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Abstract

Ž .We demonstrate that single-wall carbon nanotubes SWNT can be produced by an arc-discharge method using a
catalyzed coal carbon source. Characterization by resonant Raman scattering and electron microscopy confirm that this
material contains SWNT with properties similar to graphite-derived SWNT. ‘Web-like’ material from our growth process
has an estimated yield of 45 wt.% of carbon as SWNT, while the average chamber yield is approximately 20 wt.% C, as
determined by FT-Raman and HRSEM measurements. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

The synthesis of C and C from coal coke was60 70

reported in 1991 by Pang et al., who achieved yields
as high as 8.6 wt.% using a relatively inexpensive,

Ž . w xa.c. arc-discharge AD method 1 . With commer-
cial demand for bulk quantities of single-wall carbon

Ž .nanotubes SWNT steadily rising, we have investi-
gated the production of SWNT from untreated bitu-
minous coal. The present work shows that the use of
coal in place of graphite in the d.c. AD process leads
to a substantial reduction in the cost of the carbon
source material, with only a moderate reduction in

) Corresponding author. Fax: q1-606-257-6725; e-mail:
eklund@pop.uky.edu

the purity of the SWNT product. Furthermore, ad-
vantage may be gained from the transition metal
impurities in the coal, which may contribute a syner-
gistic catalytic effect.

Using a Ni–Y catalyst, we have found that the
AD method, under near-optimal conditions, gener-

Žally leads to average yields in terms of wt.% carbon
.as SWNT, hereafter wt.% C comparable to those

obtained in the past from the pulsed-laser vaporiza-
Ž . w xtion PLV technique 2 developed by Smalley et al.

w x3 . However, we believe that the significantly higher
rate of vaporization of the carbon source in the AD
process 1 will prove advantageous for bulk produc-
tion. The primary purpose of this work is to investi-

1 Average power delivered to the carbon source material: ;100
Ž . Ž .W PLV versus ;1000 W AD .
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gate the effect of substituting coal for graphite in the
consumable anode, while keeping all other typical
AD growth parameters unchanged. This approach
leads to tenfold savings in raw materials costs: the
current price of natural graphite is approximately
;$2.00rkg, while the cost of bituminous coal is
only ;$0.20rkg 2. A secondary benefit of this
work is the investigation of the effects of coal impu-
rities on the morphology and bundle structure of the
soot and the physical properties of the SWNT it
contains.

A number of standard characterizational methods,
including resonant Raman spectroscopy, high-resolu-

Ž .tion scanning electron microscopy HRSEM , high-
resolution transmission electron microscopy
Ž .HRTEM , and electrical transport measurements
Ž .thermopower and resistivity , were used to address
completely the issues of yield, the tube and bundle
diameter distributions, and the content of defects
along the walls of the synthesized SWNT.

All sample characterization performed in this work
confirms that the coal-derived material contains
SWNT with properties very similar to nanotubes
obtained from graphite carbon sources by either PLV
or AD. However, the average bundle diameter in the
coal-derived material is smaller, and the average
purity is roughly one-third as high as that found in

Žgraphite-derived material typical purity of AD mate-
. 3rial: 50–60 wt.% C . Nevertheless, the overall

savings in the cost of the carbon source material is
significant and the results presented here may war-
rant investigation of the technique on an industrial
scale. Also, the properties of coal-derived SWNT
may actually prove advantageous for certain applica-
tions; for example, the observed reduction in average
bundle diameter may facilitate the break-up of the
bundles into individual tubes.

2 The cost of coal was found in the archives of the Energy
Information Agency at the internet website http:rrwww.eia.
doe.govrcneafrcoalr The cost of natural graphite was provided
by Anthracite Industries, Inc., website: http:rrwww.anthracite.
comrcontact.html. Note that bulk prices of both coal and graphite
are highly dependent on the particle size required.

3 CarboLex, Inc., website: http:rrcarbolex.com

2. Synthesis of SWNT from coal

Bituminous coal from Eastern Kentucky was ob-
tained from the Spurlock Power Plant in Maysville,
Kentucky, and was used without any pretreatment

Ž .except ball-milling to a y100 mesh 150 mm pow-
der. The compositional analysis for this particular
coal, performed at the University of Kentucky’s
Center for Applied Energy Research, is given in
Table 1. This coal sample contains impurities, such
as iron oxides, which may catalyze the process; other
impurities are present which may poison the Ni–Y
SWNT-growth catalyst.

The consumable anodes were prepared by finely
mixing the ball-milled coal with furfuryl alcohol
Ž . ŽAldrich, 99% , Ni Alfa-AESAR, 99.9%, 2.2–3.0

. Žmm particles and Y Alfa-AESAR, 99.9%, -200

.mm particles . An alternative binder which we have
successfully substituted for furfuryl alcohol is coal
tar pitch, an inexpensive byproduct of processed
coal. The catalyst Ni and Y were added in a molar
ratio of approximately 4.25:1, close to the optimal

w xratio established by Journet et al. 4 . A small amount
of hexane was added to assist mixing, and the result-
ing homogeneous paste was hot-pressed into a mold.
The anodes were then removed from the mold and
heat-treated overnight at 12008C under flowing,

Žhigh-purity N to form electrodes diameter, 8 mm;2
.length, 75 mm . This final heat treatment step is

similar to that used in the industrial coking process.

Table 1
Components of the bituminous coal used in this work, as deter-
mined by elemental analysis

Ž .Component wt.% Ash subcomponents % by wt. of ash

Carbon 73.25 – –
Oxygen 10.34 – –
Ash 9.12 SiO 60.262

Al O 29.122 3

Fe O 3.382 3

K O 2.272

TiO 1.372

MgO 0.98
Na O 0.602 3

P O 0.142 5

non-volatile sulfur trace
Hydrogen 4.96 – –
Nitrogen 1.66 – –
Sulfur 0.67 – –
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Coal-based electrodes fashioned in this manner ex-
hibited resistances of ;1V along their length. To
produce coal-derived SWNT, an arc was generated
between a graphite cathode and the coalrcatalyst
anode in a ;660 mbar He atmosphere using a d.c.
current of ;100 A and a voltage of ;30 V. The
anode is consumed in the process and is therefore the
source of carbon. As a result of the process, soot-like
material is generated along the cooled walls of the
AD apparatus, and ‘web-like’ material is also gener-
ated. In the AD process, we generally find that the
web-like material has a higher nanotube yield of
SWNT than the denser material which collects on
the walls of the chamber; with our coal electrodes,
this effect was also in evidence.

3. Sample characterization

In this section, we present results from various
methods of sample characterization which we have
used to evaluate the structure and molecular integrity
of SWNT synthesized from coal. The problem of
evaluating the purity and quality of a SWNT sample
is a difficult one; currently, there is no protocol for
comparison of SWNT yields in samples prepared by
different techniques. Most commonly, the SWNT
content in a sample is evaluated by counting the
density of SWNT and carbon nanospheres in HRTEM
images of ‘representative’ regions of the sample.
However, since many samples are fairly inhomoge-
neous, and the ways of counting the tubes are not
strictly objective, this time-consuming method does
not always yield reproducible results. Here, we have
made use of a new approach, to be described in

w xdetail elsewhere 5 , which we believe can provide a
reasonably objective and convenient criterion for
evaluation of SWNT yield in soot.

3.1. Resonant Raman scattering spectra

Raman spectra of SWNT bundles include two
strong first-order features: the radial ‘breathing’-
mode band, typically found in the region 160–180
cmy1, and a band of tangential modes with maxi-

y1 w xmum intensity near 1590 cm 6,7 . The breathing
modes of individual SWNT possess A symmetry1g

and exhibit a strong dependence of mode frequency

on nanotube diameter. The tangential modes are an
Ž . w xunresolved Raman triplet A , E , and E 6 ,1g 1g 2g

related to the graphite E symmetry intralayer modes2g

at 1582 cmy1, which exhibit a weak dependence of
frequency on tube diameter. The Raman spectra of
both multiwall nanotubes and graphite do not exhibit
a low-frequency ;160–180 cmy1 mode, but do

Ž y1 .contain a high-frequency E band ;1582 cm .2g

Also, a broad band is usually observed around 1350
cmy1 in microcrystalline graphite and multiwall

w x y1tubes 8,9 ; a narrower band near 1350 cm , the
frequency of which is a strong function of excitation
wavelength, is observed in SWNT.

The resonance-Raman spectrum contains contri-
butions from those nanotubes which are excited at a

w xparticular wavelength 6 . Therefore, to obtain a
more complete picture of the nanotube population in
the soot, several Raman spectra should be collected
at different excitation wavelengths. To this end, Ra-
man spectra were collected on coal-derived SWNT
material at the wavelengths ls1064, 647.1, 514.5,
and 488.0 nm using, respectively, YAG, Kr-ion, and

Ž .Ar-ion lasers see Figs. 1 and 2 . Let us first address
these observed Raman spectra in terms of mode
frequencies.

A series of modes is found in the low-frequency
Ž .region of each spectrum see Fig. 2 . By fitting these

regions with multiple Lorentzians plus a linear back-
ground, peak positions were deduced as indicated.
Spectral features identified with laser plasma lines
are indicated in the figure by asterisks. Rao et al.
established a linear dependence of radial breathing-
mode frequency on the inverse of the tube diameter
w x10 . Recently, this relationship has been amended to
take into account the intertubule interaction within a

w xlarge bundle 11 :

223.75 cmy1 Pnm
y1v s q14 cm . 1Ž .r d nmŽ .

in which v is the radial breathing-mode frequency,r

d is the nanotube diameter, and the 14 cmy1 correc-
tion represents a d-independent approximation to the
effect of the weak intertubule interaction. Using this
relationship and the observed breathing-mode fre-
quencies, we have found that the nanotubes present
in the coal-derived material have diameters from 1.2
to 1.7 nm. The overall diameter distribution was
found to be centered near the frequency expected for
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Fig. 1. Raman spectra of coal-derived SWNT material, in the
vicinity of the high-frequency tangential modes. Spectra were
taken at four different excitations wavelengths. The topmost curve
is for the standard high-purity sample obtained from CarboLex
Inc.

Ž .10,10 nanotubes, similar to the SWNT grown from
graphite electrodes under similar conditions.

The spectral linewidths of the Raman lines ob-
Žserved for coal-derived SWNT are narrow note the

values for the Lorentzian width G for the most
.prominent peaks in Figs. 1 and 2 and are compara-

ble to those observed in a standard high-purity sam-
Žple obtained from CarboLex SE-Grade, estimated

.purity: 90 wt.% C . In fact, the observed Raman
features are quite intense and sharp at all four excita-

Žtions the apparent broadness at ls647.1 nm is
actually due to the superposition of a number of
modes of metallic and semiconducting tubes which

w x.scatter resonantly at this excitation frequency 12 .

3.2. SWNT purity estimation by FT-Raman spec-
troscopy

Fang et al. have recently shown that the intensity
of the tangential modes excited with a YAG laser
Ž .ls1064 nm can be measured against a standard-
yield sample grown and prepared under similar con-
ditions to estimate the relative concentration of

w xSWNT in a given sample 5 . Following this method,
a 20 mg quantity of coal-derived SWNT soot was
first dispersed in ethanol by sonication, then allowed
to precipitate slowly onto a glass slide. The standard
film was prepared identically from a sample of known
purity. The relative intensity of the tangential band
of the coal-derived material was measured with re-
spect to that of the standard, providing an estimated
purity of 45 wt.% C in the web-like material har-
vested from the AD chamber. SWNT material col-
lected from the walls of the chamber accounted for
roughly 90% of the total soot yield, and was found to
contain 15 wt.% C as SWNT. The total purity of the
product thus typically contained a chamber-averaged
SWNT purity of ;20 wt.% C, or one-third to
one-quarter that typically produced from graphite
electrodes.

3.3. HRTEM

A large number of HRTEM brightfield images
were taken using an Hitachi HF-2000 in the Materi-
als Research Institute at Pennsylvania State Univer-
sity. This instrument is equipped with a ‘cold’ field-

Fig. 2. Raman spectra of coal-derived SWNT material, in the
vicinity of the low-frequency ‘radial breathing’ modes. Spectra
were taken at four different excitations wavelengths. The topmost
curve is for a standard high-purity sample obtained from Car-
boLex Inc.
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emission electron gun, which provides superior co-
herence and resolution. The coal-derived, web-like
material exhibited bundles of tubes with long, paral-
lel, side-wall fringes indicating individual nanotube

Ždiameters of ;1.0 nm see Fig. 3; accelerating
.voltage, 200 kV . Also visible in Fig. 3 are metal

nanoparticles, which appear as dark regions; the
‘fingerprint’ patterns surrounding most of these par-
ticles are identified from concentric fringe spacings
and relative contrast as graphitic carbon. Our
HRTEM images contained no evidence of multiwall
tubes, as already surmised from the Raman-scatter-
ing results.

An unusually large number of nanotube ends are
visible in the coal-derived material, including both
terminations at metal particles of high scattering

Žpower or ‘free’ terminations at an endcap see Fig.
.3 . The ubiquitous presence of the latter suggests that

the nanotubes grown in our process are generally
shorter in length, perhaps indicative of a catalyst-poi-

w xsoning 13 effect. We speculate that an element such
as oxygen or sulfur may halt nanotube growth by
impeding catalysis of the carbon feedstock. Our ob-
servation that many nanotube endcaps in the images

Žof coal-derived SWNT appear to be imperfect either
.open or unrounded lends further support to this

assertion.

3.4. HRSEM

Coal-derived SWNT from the web-like, coal-de-
Žrived product was characterized by HRSEM using

.an Hitachi S900 at the University of Kentucky .
Samples were dispersed by sonication and collected
on 0.2 mm filter paper, then coated with a thin film
of Au to prevent charge accumulation. Images reveal

Fig. 3. HRTEM image of coal-derived SWNT material. Most nanotubes visible in images obtained for coal-derived samples exhibited
diameter fringes of roughly 1 nm.
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Fig. 4. HRSEM image of coal-derived SWNT material exhibiting many bundle diameters of approximately 10 nm.

SWNT bundles with diameters of 10 nm and smaller
Ž .see Fig. 4 . This bundle distribution is wider than

that typically observed in graphite-derived SWNT; in
fact, many bundles observed in the coal-derived

Fig. 5. SEM image of high-purity, graphite-derived SWNT material from CarboLex, which contains roughly double the SWNT
concentration found in the web-like portion of the coal-derived material.
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material consist of only a few individual nanotubes.
Also evident are a number of agglomerated nanopar-
ticles. Comparison of the Fig. 4 with an HRSEM

Ž .image from the high-purity 90 wt.% C CarboLex
Ž .SE-Grade standard see Fig. 5 confirms the afore-

mentioned observation that the web-like, coal-de-
rived material contains approximately one-half the
concentration of SWNT relative to the standard.
Similar studies indicated that the lower-yield cham-
ber soot contained SWNT yields roughly one-quarter
to one-third as high as those observed in the high-
yield 90 wt.% C standard.

3.5. Conclusion

In conclusion, we have produced SWNT in mod-
erate yield using inexpensive coal-based electrodes,
which were loaded with catalyst Ni and Y. In our
AD method, growth conditions identical to those
used for graphite-based electrodes were employed;
only the carbon source material was changed. Raman
spectra at three visible and one infrared excitation
wavelength indicated that all mode frequencies and
linewidths are virtually identical to those observed in
graphite-derived SWNT. It has been suggested previ-

w xously 14 that addition of sulfur to the arc plasma
broadens the individual nanotube diameter distribu-
tion; it therefore appears plausible that the wider
distribution observed in this work is due to the
presence of sulfur in the coal. Work is currently in
progress to quantify this effect.

HRSEM images from coal-derived SWNT reveal
bundle diameters of ;10 nm and smaller, with
many bundles consisting of only a few nanotubes.
We believe that these small bundle sizes may be
advantageous for post-synthesis chemical processing.

ŽPurity estimates based on FT-Raman and indepen-
.dently on HRSEM images suggest that the coal-de-

rived, web-like material contains 45 wt.% C as
SWNT, although the average purity is approximately
20 wt.% C.

In summary, we suggest that AD production of
SWNT from inexpensive coal-based anodes, such as
those already widely used in the aluminum or steel-
smelting industries, may provide a means for mass
production of reasonably priced SWNT. Of course,

Ž .the presence of some suitable catalysts Fe, Co, Ni
is necessary to promote SWNT growth, but at least

Ž .one of these Fe occurs naturally in coal as an oxide

andror in pyritic form. Should an appropriate form
of coal be identified, it would be interesting to
consider large-scale AD production of SWNT from
the large cokerpitch anodes already used in indus-
trial smelting.

Note added in proof: We have recently produced
Ž .SWNT from pyrite-rich 5% coal, without addition

of catalyst. The yield in our early experiments has
been quite low. However, these experiments demon-
strate that, via coal, it might be possible that nan-
otubes exist in small quantities from natural pro-
cesses.
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