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Characterization of carbon nanotubes produced by arc discharge:
Effect of the background pressure
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Single walled carbon nanotubéSWNT) produced by the anodic arc discharge over a range of
constant background pressures of helil@@0-1000 Torr were examined under a high-resolution
transmission electron microscope, and a Raman spectrometer. It was found that the average SWNT
diameter is about 2 nm and fairly independent of the background pressure. Analysis of the relative
purity of SWNTs samples suggests that highest SWNT relative concentration can be obtained at
background pressure of about 200—300 Torr. Measured anode ablation rate increases linearly with
background pressure. The model of the anodic arc discharge was developed. It was found that the
predicted anode ablation rate agrees well with experiment suggesting that electron temperature in
the anodic arc is about 0.5 eV. @004 American Institute of Physic$DOI: 10.1063/1.1642737

INTRODUCTION Previous studies have examined the efficiency of carbon
nanotubes as a reinforcing medium in epoxy based short-
Carbon nanotubegor just nanotubgsare long tubular  fiber composites! The composite modulus for a weight frac-
chains of carbon molecules. They were discovered injon of 5% was reported to be 3.21-4.21 GPa, i.e., an im-
199112 and are produced from graphite carbon similar to theprovement of 3.6%—35.8% from the pure epoxy moddlus.
“lead” of a pencil. Nanotubes can be readily created fromQther studies have utilized vapor-grown carbon fibers, which
several different production methods. The three most generahclude multiwall, single-wall, and carbon fibrils as
methods include production by laser,arc dischargé;®and  reinforcement’ This has been done for weight fractions
chemical vapor depositiofCVD).>~** ranging from 5% to 40% and 60%, giving a yield strength in
Nanotubes are extremely light, remarkably strong yethe range of 49—69 MP@vith a steady decline in strength as
ductile, and electrically and thermally  highly higher weight fractions are introduced due to interface slid-
conductive'*** These favorable physical properties lending between matrix and fiber, and fibers inbetwe@urther-
themselves to many potential industrial applications; funcmore, the elastic modulus was found to increase from 100%
tional nanoscale machinery, microscale electronics, and reino 350% for weight fractions of 2% and 60%, respectively.
forcement for materials. Nanotubes come in either multi-Ajayan et al?® have produced carbon nanotube composite
walled nanotube (MWNT) or single-walled nanotube pellets with a weight fraction of 5%, which revealed a slight
(SWNT) structures® Due to sliding between the walls, increase in composite modulus for the pellets under axial

MWNTs are not a suitable potential composite reinforce-tension and axial compression. However, no means were
ment, and therefore SWNTSs are preferred as the reinforcingsed to fully disperse the carbon nanotubes within the

medium for nanotube compositEs:®Hard elastic thin films ~ composite. ~ Stephan etal?®  produced ~ SWNT-
of pure carbon can be created by depositing carbon nangoly(methylmethacrylatethin film composites for different
tubes onto a substrat. weight fractions in order to obtain information about the in-
Carbon nanotubes are also among the best emitters; thegraction between the matrix and the SWNTs. Results indi-
can operate at a very large current density, as high as dated that homogeneity was not completely obtained, which
Alcm?? In particular vertically aligned nanotubes have su-was due to the fact that the SWNTs used were not pure.
perior field emission characteristics due to high aspect ratiofther studie¥ have also indicated a twofold increase of the
resulting in large field enhancement factéé? In this re-  modulus for weight fractions of less than 10% using purified
spect a role of the background pressure on the nanotube ch&wNTs.
acteristics produced by CVD was studiéd. Even though the arc-discharge method has been widely
The mechanism of the formation and growth of theused in nanotube production, the effect of chamber param-
nanotubes in arc discharge is a subject of some controverssters on the yield and geometric propertiaspect ratip of
in the literature®* Several models of the carbon nanotubesnanotubes has not been considered. In particular, several
growth were proposed such as the open-ended growtstudie§~2 have used a range of chamber pressures to pro-
model?® growth from small carbon particles by an electro- duce the nanotubes, yet the effect of a constant chamber
static force?® and the two-step growth mod®&l.in order to  pressure on nanotube yield and nanotube aspect ratio have
better understand the mechanism of carbon nanotubest been investigated. From previous studies, it is known that
growth a detailed model of the arc discharge is required. nanotubes can be produced using various production
methods’ ™! The range of pressures at which nanotubes can
aAuthor to whom correspondence should be addressed; electronic maiP® Produced using the arc-discharge method has been deter-
dew@engin.umich.edu mined to be 100-700 Tofr.® The pressure range at which
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abundant amounts of carbon nanotubes are produced has Area of sample
been identified to be approximately 500—700 Torr. When collection
producing nanotubes in this pressure range, it has been em- (S30I:"°1

pirically determined that the yield of nanotubes was a maxi- i

mum at a pressure of approximately 620 Torr.

The objective of this article is to experimentally study Electronic
the effect of chamber pressufieeld constant during the pro-  —— s
duction on the arc-discharge production of carbon nano-
tubes, and the characteristics of the nanotubes produced for
nanocomposites reinforcement. The characteristics consid-
ered are: quality, quantity, and type of nanotube produced as
a function of chamber conditions.

Nanotubes produced over a range of constant pressures
were examined under a high resolution transmission electron (@
microscopeHRTEM), to determine their geometric charac-
teristics. Representative samples were further examined us-
ing Raman spectroscopy to determine the relative concentra-
tion of nanotubes within each sample. When examining the
nanotubes under HRTEM, the geometric properties empha-
sized were the aspect rafiice., ratio of length to diameter of
the individual SWNT% The nanotubes produced by the arc-
discharge method are gathered in random bundles, making it
difficult to determine the specific lengths of the nanotubes.
Thus, since only the diameter of the nanotubes can be deter-
mined with the HRTEM, the smaller diameter nanotubes are
optimal, since if the length is assumed to be constant a
smaller diameter nanotube will lead to a larger aspect ratio.

The experimental details of the arc-discharge method of
production are described, followed by an explanation of the
preparation and examination procedures for the TEM, Ra-
man spectroscopy, and anode ablation. A model for the anode
ablation rate is introduced, with details of the model given in
the Appendix. Finally, a discussion of the experimental re-
sults and significant conclusions are given.
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FIG. 1. Schemati¢a) and picture(b) of arc-discharge facility.

EXPERIMENTAL SETUP AND PROCEDURES L . .
aminations of arc-discharge products for equal arc runtime

The arc-discharge facility consists of a stainless steehas revealed that the catalyst combination yielding the larg-
flanged chamber that is capped at both efvdth an anode  est amount of nanotubes was C:Y:Ni in a 13:1:4 at. % ritio.
endcap at the bottom and a cathode endcap at thewan ~ This ratio was thus utilized for all the carbon nanotube pro-
a linear drive connected to the bottom of the chamber actingluction runs.
as the anode feed systefsee Fig. 1 for a schematic and Using the production method described above, nanotube
photographic representationfwo portholes on the vertical samples were produced using constant specific background
sides of the chamber are connected to a digital pressumgressures of helium ranging from 500 to 700 Torr, with 20
transducer and a constant pressure control sy$@RCS,  Torr increments. Furthermore, samples at 100 and 1000 Torr
respectively. The pressure transducer and the CPCS are furere produced and examined in order to include extreme
thermore interconnected in order to generate a feedback logmessures. The duration of each production run was 180 s,
to maintain constant pressure. The generated arc between théh the actual production pressure being withint& Torr
anode and cathode is sustained with a constant power supplginge of the target pressure.
of 120 V dc at 78.50 A, using BaBvIEW feedback program Upon completion of each production run, the arc-
connected to the linear drive of the anode and the powedischarge facility was cooled to room temperature, and
supply generating the arc. The anode and cathode are boslamples were taken from “spiderwebs” of carbon nanotubes
pure carbon rods, with the anode being hollow and the cathhanging from the cathode to the cathode endisge Fig.
ode being solid. The cathode has a length and diameter of 1Ha)]. The majority (~95%) of the carbon nanotubes were
and 0.5 in., respectively, while the anode has a length of 8leposited on the cathode endcap and the cathode itself as a 1
in., and an outer and inner diameter of 0.25 and 0.125 in.mm thick rubber-like layer. The re$t-5%) were deposited
respectively. on the chamber walls as a thin dust layer.

The anode is packed with carbon powder and various The samples produced were examined under HRTEM
metal catalysts. Previous quanta sizing and microscope extssing a JEOL-4000EX at the EMAL at the University of
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FIG. 2. Typical TEM image of a SWNT rope. é
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Michigan. The digital TEM images taken of the two samples

per specific pressuré.e., 26 samples totalwere postpro- ol L0 b e
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cessed and the geometry of the nanotubes in the samples Production Pressure (Torr)

were determined. From these examinations a plot of the
nanotube diameter versus chamber pressure was produced.  FiG. 4. SWNT diametefaveragi vs production pressure.
During the TEM examinations only SWNT was found in the

unpurified samples. A typical TEM image of a SWNT bundle ) o )
is shown in Fig. 2. normalized by dividing through with both the laser power

For Raman spectrum analysis, equal portith82 g of  level and the scan time. The average normalized delta inten-

each sample were suspended in 10.0 mL of 100% ethanctities for each sample were then computed, and the depen-
and subsequently ultrasonically mixed for 15 min in order todence of the delta intensities or relative concentrations of
generate a homogenous SWNT sample/ethanol liquid. FromeWNTs of the samples on the chamber pressure was deter-
each SWNT sample/ethanol mix, two drops were placed on gined. Chianget al3? have performed studies of purification
microscope glass slide and left at room temperature for 10f SWNTs, and found that the delta intensity increased as the
min, during which the ethanol evaporated, leaving a homoSWNT sample was carried through several purification pro-
geneous sample on the glass. Raman spectrum analyses wegsses, i.e., the purity increased as the delta intensity in-
performed at three different locations within each of thecreased. This implies that there is a direct relationship be-
samples, using a Raman spectrometer. The spectrometer ud#(¢en purity/concentration and the Raman spectrum
an argon gas lasé614.5 nm running at 80 A current. The intensity of the sample. Therefore, this approach was also
specific run conditions for the Raman spectrometer was Rursued in the present study. Furthermore, the plateau level
primary slit opening of 15Qum. The characteristic Raman 'anges for the Raman spectrums were determined to be
spectrum for nanotubes has two major peaks for the radigl0-0-521 a.u. with an average of 175.6 a.u. for the RM, and
and tangential mode$.The radial modéRM) is found ata 42—118 a.u. with an average of 60.8 a.u. for the TM. These
Raman shift of 186 ¢, and the tangential mod@M) is  low plateau levels indicate that only instrumentation noise
found at 1591 cm’, which was identified and verified for Was present in the Raman study, thereby rejecting the possi-
each spot in each sample. Due to difference in intensity ampility of background noise being an influence on the delta
plitude the RM and the TM were examined using scan timedntensity values.

of 10 and 1 s, respectively. The power level for the laser was ~BY measuring the initial and final anode geometry cor-
furthermore recorded for each spot in each sample. For eadfSPonding to each production run, and dividing by the run-
spectrum generated the delta intensitg., the difference time, the average ablation rate of the anode for each produc-
between plateau to peak level as shown in Figwas deter- tion pressure was determined. From these measurements, the
mined, where the plateau is defined as the constant intensifjéPendence of the anode material consumption on the cham-
level away from the peak. The delta intensities were therPer pressure was determined.

RESULTS AND DISCUSSION

Figure 4 shows the variation of the SWNT diameter as a
function of production pressure. Error bars indicate the range
of diameters measured through the TEM studies. Individual
| 1591 nanotube diameters do not appear to vary significantly as
186 Nanotubes 1567 | production pressure is varied. At most there is a slight trend
-y ‘ N of an increase in diameter as production pressure is in-

B creased. This indicates that nanotubes produced by the arc-
o eeg " T008 508 2000 discharge method in the pressure range 100-1000 Torr are
all well suited for applications as reinforcement for structural
composites, since such tubes will result in a composite with

FIG. 3. Typical Raman spectrum for nanotubes with the delta intensityhom'()geneous macroscopic CompOSite properti.es. At presgnt,
indicated. studies are underway to examine the composite mechanical
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FIG. 5. Anode ablation rate vs production pressure. Comparison betweef|g. 6. Raman spectroscopy peak examination of radial mode for SWNT
ablation model and experiment. samples.

properties of SWNT reinforced polymer  matrix ites, then samples produced in the range of 200—300 Torr

composites? utilizing mechanics based models of SWNT wil provid_e a Iarge_r reIatiye_SWNT s_urface area for _the
nanocomposite¥:34-37 matrix t(_) interact vy|th. This in turn WI” lead to superior
Experimental results shown in Fig. 5 indicate that as thdn€chanical properties of the composite.
production pressure increases the ablation rate of the anode
increases. Recall that the arc-discharge facility uses heliunONCLUSIONS
which is partially ionized during the arc discharge. As the  The quality, quantity, and geometric characteristics of
chamber pressure increases, the heat flux to the anode mayyNTs produced using the arc-discharge method have been
increase. This leads to an increase in the surface temperatwg, gied over a constant production chamber pressure, rang-
of the anode, which accelerates the anode ablation rate. 'Ii'gg from 100 to 1000 Torr. Results from the present study
describe these processes, a model of the carbon anode ablgye shown that geometric properties of the SWNTs are con-
tion based on a previous kinetic ablation model wasgiant throughout the examined production pressure range,
develop_ed‘.s Some details of this model are included in the 44 that the maximum nanotube concentration can be found
Appe”?"x- . , for production pressures in the range 200—300 Torr. In addi-
Using this modelsee Fig. 8 for model parametéréhe  ion since the ablation rate increases with respect to produc-
ablation rate was found to be dependent on the productiog,, pressure, one can conclude that the optimal pressure
pressure and the plasma temperaflige For the anodic arc  ange for SWNT production is between 200 and 300 Torr.
it has been determined, experimentally, in previous studiegpis conclusion is valid primarily when emphasizing SWNT

that the plasma temperature ranges from 0.5 to 1-_69_31\}'- production, where characteristics are suitable for application
Knowing this, T, was varied in order to fit the experimental

ablation data. As it can be seen from Fig. 5, valuesT of
between 0.5 and 0.55 eV fit the experimental data quite well. 70

One can see that the model predicts both the ablation rate ¥ .
and its dependence on the background pressure very well. 9 60 .
Figures 6 and 7 show the normalized delta inten&tr "; H
sociated with the Raman spectrum examingtimn the RM £ 50F . *
and TM, respectively, as a function of production pressure. f i .'
Since the normalized delta intensities are measures of the g 4OF
relative concentrations of nanotubes, the plots indicate the S [ .
purity level (with respect to the amount of SWNDf the 5 30:_ o & o
samples. On the basis of the plots for both the RM and TM E 203_ .
we can conclude that the relative concentration of nanotubes £ s .
in a common pressure range reaches a maximum level be- & ,,L :’ .
tween a production pressure of 200 and 300 Torr. These re- 8 R *

I B ITTT N S |

RN N I
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Production Pressure (Torr)

sults indicate that nanotube samples produced at this specific
pressure are cleaner and thus efforts to purify the postpro-
duction samples will be easier. In addition, if nonpurified
nanOtUbe_S(nanOtUbes that ar? immediately CO_”eCted frompig. 7. Raman spectroscopy peak examination of tangential mode for
the arc-discharge chambere intended for use in compos- SWNT samples.

o
o
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lution for the ablation rate. Hence by knowing the plasma
density, the plasma temperature, and the surface temperature,
the ablation rate can be determined. Normally these quanti-
ties can be obtained experimentally, but for the present study,
e a simple modéf"*>for the plasma is used in order to obtain
Hydrodynamic Non- the desired quantities.
equilibrium Layer Layer 2 To calculate the carbon anode ablation rate, the ablation
modef® is combined with the model for electrical discharge
presented previousf{:**In the framework of this model, the
EnUdsen Layer 1 background pressure determines the particle density in the
aver interelectrode gap. The discharge model is based on the locall
thermodynamic equilibrium assumptiéh?*® In this case, the
Carbon Anode plasma ionization degre@lectron densityis determined by
knowing the pressure and electron temperature. The electron
flux (which is the main energy contributor to the anpdan
be calculated using the following equatitit®

Plasma Bulk
Layer 3

FIG. 8. Schematic representation of layers near ablation su(Ref 38.

as reinforcement in a nanocomposite. Furthermore the devel- Q =1, (2-To+U,+U,), (A2)

oped anode ablation model predictions are in good agree- . . .
ment with the experiment. whereU,, is the work function andJ, is the anode voltage

drop. The anode voltage drop is determined by
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In order to close the system of equations, the electron
temperature should be determined. In this article, the elec-
tron temperature is used as a parameter. It is known from
_ numerous experimental and theoretical stutiiet that the
APPENDIX: SUMMARY OF ANODE ABLATION MODEL electron temperature in the anodic arc discharge is about

In this Appendix, the model of the anode ablation, which0.5-1.0 eV. Therefore in this model the electron temperature
is based on the previously developed kinetic mdfés, de- s taken to be in thigtypical) range.
scribed. The kinetic model takes into account the returned
atom flux that forms in the nonequilibrium layer during ab-
lation. This approach makes it possible to calculate the ablasS: llima, Nature(London 354, 56 (1991.
tion rate for the case when the surface temperature and thqa' ljima and T. Ichihashi, Naturéondor) 363 603(1993. : :

. Yudasaka, F. Kokai, K. Takahashi, R. Yamada, N. Sensui, T. Ichihashi,

density and temperature in the plasma bulk are kn&wn. and S. lijima, J. Phys. Chem. B03 3576(1999.
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