CHAPTER 17
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BORON-NITRIDE-CONTAINING
NANOTUBES

NASREEN G. CHOPRA and ALEX ZETTL

171 INTRODUCTION

Graphite 1s a layered material in which each sheet is @ hexagonal grid of carbon
atoms covalently bonded to each other in the plane with van der Waals bonds
between layers. The covalent bond is one of the strongest in nature while the
van der Waals bond is weak: thus, planes may easily slide relative to each other,
A nunotube can be described mathematically as a long thin strip. cut out of a
single atomic plane of material, rolled to form a eylinder with a diameter of
nanometer scale and a length on the order of micrometers, Carbon nanotubes
were first discovered by [ijima in 199] [1] while performing transmission elec-
tron microscopy (TEM) on a fullerene sample taken tom the chamber where
Con {2] 1s produced. The discovery has led to extensive nterest in many fields
due to the versatility and potential applications of these nanostructures. Ex-
perimental observations of carbon nanotubes demonstrate that tubes may be
single-walled or multiwalled structures, sometimes with over 50 walls. Multi-
walled tubes are hollow, seamless cylinders that are concentrically organized
such that the spacing between walls approximately equals the graphitic inter-
planar distance, Perhaps the most unique feature of these nanostructures is their
high aspect ratio, Inner diameters of nanotubes range from 7 A 10 about 4 nm,
while their lengths are typically several micrometers. even up to severai hundred
micrometers.

Nianotubes have been « rich source of inspiration for theorists. Indeed, much
of the excitement about nanotubes stems from the prediction of their interesting
electrical and mechanical properties. Caleulations show that the electrical be-
havior of nanotubes s integrally related to the specific geometry of the tube
structure [31 that is, a carbon nanotube can be semiconducting or metallic, de-
pending on its radius and chirality. Empirical formulation of the rigidity of
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768 BORON-NITRIDE-CONTAINING NANOTUBES

manotubes finds nanotubes 1o be extremely strong in the axial direction with
predicted elastic moduli exceeding 1 TPa (4] for these structures.

Theorists have also predicted the existence of tubes made from olher layered
materials such as boron nitride |5, BC3N (6] and BCy [7]. All of these mate-
rials are hexagonal networks ol atoms, which mitate the planar sp bonding in
graphite. Band structure caleulutions predict unique, and cqually interesting.
clectrical properties [or cach of these novel tubes. The mechanical properties ol
B,C,N. nanotubes are again expected to be exceptional.

This chapter summarizes theoretical and experimental investigations of
boron-nitride-containing nanotubes, including pure BN nanotubes and nano-
tubes of stoichiometries BC:N and BCi. Section 17.2 compares the crystal
structures of graphite, BN, BC:N, and BCa. In the case of BC:N and BCi, only
the single-sheet structure is considered. Section 17.3 investigates the theoretical
band structure ol graphite and pure BN, both in bulk and nanotube form.
Further theoretical predictions [or the electronic propertics of boron-mtride-
containing nanolubes are presented in Section {7.4. Section 17.5 introduces
experimental synthesis and characterization of B €, N: nanotubes and proposcs
possible nanotube growth mechanisms. The mechanical (elastic) propertics of
pure BN nanotubes are described in Section 17.6. 1t is found that a BN nano-
tube is the stiffest insulating fiber known, most likely duc to the inberent
strength of the BN bond and the high degree of crystallinity of BN nanotubes.
The last section summarizes BN, BCaN, and BCy nanotube properties and
comments on additional BC,N. nanostructurcs, including carbon/BN nano
“conxial cables.”

172 COMPARISON OF CRYSTAL STRUCTURES OF GRAPHITE, BN,
BC,N, AND BC;

The erystal structures ol graphite, BN, BC2N, and BCy are guite similar. They
are all hexagonal layered structures. with ABAB packing being the most
common arrangement ol the fayers. The erystal structuse is best deseribed by
schematics of the 1deal structures.

17.2.1 Graphite

See Figure 17.1.

17.2.2 BN
Sce Figure 17.2.

17.2.3 BC:N
Sce Figures 17.3 (Type 1) and 17.4 {Type il).
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Figure 17.1  Crystal structure of graphite. (a) Unit cell has lattice constant of agp =
246 A K], which corresponds to the second-nearest-neighbor distance, and the inter-
planar spacing is cgr /2 = 3.36 A, (b) Graphite is o hexagonal sheet with carbon atoms
al vach sertex. The bond length is - ¢ = 1,42 A, Lattice transhition vectors are shown
and have magnitudes equal to Jar| = |a3] = aggr. Due to the hamogeneity of the nuate-
il this sheet structure has inversion symmelry.

17.2.4 BC;

See Figure 17.5.

17.3 THEORETICAL BAND STRUCTURE OF CARBON AND BN
NANOTUBES

The band structure for carbon nanotubes is derived primarily [rom (he band
structure ol graphite. Thus, a briel discussion of the unique features of the
graphite band structure precedes that of nanotubes. Emphasis is placed on a
pictorial description rather than involved calculations,
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Figure 17.2  Crystal structure ol BN. Gt} Unit cell has Iattice constanl ol appn = 2.50A,
which corresponds 1o the second-nearest-neighbor distance. and the interplanar spacing
is epn/2 = 333A (9] (b) BN is a hesagonal sheet with boron atoms surrounded by
nitrogen atoms and vice versa, The bund length is dyy n = Ldd A. Lattive translation
vectors are defined similar to the graphite sheet with lay} = jus] = apn. Because al the
dissimilar B and N atoms. this sheet arringement does not hiave inversion symmctry.

17.3.1 Band Structure of Graphite

There are two common oricntations of the two-dimensional hexagonal Tattice
of graphite. The lattice {grid) may be oriented such that a side ol the hexagonal
unit is parailel to either (1) the x axis or (2) the y axis. II'the repeat unit in real
space is the hexagon oriented #s shown in Figure 17.64 (i.c.. parallel to the ¥
axis). the Brillouin zone {(BZ) of the sheet consists ol hexagons rotated’ by 90
as displayed in Figure 17.6b (parallel 1o the v axis). The central point {I{ — ) is

' This rotation is a consequenee of the mathematical formalism used when transtormung frem real
space Lo reciprocal space {see Chapter 2 in fneroduection to Solid State Plhrates by Kittel).
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Figure 17.3 - Structure of BCN (Type 1) sheet. The unit cell is about twice that of either
graphite or BN us seen from (he lattice transhition vectors. Ay and As. Bond lengths
determined trom theoretical work arve the following: o ¢ = 142A, oy ¢ = 1.55A.
o TS A and o = 124K [6). The distance between lavers is determined rom
experiment 1o be 325 A for this material [10). Note that for this particular arrangement
of ROCoand Noatoms, the sheet has inversion symmetry.

1" while the corner point is labeled K {al} the corner points are equivalent). The
unique feature of graphite is that it has a Fermi poing, instead of a surface,
because the valence and conduction bands meet exactly at the K points as is
apparent in the graphite band structure plot of Figure 17.6c¢.

17.3.2 Band Structure of Carbon Tubes

Stnce @ tube may be formed mathematically by cutting a strip from a graphite
sheet wod rolling it into a cylinder, the two-dimensional sheet becomes a one-

Figure 17,4 Structure of BCaN (Type H) sheet. Lattice transhition veclors, Ay and As,
are identical to those shown for the Type P material (Fig. 17.3). Bond lengths determined
rom theoretical work are the same as for Type 1[6]. The distance between layers is de-
termined from experinent to be 3.35 A | 10]. Note that for this particular arrangement of
B Coand Noatoms, the sheet does not have inversion symmetry.
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Figure 17.5  Struciure of BCy sheet. Lattice transkaiion vecturs, A and As e similin
to those shown for BCN material. Bond lengths determined from theoretical work are
the following: d¢ ¢ = 142A and de- y = 155 A |7]. The distance between layers is de-
termined from experinment to be 3.35 A [10]. The unique arrangement o B and C atoms
causes this heterogencous sheet o have inversion symmetry.

dimensional tube structure. The curvature induees a-r hybridization, which in-
troduces some sp? character into the planar sp? nature ol the carbon bonds.
This hybridization, howcever, only significantly aflects small tubes; thus, for the
most part, the energy bunds of nanotubes may be derived explicttly from the
graphite band structure. Due to the high aspect ratio ol nanotubes. the axial
dimension is stll considered infinite but the periodic boundary conditions
around the tube circumlerence now constrain the allowed & values. The shee
wave vector k will be included il it satisties the condition of single-valuedness of
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Figure 17.6  Band structure of graphite. {4} Unit cell of graphite. (b) BZ ol graphue.
(¢} Band structure ol graphite.
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Figure 17.7  Bund structure of zigzag carbon nanotube. (1) Tubular unit cetl. {(b) BZ of
sigzag tube relative to graphite BZ. {¢) Tubes have BZ lines as opposed to areas. These
give the wllowed A& values for the (4, 0) tube. (d} Band structure for (13, 0} tube 3},

the fuehe wave function;
C-k=2xl J=0123,... (17.1)

where C is the circumference vector of the tube. This constraint manifests itself
as allowed fines in the reciprocal lattice instead of an arex. The construction of
the band structure of nanotubes is best illustrated by example.

17.3.2.1 Zigzag Tubes Figure 17.7 describes the formation of the band
structure foran {#, 0) tube, which is referred to as a zigzag tube. The repeat unit
for this tube along the tube axis is shown in Figure 17.7a. Because this unit cell
(s bigger than the hexagonal unit cell of graphite, the BZ is smaller. Figure
17.7h shows the BZ of a zigzag tube relative to that of graphite. %,, corre-
sponding to the direction along the tube axis, can take on a continuum of
values but &, is discretized. Now, the allowed & values depend on the particular
circumlerence vector C. Let us take the (4, 0) tube specifically. The attowed &
vilues then tie along the lines drawn in Figure 17.7¢ and the wbe bands are
given by the corresponding graphite bands for those & values. Since the allowed
points in this particular case do not include the K point, the tube is semi-
conducting. From symmetry, the bitnds cun be folded onto each other so that
complete band imformation may be conveyed between the T and X points. As
Libeled i Figare 17.7¢, the X refers to the edge of the BZ in the &, direction;
thus, the coordinates are determined directly from the size of the tebular unit
celt. In this case X = /v 3agr for all (1, 0) tubes. The (1.0} carbon nanotubes,
which are senuconducting, have direct gaps because the tube band may be
folded onto the &, = 0 line from symmetry arguments. Continuing this kind of
construction for other values of # gives the following results: Tubes that have
no— 30 where J o2 1203000 are narrow-gap semiconductors and the rest are
semiconductors with gaps ranging up to 1.25 eV, Figure 17.7d shows the band
structure of the (13, 0) tube.
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Figure 17.8  Band structure of armehair carbon nanotube. {a) Tubular unit cell. {b) B7
of armehair tube relative to graphite BZ. (¢} BZ of the {2. 2) tube. (d) Band structure For
(6. 0} tube [3].

17.3.2.2 Armchair Tubes As another example. let us take the case ol an
(. 1) armehair tube. Figure 17.8 is analogous 10 Figure 17.7. Note the repeal
unit has now rotated by 907 from the previous case. This time, X = #/agr in
accordance with the armchair tubular unit cell. and the K point is always -
cluded because & — O is always allowed. Thus, all armchair chirality tubes are
metallic. Tn fact. these have the distinction ol being the only lubes caleulated to
be metatlic. The band structure of the (6. 6} tube is shown in Figure 17.8¢.

Simular analyses may be done for the other (1.2} carbon nanotubes, The
BZ in cach case will be oriented slightly differently with the angle of rotation
reflecting the helicity designated by the particuliar C.

17.3.3 BN Band Structure

Planar hexagonal BN has a lattice almost identical (o that of graphite. Thus.
the BZ of the BN sheets and tubes may be constructed in « similar fashion. For
comparison, the band structures of a BN sheet and the (4. 4) BN nanotube are
shown in Figure 17.9. Note that the conduction and valence bands are sepa-
rated by a gap, which arises [rom the asymmetry in the crystal potential due to
the heterogeneous lattice of B and N atoms.

17.4 PREDICTED PROPERTIES OF BN, BC,N, AND BC,
NANOTUBES
17.4.1 Theoretical Predictions of BN Nanotubes

17.4.1.1 Nanotubular Structure As discussed earlier. hexagonal boron
nitride (BN} is a layered material with approximately the same lattice param-
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Figure 179 Band structure of {a) BN sheet and (b} a BN (4. 43 nanotube |11].

eters as graphite. The main difference, of course. is that while in graphite each
vertex of the hexagon is occupied by a carbon atom, in BN a boren atom is
surrounded by three nitrogen atoms or vice versa. The bonding between the
boron and nitrogen atoms 18 also sp2-like in nature, but the asymmetry in the
crystal potential, arising from the dissimitar atoms, causes bulk hexagonal BN
1o be an insulator with a gap of 3.8 eV [12}. Authors of a tight-binding catcu-
Lation originally proposed that nanotubes might also be formed from hexagonal
BN [5]. Theoretical formulation of a BN tube is identical to the carbon case
deseribed earlier. where a strip s cut out of a hexagonal sheet and rolled to
form @ tube. Thus, BN tubes may also be formed with a variety ol diametess
and chiralities depending on the circumference vector C.

Total energy caleulation results of the strain energy needed to form a tube of
a given diameter are shown in Figure 17.10 [11]. The closed circles represent the
energy needed to form a BN tube relative to a sheet of hexagonal BN, while the
open circles indicate the energy of a carbon nanotube refative to graphite.
Clearly, the tubes are higher energy SIructures, but compared to their respective
<heet material, BN panotubes are energetically even more [averable than car-
hon ones and therefore likely to form.

17.4.1.2 Electrical and Mechanical Properties Local density approxi-
mation {LDAY and quasi-particle band structure caleulations predict BN tubes
1o he semiconducting with a gap of roughly 4-5.5 eV inclependent of tube
Jdiameter. chirality, and number of tube walls {11}, This uniformity in the cal-
cukited electronic properties of BN nunotubes contrasts sharply witl the heter-
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Figure 17.10  Strain energy versus diwmeter for the formation ol BN and carbon nano-
tubes relative to their sheet structures. Closed and open circles indicate the energy for
BN and carbon nanotubes. respectively. (Courtesy of X, Blasc.)

ogeneity of carbon tubes and suggests that BN tubes may present significant
advantages from an applications point of view, Details of the tube band strue-
ture show that the lowest lying stute is a ncarly free-clectron-tike state, which
has a maximum charge densily about 2 A interior 10 the tube wall. Thus. if the
BN tubes were doped with, say. carbon, the resulting metallic tube would carry
a cylinder of charge internally along its lengih.

Theoretical caleulations ol the clastic propertics predict that BN nunotubes
will be slightly softer than carbon tubes. The predicted Young's modulus of BN
tubes 15 0.95 times the clastic modulus of carbon tubes, or of order | TPa.

17.4.2 Theoretical Predictions of BC;N and BC;

Due to the greater complexity of BC: N, the unit cell is double that of graphite,
and there ure two possible arrungements of the B, C, and N atoms in the sheet.
resulting in two diflerent tube structures. Figure 17,11 shows the structure of
tubes (Types [ and 11} of the same diameter but made from dilferent isomers
of the shect materiat [6]. The Type | sheet has inversion symmetry (as does
graphite}) while the Type N1 sheet does not (similir to BN). Thus, it is not
surprising that band structure calculations on the electrical propertics of the
Type and Type 1l tubes parallel the properties of carbon and BN nanotubes.
respectively. Type I tubes range from semiconducting to metallic depending on
diamcter and chirality. while the Type II tubes are predicted o be semi-
conducting independent of tube parameters. The most unique feature of tubes
made from this material is that the arrangement of atoms (chain of conducting
carbon alternating with a string of insulating BN) in the Type I tubule re-
sembles a solenoid. Doping this semiconducting Type I} tubule to metallicity
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Figure 17.11  Theoretically determined tubules of isomers of BCayN. These are the (4, 4)
tubes in the indexing numerology of tubes. {Courtesy of Yoshiynki Mivamoto.}

would cause the electrons to flow in a helical pattern along the chain of carbon
atoms, becoming a nanocoif!

The electrical behavior of BCy tubes is rather complex, but the most signifi-
cant result from the theoretical catculations predicts concentric tubes of BCy to
be metallic (7). Thus, all multiwalled structures made from this material are
likely to be good conductors. On the other hand, single-wall, isolated BCs tubes
are predicted to be semiconducting. Interestingly, when a number of such semi-
conducting tubes are aligned and brought into contuct, the resulting bundle of
tubes constitutes a metallic system.

17.5 SYNTHESIS OF BORON-NITRIDE-CONTAINING NANOTUBES

17.5.1 Synthesis of BN Nanotubes

The similarity between graphite and hexagonal BN suggests that some of the
successtul synthesis methods used for carbon nanotube production might be
adapted to B,C, N, nanotube growth. This is indeed the case. A nonequilibrium
plasmi are technique has been used to produce pure BN nanotubes [13]. To
avoid the possibility of carbon contamination, no graphite components are
used in this synthesis. The insulating nature of bulk BN prevents the use of a
pure BN electrode. Tnstead, a pressed rod of hexagonal BN {white in color) is
inserted into a hollow tungsten (W) electrode, forming i compound anode. The
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Figure 17.12  Electrode contiguration used for the synthesis of BN nanotubes.

cathode consists ol a rapidly cooled pure copper ¢lectrode (Fig, 17.12). During
discharge the environmental helium gas is maintained al 650 tosr and a de
current between 50 and 1400 A 1s applied 1o maintain a constant potential drop
of 30 volts between the electrodes while arcing.

Arcing the BN/W compound clectrode results in a dark gray sool deposit on
the copper cathode, in contrast to the cohesive cylindrical boule, which typi-
cally grows on the cathode upon graphite arcing. Duce 1o instabilitics, however,
the BN/W arc burns only for a short time, thus yiclding a limited quantity of
soot. Picces of solidificd tungsten are often found spattered inside the chamber.
indicating that the temperature at the anode during synthesis exceeds 3700 K|
the melting point of tungsten. Other synthesis methods, using diflerent cata-
lysts. arc also possible (see Section 17.7).

17.5.2 Characterization

17.5.2.1 High-Resolution TEM Thc preferred analytical wol for nanotube
characterization is transmission clectron microscopy (TEM).? Figure 17.13
shows a typical TEM image of the dark gray cathodic deposit produced in the
arc-discharge chamber of a BN/W arc run. There are apparent numerous
structures of distinct and contrasting morphologics. The large amorphous band
covering nearly the entire lower halll of the image 15 a portion of the support
grid. The dark clusters scattered throughout the upper hall of the image are
tentatively wdentified as tungsten. Most importantly, Figure 17.13 clearly shows
structures that appear to be multiwalled nanotubes. with iner {outer) diame-

2 Cathodic deposit was characterized using & JEOL JEM 200CX TEM with 200 keV aceelerating
vollage.
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Figure 17,83 TEM inage of soot produced in BN nanotube synthesis, Black arcows
point out to sections of tubes. Big black arrows point to one long tube.

ers on the order of | 3 nm (68 nm) and lengths exceeding 200 nm. The two
dark arrows ain Figure 1713 identily one such tube, which extends beyond the
lelftand nght borders of the image. The light arrow in Figure 17.13 identifies
another multiwalled tobe ol appuarently shorter lengith.

Figure 17,14 shows a high-resolution TEM image of a portion of an observed
nanotube. This and other stmitlar images exhibit sharp lattice fringes, indicating
that the walls of the tubes are well ordered with an interfuayer distance of ~3.3 A
cansistent with the interplanar distance of 3.33A in bulk hexagonal boron
minide (9], The particular tube shown in Figure 17,14 has eight walls; similar
tubes with wall numbers ranging from two to nine have been obscerved.

17.5.2.2 Electron Energy Loss Spectroscopy Although no graphite is
used in the particular synthesis process described in detail ahove, confirmation
ol the chemical makewp and stoichiometry is crucial for conclusive evidence of
BN nanotube discovery, Deternmonation of the chemistry and stoichiometry of
individuaal tubes is possible using electron energy loss spectroscopy ( EELS) in-
side the TEM . High spatial resotution EELS studies have been performed [13]
on portions of tbes suspended over holes in the carbon suppert grid as char-
acterized i Pigure 17,1050 Figure 17,16 shows a characterisiic tube enerpy loss
spectrum, collected by probing o tO nm region of the tube. Two distinet ab-
sorption features are revealed, one beginning at 188 eV and another at 401 eV,
These correspond to the known K-edge onsets for boron and nitrogen, respec-
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Figure 17.14 High-resolution TEM image of a multiwalled BN nanotube clearly
showing the inner diameter and the equal number ol lattice Tringes on either side repre-
senting the number of tube walls. This tube has cigil walls.

tively. The finc structure in the speetrum reveals the sp” bonding between boron
and nitrogen [14]. Noteworthy is the absence of any feature al 284 ¢V the A-
edge absorption for carbon. Quantfication of the tube LELS speetrum gives a
B/N rativ of 1.14, consistent with & stoichiomelry of BN {due to uncertaintics
i baseline correctians. the given B/N ratio has an estintated error of 20%).

Carbon grid

Nanotube

EELS sample
collection agea
(r<5nm)

Figure 17.15  Schematic of configuration used in coflecting the clectron cnergy loss
spectra o1 a nanotube.
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Fignre 17,16  Electron energy loss spectrum of a BN nanotube confirming the sp?
honding of the horon and nitrogen and the absence of carhon in the tube structure.
Quuntitative analysis gives a B/N ratio of L1 14,

17.5.3 Possible Growth Scenario

A carelul study of the ends of BN nanotubes synthesized using the tungsten
clectrode method reveals an interesting feature. As seen in Figure 17.17, the
ohserved end contains 3 metal particle, most likely tungsten or a tungsten
compound with boron and nitrogen. In contrast to the carbon nunotube, where
the capping is fullerene-like or involves pentagons and heptagons, the BN tube
closure by pentagon formation is suppressed due to the necessity of unfavorable
B B or N- N bonds. Nature seems to solve this problem by using, i available,
a smatl metal cluster. The presence of many metal particles wrapped in layers of
planar baron nitride, as is evident in Figure 17.13 and seen at higher magnifi-

10 nm

Figure 17.17  Micragraph of the end of a BN nanotube showing termination by a metal
particle.
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Figure 17.18  Micrograph ol a metal particle covered with erystalline BN,

cation in Figure 17,18, suggests that in a high-curvature region of a covered
particic. the outer layer of the BN couting may pull from the innermost layer
(since the layer layer interaction in BN is rather weitk) and grow outward (o
form a nanotube. Given this scenario. the tube growth is likely to terminate
when a metal particie coliides with the open end of growing (wbe and attaches
to the dangling bends. particularly if the metal Tforms stable nitrides and
borides. as tungsten does.

Other experiments. using a slightly dilferent arc-discharge synthesis conligu-
rition. have suceessfully produced single-walled BN nanotubes [15F Tubes
made by Loiscau et al. [15]. however, do not hive metal particles at the end. but
terminate with flat tops, suggesting a square B N arrangement at the ends
compared 1o the hexagons in the wall. (Any even number polygon acconi-
modates the preferred B-N bonding.)

17.5.4 Synthesis of BC;N and BC;

The synthesis of bulk {i.c.. layered sheets of ) BC-N and BCy is achieved
through the following chemical reactions:

Ko ¢

CHZCN + BCly ———— BCaN + 3HCI

~KKr C

2BCH + CoHy ———- 2BC: + 6FICI

Both BC:N and BC; have bright metaliic luster and resemble the Kivered
structure of graphite due 10 the sp=-like eavironment of cach of the B. C.and N
atoms i the bulk materials. signilying two-dimensionality. Resistivity mea-
surements indicate that BC>N s semiconducting with a gap of about 0.03 ¢V
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Figure 17.19  Schematic of the electrode conliguration used to produce multiwalled
BCN and BC nanotubes in the arc-disclurge chamber,

and BCys semimetallic. The synthesis and characterization of both of these
novel materials were done by Kouvetakis et al. in 1989 [16].

Along with the synthesis of carbon and BN nanotubes. the are discharge
allows tor the successful production of tubes with other novel storchiometries
of boron. carbon. and nitrogen as well [17]. The arc configuration used in one
experiment is deseribed schematically in Figure 17.19. An insulating BN piece
is inserted into o hollowed graphite rod resulting in a compowund electrode. The
cathode s the water-cooled copper piece as in the other experiments. The
chiamber parameters are similar to those used in multiwalled carbon nanotubes,
The 450 10rr helium pressure is bled into the chamber and the current is sel to
55 AL Reminiscent of the carbon scenario, the compound BN/C electrode
crodes and a growth oceurs on the cooled copper surfice. Detitiled examination
of the boule afier arcing finds the inner core to be harder than the surrounding
lyers. which is in direct contrast to observations of pure carbon bovle sumples,
Mowever:in the case of i compound BN/C electrode, the central region con-
tains hexagonal BN, a ceramic: therefore. from simple geometric argements, a

harder inner core is reasonable, The color of the boute. 100, is gray instead of

the tvpical carbon hlack. suggesting (hat the orginally white BN has indeed
been consumed in the arcing process and mixed with the bluck rraphitic mate-
rial. Frgure 17.20 05 o representative scanning clectron micrograph (SEM) of
the inner core houle material from this experiment. Tubes are clearly visible in
the image along with significant quantities of bulk material. As is evident from
Freure 17.200 the yvield of nanotube structures is low in this experiment. TEM
and EELS studies [17] confirm the erystallinity of the tube structure and indi-
vilugl tube stoichiometries of BC-N and BCh. In Fact, EELS analysis also re-
vealed thar the sample contains nanotubes of prre carbon, Thus, using the
configuration shown in Figure 17,19, the nonequilibrium arc-discharge tech-
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Figure 17.20 SEM image of boule sample Itom a combined boron, carbon. and nitro-
Een experiment.

nique simultancously produces multiwalled nanotubes of BC:N, BCy. and pure
curbon.

Other studies using boron, carbon, and nitrogen have bound similar results
[18-20].

17.6 ELASTIC PROPERTIES OF BN NANOTUBES

The clastic properties of an individual boron nitride (BN) nanotube have been
experimentally determined through in situ studies in the transmission clectron
microscope [21]. These experiments are motivated by similar experiments on
carbon nanotubes, first performed by Treacy et al. [22]. Analysis using the
thermal vibration amplitude of a cantilevered BN nanotube yields a Young's
modulus of [.22 TPa. Because elastic measurements probe the microstructure of
a material, the high value of the elastic constant suggests the BN nanotubes are
indeed crystalline with few defects as observed in high-resolution micrographs.

Companson with other materials finds BN nanotubes to be the stitlest in-
sulating fiber known. Hexagonal BN is well known for its high-temperature
resistance, and combined with these high-strength properties. BN nanotubes
have the potential for unique applications in many dilfercnt arcas.

17.6.1 Vibrating BN Nanotube -

Figure 17.21 is « TEM image of u BN nanotube specimen at 300 K, Two indi-
vidual BN nanotubes are clearly visible. both cantilevered over a hole in the
support grid. A short BN tube in the lower right region of the image (identilicd
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Figure 17.21  Vibrating BN nanotube at 7 = 300 K.

by i white arrow) has a clearly visible metal particle atits tip: the entirety of the
ube is in clear focus, indicating a small vibration amplitude. The central region
of Figure 17.21 shows i single Tong cantilevered BN nanotube. The base {lower
black arrow) of this nanetube is in clear focus, while closer o the tip region
fupper black arrow) the image becomes successively more blurred. Rotation
studies verified that the blurring nature of the tip was not duce to sample Gl and
vartations in electron flux had no effect on the image, confirming that the tube
vibration was due to thermal eflects.
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near base

near tip

-
YN

(a) (b)
Figure 17.22  Line sean data of vibrating BN nanotube. () Placement of scans on the
tube image. {b) Line scans near base and Lp.

17.6.2 Data Analysis

To quantly the amplitudes of the vibration modes of the nanotube in U gy
plane. a series of intensity line scans perpendicular (o the nanotube wnis were
performed on the micrograph of Figure 17.21. Figure 17.224 indicates the po-
sitions of the scans {short horizontal bars) while Figure 17220 shows (wo rep-
resenlative intensity scans. one near the supported base and one near (e
nanotube tp. Because the tube extends out over unsupported arca. the sudden
drop frem the background signilies the high contrast due 1o the tube, Near the
supported base. 1he scan shows a sharper drop in contrast as compuared to the
line scan near the tip. This is consistent with the condition of Tocus at the bise
versus blurring at the end. which is depicted visually in Figure 17.21. From the
width of the high-contrast region, (he apparent tube diameter at ponts along
the length of the structure is determined. As expected. the apparent tube width
at the ip is greater than that at the base. The width of the nanotube al the base.
where the vibration amplitude falls to zero, is 3.5 .
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Figure 17.23  Plot of ms amphtude versus position For oscillining BN nanotebe, Nate
peniern! trend looks hke the Tundamental mode of i cantitever,

Figure 1723 shows (as diiimonds) the rms amplitude of the BN nanotube as
a4 funetion of distance fremy the nanotube hase, determined rom o deconvolu-
tion of the intensity line scans [rom the baschine scan. As expected. the vibration
ampliude increases with increasing distance Irom the clamped base of the
nanotube.

17.6.3 Derivation of Y for a Thermally Excited Cantilever

Fhe unique size ol these nanotubes leads o interesting guestions regarding the
catculation of their mechanical properties. Can the tubes be treated as con-
tinuous hollow evlindrical structures or does their ninometer size call for a
mare discrete reatment? Doublet mechanics, a recentdy developed analytic
approach oo mechanics that incorporates the diserete nature of matter in the
calcukinon of bulk behivior, has the potential to answer such a question {23].
Meanw hile, empirical potentials and lirst-principles total-energy caleulations
mdicitte that relationships derivable from cantinuum elasticity theory are ap-
plicable even Tor tubes with dimeters as snual! as a Coy molecule {7 Ay [24).
The mmotube ts approxinuted as a cantilever of length £ rigidly clamped at
one el Treely vibrating at the other with a uniform circular cross section ol
auter diameter ¢ and inner diameter A and mass per unit fength g A schematic
of the mechanical system ds shown i Figure 17,240 Edeally oo muluwaldled tibe s
not a Bernoulli Fuler beim because the ekistic property of the tube walls is, in
Gict different from that of the arca in-between. where the van der Waals Joree
acts, However: the region that distinguishes the wall from the arei in-between is
<o smiall that the error in assuming i multiwatled nanotube to be a untform
rigid beam is negligible. The displacement. w{x, 7). of the vibrating nanotube 1s
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4

s

Figure 17.24  Schemaltic of mechanical system used to approsimate a cantilevered
nanotube,

a function of distance v and time ¢ and van be described as 4 superposition ol
normal modes,

XD = D i) = 20> 2, (X0 sin e (17.2)

"ol noi

where zois the maximum amplitude and %, is the relative amplitude of the
normal mode 4, (v) at [requency e, The complete sel of normalizcd noratidl
modes of a cantilever beam are

I osh i, L+ casfl L :

(17.3)

with 5,1 = 1.8751.4.6941.7.8548. and [0.996 Tor nn = 1.2.3 and 4. respec-
tvely, and approximately ({2 — Pir)/2 for >4, Young's modulus., V. s
embedded in the associated lrequency expression.

JE— . ——

ey V[ Yatat — b
0= (L) {,;”;_y\/ e — ) (17.4)

pld
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where the second moment of area 7 — taia® — A11/64 is Tor a hollow circular
CIoss SCCHo,

In order 1o extract a value Tor ¥ lrom the experimental data, let us consider
the enerey ol the svstem, The average kinetic energy of o given mode is

o

. . a . * . -
O B O IR R PRI y o 5% [r/r” VR v eos T e, 11705

FFrom the cquupartitton theorem. the average kinetic eneray in cach mode 15
Apd 720 where Ay s Boltzmann’s constant and 7715 the temperature, Equation

=

g (173000 A2 and using 1y, (17.4) yields

Rk IRV RV,
. n! N 17.6]
\ 1u J”_“f L \ Yrud bz
Henee, Fg. 11723 becomes
S22t O
AN : . MECH; 1177
r \ Yaiat - Hb}lr;/”]; Pul XI5 J

Thus, the equipartition theorent fixes the relinive amplitude ol cach maode.
The wmplitnde contribition of higher mades falls ot as ~(1 #7y: therelore. the
vibraton amplitude profile is donunated by the fisst few modes. The sum s
ulnmately limited at room temperatuure by sy, B3 where fiey, - x At

The present formulation s an exict solution to the problem of o cantilever
osctllating due to thermal effects, THowever, as stated earlier, the nanotubxe walls
are treated as o sinele uniform material nstead ol diserete Tavers. o clear
APPreNnTEIon.

17.6.4 Calculating Ypn

The BN panotube i~ approvimated as a cantlevered Bernoulli Euter beam of
leneth £yee. miedly chivmped at one end. Treely stbrating at the other with @
uniform cieular eross section of outer diameter aps wnd mner diameter Ay
Rewnmg g 01770 for the displacenient ot a cantleverad tabe oscillating i
entperature 2 erms of BN nitnotube parameters ynes

SRLWA T e 2 4
S 2, LV SN e, i b8

s vl -
\ }“\ "“!;\ BN S fll fn\l

The narkers in bigure 1723 are the experimentat data and the solid hine is the
B usinge Fao ol 7810 From the B the naeaemum v amplitede s found to be
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0.8 am. This it together with the mcasured dimensions ol the mmolube,
agy = X3 am, by = 2.2 nmLand Ly = 153.8 nm, vields an clastic moduabus of
i = 1,22 TPa tor the BN nanotube at 300 K. Incorporating i the analvsis
the metal particle at the nanotube tip does not alter the result.

17.6.5 Discussion of Experimental Parameters for Ygy Measurement

[0 the above calewlation, the base of (he cantilever has been taken 1o be wiiere
the single tube extends over the hole. as pointed 10 by the lower black arrow in
Figure 17.21. (The Tocus condition supports this assumption since the region
below the lower black arrow in Fig. 17.21 is entirely in focus.] I instead. the
point ol rigid clamping is assumed o be directly at the clump. the mechanical
system is then described by a beam with a varying second moment of arei.
£ = 1{x}), However, the second moment of arca of the region where several
tubes extend from the clump a short distance is much large than that of the
single tube, and thus (he combined system dynamically bebaves as it the canti-
levered tube was rigidly clamped at the position pointed out by the lower black
wrrow. Thus. (he caleulations lor the combined system are identical 1o e
mechanical system assumed in deriving Eq. (17.8). and the result tor the elastic
modulus of the BN nanotube is (he same.

As mentioned previously, BN nanotsbes synthesized by the tungsten-are
technique often terminate with ametal particle. I we assume there is a tungsten
pitrticle with a diameter on the order ol the outer tube diameter and repeat the
calculation. we find that the undamental frequency goes down by 17" but the
BN tube elastic modulus does not change. This is consistent with a simple
mass spring system. where the frequency depends on the mass and elastic con-
stant of the spring. but the spring constant is independent of the mass as lang as
it is under its elastic limil.

17.6.6 Comparison of Elastic Moduli

Theoretically, the elastic modulus of a BN nanotube should be slightly smalier
than that of a carbon nanotube. Although the structures are similar. the pho-
non frequencies [25) in graphite are caleulated to be higher than those in planar
BN. suggesting that the carbon carbon bond is stronger than the boron
nitrogen bond, The experimental result for BN reflects this dilference when
compared to measured values ol multiwalled carbon nanotubes [22].

The BN nanotube Young's modulus is 14 times greater than the measurcd
1-plane modulus of butk hexagonal BN material {33). This diffcrence is possibly
due (o the tube being a defect-free single crystailine picce. while the bulk hey-
agonal matenial 15 a composite of defected layers. Also. 1t is conceivable (that the
curvature of the tube strengthens the sp” bonding between the boron and
nitrogen atoms. resulting in a malterial with improved mechanical propertics.
Thus. this expertimental measureinent shows the impressive change in elastic
propertics of a material due to nanometer scale sample geometry.
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FABLE 7.1 Table of Elastic Modudi of 3 \ ariety of
Fiber Marerials
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Pidecd - tibers often have improved elastic PrOperties i coniparison o the
bl matertal 340 Table 170 shows the Young's modult of g rinee of tiber
matertss The BN nananthe is an order off magnitide stiter than am oter
msulating Hber and the second stillest miteriad after carbon nanotnbes,

17.7 SUMMARY OF BN, BC,N AND BC; NANOTUBE PROPERTIES
AND OTHER B,C,N, STRUCTURES

Fhe pie BN and varbon-contiming sp -honded host materials discissed in
this chapter form the basis For i number of mteresting structures, The sy nthesis
and chiaracterizaton o such B¢, N-materials represents an area of active ox-
perimental and thearetical research, Table 170 suthmarizes much ol the thea-
retical and experimental work that has been Presented hiere on nanotubes syn-
thesteed from boran carbon, and nirogen. rom Table 72000 evident that,

PABLL 172 Sy of Predicted and Vleastired Prapertios of 8,C, N, Nanotubes
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so far, the Targest amount of work. bolh theoretaal and experimental. s been
done on carbon and BN nanotubes, Clearly. minimal experimental work s
been done on BCSN and BCy. Carbon nanotubes e existed lor the longes
pertod of tine and large quantities of ube materia] are ready avsulable due 1o
the stable aremg of eraphite. which Prodoces the plentiful tube-conbamne
boude. BN nanotubes. due 1o their potentiatly mteresting electrical application,
have wlso been studied. although weehnigues for lrge-scile production need 10
be explored.,

Loiscaw et al J15) have used an are-dischiarge method emplos it B cleg-
trodes 1 a nitrogen atmosphicre o ssnthesize BN manotubes with wall nuiber
rangimg [rom nuny (o one, In this syithesis method. the T s apparent!y o
meorporated into e tube itsell. but rather Ay s cabhy g avent. e
souree of mitrogen for tube growth is (rom e Nz environmental wis e ends
of the BN nanotuhes so produced have flat Layers perpendicular to the tube iy
and are representative of the bond frustradion that occurs upon tube closure
(the simple siv pentagon addition. which so beaunlully closes a pure carbon
nanotabe. i< oot realized in BN nunotubes because the B B bond s ot
Fvored.

Tantaluny has also been used as the cataly zing agent in the synthesis of
varows mmoscale BN structures USINE are-vaporization methods [I91 Pure BN
nanotubes wre produced. along with other natoparucles icloding omion-ihe
spheres smular 1o those produced by Banhart o al, 35 using high-intensity
clectron teradiation. In the study ol Terrones et al, 91 circumstantial evidence
15 Tound {or the presence ol B2N squares al the BN nanotube Ups. as well as
BiN: hexagons in the maun fabric of the nanotubes,

Perhaps one of the most ntriguing new deselopments in BN tule sy ntheses
s the realization of manotubes with segregated tube-wall stoichiomety. | or
example. Suenaga et al, [26] have produced muttivalled nanotubes contaminy
pure carbon walls adjacent (o pure BN walls, forming i sort ol manotube co-
axtal cable. In one specitic tibe studied caretully by clectron energy Joss spee-
troscopy. the mnermost three walls of the tube contitned only carbon, the new
six walls were comprised of BN, and the last i Cooutermost walls were agam
pure carbon, The entire [4-walicd COMPOse nunotube was 12 um in diameter,
Similar layer segregation is obtained lor onion-hke coverings over DRINITPRTS
teles {quite often the core nanoparticle 1s composed ol e catadyst maeerial ).
The results of Suenaga and co-w orkers are consistent with the carlier lindings of
Redhich cval. [37]. who observed B € N nanotubes Colsisting ol concentric
evlinders of BC:N and pure carbon,

More recently. Zhang et al, [38] have used a reactive faser ablation method
to synthesize mutti-clement nanotubes contanming BN, The nanotubes contain o
sthicon carbide core follow ed by i wimorphous siticon oxide mtermediale liver:
this composite nanorod is then sheathed with BN and carbon nanotube Luyers.
segregated e ihe radial direction. It has been speculated that nierging BN
and carbon nanotube structures may be the basis for novel electronic device
architectures,
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