high pressure

spin target chamber



Hot-pressed 

BN Target

BN target on stainless

steel shaft



First “Cobweb,”

Moderately illuminated

Hot pressed BN target,

~10 atmospheres



Cobwebs

Re-solidified

Boron surface



Heavily illuminated

BN target



Heavily illuminated

BN target



Laser 

Beam

Boron Vapor

Re-solidified,

Boron metal

Droplet

Rotating

Boron Metal

Target

Shaded Area,

Exposed to

N2 Gas

BNNT

Streamer

BNNT

Streamer,

Magnified

Droplet

Wake Fills

With N2

Formation

zone

Vaporization

Zone



Laser 

Beam

Boron Vapor

Rotating

Boron Metal

Target

BNNT

Streamer

Vaporization

Zone

Niobium

Shim Stock

(.45 mm thick)

Streamer Attached

To Nb Fracture Surface

Shaded Area,

Exposed to

N2 Gas



5 kW CO2 Industrial

Cutting/welding laser



5 kW CO2 Industrial

cutting/welding laser

controls:  5 minute warm

up, 1000‟s hours duty

time.



Growth Movie



Cotton-like PVC-BNNT mass (~ 30 minutes run time)

(From: M. W. Smith et al, Nanotechnology, 20, 505604 (2009))



Comparison: Equal Mass of PVC BNNT to NIMS CVD BNNT

200 mg BNNT

NASA/JLab PVC method
200 mg BNNT

Japanese NIMS 

B2O2/NH3 CVD

C. Zhi, Y. Bando, C. Tan, D. Golberg, 

Solid State Commun. 135, 67-70 (2005).

Jars are shown to scale



As-grown PVC-BNNT is a very low density, high surface area material. 

One pound (.45 kg) would occupy about 30 cubic feet… 

1 foot



NASA Applications



The Yin-Yang of Nanotubes

White,

High temperature,

Electrical Insulator

Black,

Lower temperature,

Electrical Conductor

Sp2 bond,

Strength, 

Stiffness,

Aspect Ratio

Thermal Conductivity,

BNNT

CNT



Carbon 

nanotubes

Boron nitride 

nanotubes

Electrical 

properties

Metallic or 

semiconducting

Always semiconducting

(about 5.5 eV band gap)

Mechanical 

properties

(Young’s 

modulus)

1.33 TPa 1.18 TPa

Thermal 

conductivity

60 – 40,000 W/mK ~ 3000 W/mK  (Cu = 400 W/mK)

Thermal 

oxidation 

resistance

Stable up to 300–400˚C 

in air

Stable up to 800˚C in air

Neutron 

scattering 

cross-section

C = 0.0035 B = 767 (B10 ~ 3800) 

N = 1.9

Excellent radiation shielding

Polarity Covalent bond

(No dipole)

Permanent dipole

Piezoelectric (0.25–0.4 C/m2)

Surface 

morphology

Smooth Corrugated

Color Black Gray

Coefficient_of

Thermal

Expansion

-1 x 10-6 -1 x 10-6

Comparison of Material Properties, CNT v BNNT



Image: nasa



Image: nasa



Image: nasa



Solar and Cosmic Rays

Secondary neutrons 



http://www.freedesktopwallpapers4u.com



http://www.freedesktopwallpapers4u.com

…aircrew are subjected to atmospheric secondary radiation 

produced by cosmic rays and solar particle events. 

European Union legislation requires the control of aircrew exposure*…

* Radiation Effects on Spacecraft & Aircraft (2001)

Clive Dyer, Space Department, QinetiQ, Cody Technology Park, 

Farnborough, Hampshire GU14 0LX, UK



South Atlantic Anomaly

http://en.wikipedia.org



Radiation threatens avionics as chip geometries shrink, Jan 2004 Military & 

Aerospace Electronics

“Yet this trend has a fatal flaw. Electronic components become vulnerable to  

neutron radiation as they use ever-smaller feature sizes and lower supply voltages, 

says John Fink, staff engineer at Honeywell Commercial Avionics Products in 

Minneapolis”

NASA has reported that modern laptops have crashed when the space 

shuttle flights passed though the anomaly. *

* http://www.nasa.gov/mission_pages/shuttle/flyout/flyfeature_shuttlecomputers.html



Polymer Composites



SEM Image:

Dr. Jae-Woo Kim

National Institute Aerospace







Ceramic Composites



Turbo-machinery flow-path

Image: nasa
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Highest published 

Wei, et al., Tensile Tests on Individual Multi-Wall Boron Nitride Nanotubes, Advanced Materials, V 22, 43, p 4895, 2010



Image: http://www.laserdesign.com



…formula one racing brakes (carbon/carbon) don’t wear out,

they fail by oxidation!

Image: http://www.gtplanet.net/forum



Other Applications



Solar Power: BNNTs and 

Organic Photovoltaics

Image: http://www.thegreenergrass.org







Source:

http://nanotechweb.org

supported by

AFOSR grant No. FA9550-04-1-0161



Desalination with BNNTs

Image: http://www.greenpacks.org



http://www.irri.org



Source:  Salt Rejection and Water Transport Through Boron Nitride Nanotubes, Tamsyn A. Hilder, Daniel 

Gordon, and Shin-Ho Chung, “Small,” 2009, 5, No. 19, 2183–2190





Cancer Therapy No. 1: EP (Electroporation

aka Electropermeabilization)



Source:

http://fredcobio.wordpress.com/2008/03/

Inovio Biomedical Corp. of San Diego, CA





Source:  http://fredcobio.wordpress.com/2008/03/

Inovio Biomedical Corp. of San Diego, CA



Source:  http://fredcobio.wordpress.com/2008/03/

Inovio Biomedical Corp. of San Diego, CA



Source: Nanotechnology 20 (2009) 075104 (5pp) Enhanced low voltage cell

electropermeabilization by boron nitride nanotubes

V Raffa, G Ciofani and A Cuschieri



Cancer Therapy No. 2:  BNCT

(Boron Neutron Capture Therapy)



http://wewantfullmarksforchemistry.blogspot.com



Source: Japan Atomic Energy Agency



Source: Japan Atomic Energy Agency





Ball-mill BNNT

Tumor cell

PVC BNNT

BNNT morphology affects cellular uptake

Ligands/functional elements
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Nature Vol 354, 7 November 1991



Nature Vol 354, 7 November 1991
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“…(the nanotube is) the strongest fiber that you can make

out of anything, ever.”

~ (the late) Prof. Richard Smalley

Nobel Prize, Chemistry, 1996 

Bill Nye
Prof. Smalley

Image: science.discovery.com

image: moonrise from the ISS, http://spaceflight.nasa.gov



…incentives for energy efficiency and clean energy 

are the right thing to do for our future

because the nation that leads the clean energy economy 

will be the nation that leads the global economy. 

And America must be that nation.

President Barack Obama 

(State of the Union Address, Jan. 26, 2011)

image: moonrise from the ISS, http://spaceflight.nasa.gov



…jars reminder.


