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FULLERENE SCIENCE AND TECHNOLOGY, 6(5), 787-800 (1998) 

The role of boron nitride in graphite plasma arcs 

M. Terrones *, W. K. Hsu ', S. Ramos b, R. Castillo b, H. Terrones 

School of Chemistly, Physics and Environmental Science, 
University of Sussex, Brighton BNI 9Q.7, U. K. 

Instituto de Fisica, U", Apartado Postal 20-364 
OlOOOMLxico, D. F. 

Novel graphitic nanostructures (e.g. nanotubes, graphitic onions, polyhedral 
particles, hemitoroidal nanotube caps and branched nanotubes) are produced 
by arcing graphite electrodes, containing hexagonal-BN, in inert atmospheres. 
The introduction of BN or B inside the graphite anode generates long (I 2 0 p )  
and well graphitised carbon nanotubes exhibiting boron at their tips. High 
Resolution Electron Microscopy (HRTEM), Scaning Electron Microscopy 
(SEM), Electron Energy Loss Spectroscopy (EELS) and X-ray powder 
diffraction studies reveal the production of B4C crsytals, in addition to little 
amounts of BC3 nanotubes. Mass spectrometry (MS) studies over the generated 
soots indicate high yields of large fullerenes (e.g. C70, C76, and Cg4) and thermo- 
Gravimetric analysis (TGA) of the nanostructures show high oxidation 
resistatice. 

1. INTRODUCTION 

Following the discovery of fullerenes' and their bulk production', novel 
graphitic structures (e.g. carbon n a n o t u b e ~ ~ , ~ ,  graphitic onions' or giant concentric 
fkllerenes6) were observed and/or recognised by HRTEM from the deposits 
generated on the cathode during arc-discharge between two graphite electrodes in 
inert Lately, new methods for the production of fullerenes and 
graphitic nano-strcutures have been developed involving p y r o l y ~ i s ~ ' ' ~  and flame 
combustion" of hydrocarbons, laser irradiations over graphite"%'3 and electrolysis 

Copyright 0 1998 by Marcel Dekker, Inc. 
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788 TERRONES ET AL. 

of graphite electrodes in molten ionic ~alts’~’’~. Moreover, it proved possible to 
encapsulate metal oxidesI6, ferromagnetic materials” and superconducting nano- 

inside nanotubes and graphitic nanoparticles with potential 
applications in magnetic data storage, magnetic toners, inks for xerography, 
superconducting nano-circuits in electronics, etc. Additionally, pyrolytic methods 
have brought the possibility to generate helix-shaped nanotubes2‘.”, hemitoroidal 
n a n o t ~ b e s ’ ~ ’ ~ ~ . ~ ~  and bent n a n o t ~ b e s ~ ~ . ~ ~  , in which, the influence of heptagons and 
pentagons in the predominantly hexagonal network seems to be responsible for 
negative curvature2226*27 . 

Other layered materials, such as M O S ~ ~ ,  WS,”, BCZN~O,~’, BC;’, BCN32 
and BN3355, have recently been shown to form closed concentric shells (onions) 
and nanotubes. The production of these novel graphite-like nanostructures offer 
potential application in material sciences and nano-scale engineering due to their 
conducting properties and oxidation resistance. 

In this paper we discuss various structural effects of nanomaterials 
generated using graphite plasma arcs in presence of BN or B. The by-products 
contain hemitoroidal nanotube caps and negatively curved graphite structures 
among nanotubes, nanofibres and polyhedral particles. Large quantities of well 
graphitised long carbon nanotubes ( 5 20pm) are obtained. BC3 nanotubules, 
arranged in hexagonal networks similar to those in graphite, have also been 
produced. Mass spectrometry studies show that higher yields of large lllerenes 
are obtained when BNB-graphite mixtures are arced. HRTEM, SEM, EELS, X- 
ray powder diffraction, MS and TGA studies of these structures are presented. 

2. EXPERIMENTAL 

Samples were prepared using an arc-discharge DC generator employed for 
hllerene production. Anode graphite rods (6 mm diameter) were drilled ( 4 m .  
OD, 3 cm length) and B, B203, BN powders ( 99.9% Aldrich Co.) introduced. In 
some cases, graphite cement (AREMCO PRODUCTS INC.) was mixed with such 
powders and inserted into drilled graphite anodes followed by heat treatment (3 
hours at 300 “C). The cathodes used consisted of graphite rods with different 
diameters (6 mm and 200 mm.). 

Before arcing operations, the chamber was evacuated and purged with 
nitrogen or helium (air products 99.9% ) twice. The chamber was finally set 
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GRAPHITE PLASMA ARCS 789 

between 200-500 Torr of gas pressure. Our operation conditions varied form 25V, 
80 Amp to 40V, 150 Amp. A gap between electrodes was maintained to ca. 1 mm. 
The resulting inner core cathode deposits were analysed by X-ray powder 
diffraction (SIEMENS D-5000, Cu-K, radiation). 

HRTEM studies were carried out using: EM4000 at 400 keV and a 
Hitachi 7100 at 125 kV. A few mg from the inner core (cathode) deposit were 
sonicated in acetone for 5 min and then placed on Cu perforated carbon grids for 
HRTEM observations. SEM images were obtained using a Leo 5420 at 20 keV. 

TGA analysis from the inner core cathode deposits were recorded in a 
Perkin-Elmer 7 Thermogravimetric Analizer. For all MS studies (VG Autospec, 
electron imapact 70 eV), soots scraped from the reactor chamber walls were 
washed in acetone and disolved in CS2. 

3. RESULTS AND DISCUSSION 

3.1 Electron Microscom Studies 

TEM and HRTEM images from the inner core cathode deposits exhibit 
long carbon nanotubes (5 20 pm.) possessing small amounts of polyhedral 
particles (nanotube/particle ratio, 8:2, Figs. 1 and 2). EELS and EDX analyses 
recorded boron traces at the tips of all long nanotubes (Fig. 3a), implying that 
boron may have a catalytic effect for the formation of long tubules. Furthermore, 
ill-formed caps, ocasionally open or with negative curvature regions (see Fig. 2), 
are also observed with B at their ends. 

Some of the analyised samples exhibited anomalous graphitic interlayer 
spacing variations (cu. 3.5-3.6A) within the tubules, greater than in graphite and 
carbon nanotubes”. In some cases, these spacing irreguarities alternate 
periodically; for example, a single interlayer spacing at ca. 3.5& greater than in 
graphite and typical carbon tubes, appears every five graphitic layers possessing 
plane-to-plane separations of ca 3.4w. (see Fig. 4). The latter spacing irregularities 
could be attributed to defects caused by the generation of non-cylindrical tubules 
(eg. polygonal tubular strcutures), in which the sharp edges within these polyhedra 
could generate such spacing irregularities. 

It is interesting to note that most of the nanotubes contain pure carbon 
along the main body of the tube and boron traces at their tips. Nevertheless, EELS 
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Fig. 1. TEM images showing a representative area where long nanotubes are grown.The 
amount of polyhedral particles is notably reduced. 

Fig. 2. H R E M  images from: a) Ill-formed nanotube cap, in which one segment of the 
tube is closed creating a diamond-like shape and the other end remained open with 
amorphous material surrounding the tip. b) opened nanotnbe cap showing amorphous 
material at the tip. c) Nanotube tip showing negative curvature regions, in which the 
presence of heptagonal and pentagonal rings may be responsible. P and H denote 
pentagons and heptagons respectively. d) Hemitoroidal nanohibe cap, in which the 
presence of heptagons and pentagons should also occur. e) Molecular simulation of 
hemitoroidal nanotube cap containing heptagonal and pentagonal rings along its rim. 
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GRAPHITE PLASMA ARCS 79 1 
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Fig. 3. a) EELS spectra from a typical long tubule tip, which exhibits ionisation edges in 
the K-shell of boron (ca. 188 eV) and carbon (ca. 284 ev). The structures of the sharp 
features observed in carbon indicate sp2 hybridisation (grphitic arrangements), while the 
weak intensities from boron suggest small concentrations at the tip. It is noteworthy that 
no boron was detected within the main body of the generated tubules. This suggest that 
boron plays a catalytic effect in the production of long graphite nanotubes. b) EELS 
spectra from a BC, nanotube showing sharp ionisation edges at ca. 188 eV (suggesting 
trigonal hybridisation). 

Fig. 4. a) Nanotube segment. in which larger interlayer spacings are observed in one 
side of the tubule. b) Part of a nanotube tip with interlayer spacing defects every 5-8 
layers (denoted by arrows). c) graphite segments formed during B B N  - graphite arc 
experiments exhibiting interlayer spacings of ca. 3.35  A. 
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792 TERRONES ET AL. 

analysis of some nanotubes exhibit ionisation edges at 188 and 284 eV which 
correspond to the characteristic K-shell ionisation edges of boron and carbon 
respectively (Fig. 3b). The structure of these sharp features indicates that B and C 
possess sp2 hibridisation as in graphite. Stoichiometries of BC3 within these tubes 
was estimated from the previous spectra and has been reported elsewhere 30. 

On the other hand, thick carbon fibres (ca. 20pm in length and 4pm in 
width) possessing inner cores were also observed. The internal structure of these 
fibres was difficult to identifjr (see Fig.5). 

SEM images reveal regions where long nanotubes are agglomerated and 
surrounded by flake-like structures (possibly B4C fiom XRD studies) with an 
average diameter of 4pm. Other regions exhibiting thick fibres with non-straight 
shapes were also observed (see Fig. 6). 

3.2 X-rav vatterns from the inner core cathode deposits 

From the X-ray powder diffraction pattern (Fig. 7), it is clear that the 
produced material is more crystalline when compared to normal carbon inner core 
deposits (carbon nanotubes and/or nanoparticle~)'~. This result is due to the 
presence of crystalline boron carbide (B4C) crystals and graphite-like structures. A 
simulation of a B4C crystaP6 was performed (see Fig. 8), finding that the similarity 
with the bulk material produced experimentally is very close. From the (002) 
reflection (graphite-like strcutures), two different uveruge interlayer spacings arise. 
These spacings correspond to normal carbon nanotubeslnanopaticles (cu. 3.4 8) 
and AB graphite (ca. 3.35 see Fig. 4c). Estimating the Full Width at Half 
Maximum (FWHM) for the (002) peaks and using the Bragg equation, it is 
possible to estimate that the number of layers along the c-axis is consistent with 
HRTEM observations (cu. 40 layers or 20 shells). 

It is intersting to point out that the structure of B4C consists of boron 
icosahera joint by carbon atoms, exhibiting a rombohedral structure (space group 
R-3m) with lattice paramenters of a = 5.6 & c = 12.12 8. These cage-like boron 
structures can be generated by arc discharge techniques. Further experiments with 
boron, exclusively, should be carried out in order to see the possibility of 
producing larger cages like in fkllerenes. 

Mass spectrometry studies from the wall chamber soots reveal the presence 
of higer lllerenes (e.g. C76, c78, c84, eic.). This is due to the introduction of B 
and/or BN inside the graphite anode. From Fig. 9 it is clear a larger c7O/c60 ratio 
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GRAPHITE PLASMA ARCS 793 

Fig. 5. HRTEM image from fibres found in the arc using BN-graphite mixtures. It is 
clear the appareance of inner core. 

Fig. 6. SEM images from a) the inner core cathode deposits (BN-graphite experiments), 
in which the presence of long nanotubes ( 2 16 pm) is observed as well as flake-like 
structures with an average diameter of 4pm. b) region where non-straight and thick 
fibres (ca. 20pm in length and 4pm in width) are observed in absence of nanotubes. 
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Fig. 7. a) X-ray powder diffraction from the oxidised and non-oxidised inner core 
cathode deposits. It is clear that the reflections arising from B4C have dissapeared after 
oxidation and the (004 from carbon nanotubes (at cn. 3.4 A) have decreseased. 
However, intensities from (004 coming from graphite and/or graphite-like structures 
have remained (at cn. 3.35 A). The oxidised sample reveals 3 new peaks (square marked 
boxes), possible due to the production of B60. 

G (002) 

A b  ENtgraphlle 
Dxldlsed sample 38% le 

22 24 26 28 30 
20 degrees 

Fig. 7. cont. b) (002) reflections arising from BN-graphite and oxidised inner core 
deposits. The peak atributed to nanotubes (ca. 3.4 A) has decreased after oxidation, 
while the one at ca. 3.35 A has remained stable. 
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GRAPHITE PLASMA ARCS 795 

Fig. 8. B4C crystal lattice exhibiting boron icosahedra joint by carbons. This is a 
rombohedral structure belongong to the R-3m space group and lattice paramenters of a 
= 5.6 A, c = 12.12 A). 

(ca. 1.4) when compared to normal graphite plasma arcs (C&~O ratio at ca. 
1 : l O ) .  Therefore, a potential route to higher hllerenes is now available for their 
bulk production. 

When inner core cathode deposits are oxidised (750 "C I oxygen flow at 
ca. 45 mumin) for 30 and 50 min, ca. 38% of the original material is invariably left. 
X-ray powder diffraction studies from these oxidised deposits exhibit lower 
intensities from the (002) reflection corresponding to spacings at ca. 3.4 A. 
However, intensities from the other (002) reflection, which corresponds to 
graphite-like material (at ca. 3.5 A ), remains stable (Fig. 7). Additionally, three 
new peaks appear at high angles, which correspond to a phase of boron oxide 
(possibly BsO). HRTEM studies on oxidised deposits show that neither nanotubes 
nor particles remain, only amorphous-like and curved graphitic material are 
observed. The nature of the oxidised products are currently under investigation. 
AAer oxidation the intensities from B4C crystals dissapear completely. Threfore, it 
is possible that boron oxide is produced from reactions of B and B4C with oxygen, 
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796 TERRONES ET AL. 

5 
0 

0 ,5.696 

Fig. 9. a) Mass spectra from soot generated by arcing BN/graphite in He atmospheres, 
showing a C70:Cso ratio of ca. 1:4. b) Typical mass spectra from soot generated by arcing 
pure graphite, exhibting a C70:C60 ratio of ca. 1:lO. 
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GRAPHITE PLASMA ARCS 

20 - 

0- 

797 

* . - - - . .  

Fig. 10. TGA analysis from BN/C and C deopsits, exhibiting that BN/C deposits are 
stronger to oxidation than pure carbon nanotubelnanoparticles. This may be due to the 
possible coating of boron oxide which protects some graphite-like domains against 
oxidation. 

generating an oxide coating layer(s), involving graphite-like segments and other 
nanostructures, thus creating an oxidation resistant material. 

Thermogravimetric analyses fiom different inner core deposits show that 
BNIgraphite cathode deposits never oxidises completely, always ca. 40% of the 
original deposit remains. Nevertheless, typical carbon inner core deposits, 
containing nanotubes and nanoparticles oxidises completely at 860 "C (see Fig 10). 

Experiments inserting Bz03 powders inside the graphite anode generates 
carbon nanotubes without crystalline phases of B&. X-ray powder diffraction 
fiom these deposits show the production of typical nanotubdparticle material (see 
Fig. 11). Therefore, only B and BN could generate B4C crystals and BC3 
nanotubes. 

CONCLUSIONS 

In summary, the effect of B or BN is vital for the production of long 
graphite nanotubes with B at their tips exhibiting, occasionally, ill-formed caps, in 
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798 TERRONES ET AL. 

20 40 60 80 100 120 
28 degrees 

Fig. 11. X-ray powder diffraction from inner core cathode deposits when B203 is 
inserted inside the graphite anode. It is clear that B4C crystals or other boron compounds 
are not produced. The reflections only arise from normal carbon 
nanotubeslnanoparticles deposits. 

addtion to higher yields of larger hllerenes. This may offer tangible applications in 
nanoengineering due to the high degree of graphitisation and length within the 
tubes. Furthermore, these material contains phases of B4C crystals in addition to 
BC3 nanotubes, which present interesting structural features responsible for 
excellent oxidation resistance. It is possible that boron oxide (B60) is reduced, 
thus coating graphitic nanostructures which are oxygen stable. Further 
investigation is currently underway and new horizons in boron chemistry and 
materials is forthcoming for the next century. 
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