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Abstract
Single-wall carbon nanotubes (SWNTs) promise wide applications in many technical fields. As a result

purified SWNT material is sold now on the West market at more than $1000 per 1 gram. Thus developing
an effective technology for SWNTs production rises to a very important scientific problem. The perspec-
tives of three existing methods providing raw material in the technology of SWNT production have been
analyzed. They are i) pulsed laser evaporation of graphite/metal composites, ii) evaporation of graphite
electrodes with metal content in the arc discharge process, and iii) catalytic decomposition of the mixture of
CO and metal carbonyl catalyst precursor. The observed dynamics of SWNT market points to replacing the
laser method of SWNTs production by the arc process. The conclusion has been made that the technology
based on the arc process will be the major one for the fabrication of purified SWNTs at least for the next
five years. A reliable estimation of a low price limit of SWNTs was derived from a comparison of two
technologies based on the arc discharge process: the first one is the production of SWNTs and the second
one is the production of a fullerene mixture С60 + С70. The main conclusion was made that the price of
purified SWNTs should always be more by 2-3 times the price of fullerene mixture. The parameters of a
lab-scale technology for the production of purified SWNTs are listed. A large-scale application of the
developed technology is expected to reduce the price of purified SWNTs by approximately ten times. The
methods now employed for the characterization of products containing SWNTs are briefly observed. It is
concluded that electron microscopy, thermogravimetric analysis, absorption and Raman spectroscopy,
measurement of the specific surface aria, optical microscopy  – each in separation is not enough for exten-
sive characterization of a sample containing SWNTs, and all these methods should be used together.

Introduction

Single-wall carbon nanotube (SWNT) can be
thought of as a single graphene sheet wrapped into a
cylinder. They are nicknamed by R.Smalley as
buckytubes as well. The great expectation for a wide
use of SWNTs in high-technological fields is based
just not only on the elegant structure of a buckytube.
The special nature of carbon combines with the mo-
lecular perfection of buckytubes to endow them with
exceptionally high material properties (Table 1).

Buckytubes are the stiffest, strongest, and tough-
est fiber known presently [1]. Experimentally mea-
sured breaking strength of a buckytube is about 30
GPa and the Youngth’s modulus is more than 1.0 TPa

[1]. Thermal conductivity of buckytubes along the
tube axis is as high as 6600 W/m⋅K [2], that is higher
than of diamond. This result was obtained by mo-
lecular dynamics simulations with a carbon poten-
tial, which proved its accuracy by the calculations of
thermal conductivity values for graphite and diamond
in good agreement with experimental data. The room-
temperature conductivity of bulk samples of SWNTs
is greater than 200 W/m⋅K [3]. It is comparable to a
good metal and within an order of magnitude of that
of highly crystalline graphite and diamond. They are
the first polymeric molecules with truly metallic con-
ductivity [4,5]. In addition, they can carry the high-
est current density of any known material, measured
as high as 106 - 109 A/cm2 [6,7]. Bulk material of
purified SWNTs has microporous structure with high
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specific surface area being more than 1300 m2/g [8].
The actual observed material properties - strength,
electrical conductivity, etc. are degraded in most
materials very substantially by the occurrence of de-
fects in their structure. Buckytubes, however, achieve
values very close to their theoretical limits because
of their perfection of structure.

The properties of buckytubes listed in Table 1
clarify why SWNTs promise wide applications in
many technical fields. Among the applications where
research work is now in full-swing one could high-
light the following.

Field Emission Displays

Buckytubes are the best-known field emitters of
any material. This is understandable due to their high
electrical conductivity and the sharpness of their tip.
The latter means that they emit at especially low volt-
ages, an important fact for building electrical devices
that utilize this feature [4].

New heat and electrically conductive plastics

Buckytubes are ideal to provide plastics with ther-
mal and electrical conductivity, since they have the
highest aspect ratio of any carbon fiber. Composites
with buckytubes have been shown to dramatically
increase the bulk thermal and electrical conductivity
at small loadings [3].

Structural Composites

Stiffness, toughness, and strength of buckytubes

lead to a wealth of applications exploiting them, in-
cluding advanced composites requiring high values
in one or more of these properties.

Energy Storage

Buckytubes have the intrinsic characteristics de-
sired for materials used as electrodes in batteries and
capacitors, two technologies of rapidly growing im-
portance. Research has shown that buckytubes have
the highest reversible capacity of any carbon mate-
rial for use in lithium-ion batteries [9]. In addition,
buckytubes are outstanding materials for supercapa-
citor electrodes [4,10].

Fuel Cell Components

Buckytubes have a number of properties includ-
ing high surface area and thermal conductivity that
make them useful as electrode catalyst supports in
proton exchange membrane fuel cells [10].

Molecular Electronics

Their geometry, electrical conductivity, and abil-
ity to be precisely derivatized, make buckytubes the
ideal candidates for the interconnects in molecular
electronics. In addition, they have been demonstrated
themselves as switches [11].

There is a wealth of other potential applications
for buckytubes, such as solar collection, nanoporous
filters, catalyst supports and coatings of all sorts
[4,10]. There are almost certainly many unanticipated

Table 1
Physical properties of separate buckytubes and bulk material of purified SWNTs.
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applications for this remarkable material that will
come to light in the years ahead, and which may prove
to be the most important and valuable of all. In the
last five years, the demand on SWNTs has been grow-
ing more rapidly than their production. As a result,
purified SWNTs with a content of the principal prod-
uct of more than 95 weight % is now on the Western
market at a price of $1400 per 1 gram [12] more than
one hundred times higher than the price of gold. Thus,
the development of an effective technology of SWNT
production at a price much less than the existing one
rose to a very important scientific problem.

To reliably evaluate the potentials of SWNT ap-
plications in different technical fields the following
questions should be answered: “What is the most ef-
ficient way for the SWNT production nowadays and
which prices of SWNTs can be expected in the near-
est future?” Here, an attempt has been made to an-
swer these questions. For this purpose the SWNT
synthesis methods and their potentials for the large-
scale production of nanotubes are characterized. Fur-
ther, the efficiency of the arc discharge method for a
SWNT production technology is evaluated, and the
features of such a technology are described which
was developed in the Institute of Problem of Chemi-
cal Physics RAS in cooperation with the Institute of
Crystallography RAS. Finally, methods for the cer-
tification of SWNT samples are briefly described.

Methods of SWNT synthesis and their poten-
tials in large-scale production of buckytubes

The technology of SWNT production is devided
into two major steps: the first one – synthesis of raw
material containing the buckytubes, and the second
one – the purification of the as-prepared SWNTs from

by-products. There are three methods, which produce
a raw material containing SWNTs and each one of
them may be used in a technology of high quality
purified SWNT production. These methods are listed
in Table 2 together with their advantages and disad-
vantages. They are i) the pulsed laser evaporation of
graphite/metal composites, ii) the evaporation of
graphite electrodes with a metal content in the arc
discharge process, and iii) the catalytic decomposi-
tion of a mixture of CO and a metal carbonyl cata-
lyst precursor (mostly Fe(CO)5). The third process
was recently developed by R. Smalley and co-work-
ers and was nicknamed the HiPco process [4,13].
Condensed products produced by the different meth-
ods contain the main common fractions: buckytubes,
catalytic particles, soot particles and carbon coating.
The latter appears as a cover of nanoparticles includ-
ing ropes or bundles of nanotubes and varies in its
structure from disordered carbon layers (amorphous
carbon) to graphitic shells. For illustration, a typical
structure of raw material as synthesized in the arc
discharge process is shown in Fig.1.

As supported by the experimental data, the for-
mation mechanism of nanotubes is the same in the
first two high-temperature processes and differs from
the third low-temperature process of the CO dispro-
portionation. As to the technological performance and
the price of the final product just the HiPco process
would suit best for production of raw material. In
this case the process of purification would be par-
ticularly cheep and efficient. However it is not clari-
fied so far whether buckytubes fabricated by the
HiPco process would be structurally perfect at the
same degree as nanotubes synthesized in one of the
high-temperature processes. Some experimental data
point to poorer mechanical properties of the bucky-
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Table 2
Advantages and disadvantages of the processes for synthesis of raw material
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tion diminish the structural advantage of the laser
ablation product as compared to the arc discharge
product. The much highere efficiency of the arc dis-
charge method has become of primary importance.
To illustrate this conclusion the main producers of
SWNTs known in the world market in 2001st year
are listed in Table 3.

The dynamics of the SWNT market points to a
replacement of the laser SWNT production method
by the arc process. Almost the total volume of semi-
products in the world market being a material with a
SWNT content in the range of 20-50 weight %, is
made by the arc discharge nowadays. It is expected
that the technology based on the arc process will be
the major one for the fabrication of purified SWNTs
at least for the nearest five years. It should be stressed
that the production capacities of SWNT producers
grow rapidly. For example, Nanoledge, a French firm,
runs a reactor with the performance up to 150 g of
raw material daily by the end of 2001. Since the arc
process is becoming a main competitor for the pro-
duction of raw material in the technology of large-
scale production of SWNTs, the question of the low
price limit for purified SWNTs fabricated by such a
method arises.

Prices for SWNTs produced by the arc dis-
charge method

As mentioned above, technology of SWNT pro-
duction consists of two major steps: the first one –
the synthesis of raw material containing buckytubes
and the second one – the removal of metal and non-
nanotube carbon from the sample. The following fac-
tors determine the cost of SWNT production: i) ex-
penses of raw material fabrication; ii) expenses of
raw material processing in the purification procedure;
iii) percentage of SWNT recovery from raw mate-
rial in the course of purification; iv) weight content
of SWNTs in the final product. A reliable estimation
of the low price limit of SWNTs could be obtained
from the comparison of two technologies based on
the same arc discharge process: the fist one is the
production of SWNTs and the second one is the pro-
duction of the fullerene mixture С60 + С70. For this
estimation, technological parameters are needed
which characterize the arc process in both cases of
SWNTs and fullerene synthesis. As for SWNT pro-
duction the adopted values have been attained in our
laboratory. In the case of fullerene production those
values have been estimated based on the data pub-

Fig. 1. HRTEM of raw material provided by the arc dis-
charge process. a) Low magnification. Bundles of SWNTs,
catalytic particles and carbon coating are shown. b) High
resolution image of catalytic particles (CP) and nanotube
bundles.

tubes fabricated by the low temperature process [10].
As concerned to high-temperature processes the la-
ser ablation yields condensed products with a higher
content of nanotubes (up to 40-60 weight % as pro-
ducers claimed). In addition, the structure of by-prod-
ucts in this case is favorable for purification. There-
fore, the purification of laser products is straightfor-
ward and provides a high level of recovery of
SWNTs. It was the reason why purified SWNTs were
prepared for the first time a few years ago by pro-
cessing a condensed product of the pulsed laser eva-
poration process. The main shortages of the laser
ablation process are its expensiveness and low effi-
ciency. However the aforementioned advantages of
this process made it to be the only way of production
of purified SWNTs for the last few years. Now many
improvements in technology of nanotube purifica-



A.V. Krestinin et al.

Eurasian ChemTech Journal  5 (2003) 7-18

11

lished by MER Corp., USA [4,12].

Price of raw material and its low limit

One of the main producers of fullerene mixture
in the world market, MER Corp., sells the mixture of
C60+C70 at the price of $12.5 per 1 g (for orders more
than 500 g, [12]).  Neglecting the costs for fullerene
extraction (they are small) and taken into account
that the content of fullerenes in fullerene soot is about
7 weight % it follows that raw material for fullerene
mixture production should cost $1 per g. (MER Corp.
sells fullerene soot at the price of $2 per 1 g since the
product contains beside fullerenes C60 and C70 higher
fullerenes as well which may be extracted.) Thus,
the price of raw material for SWNT production in
the arc process might be taken as $1 per g. However,
to have a more realistic estimation this value should
be multiplied 2-3 times. There are two reasons why
the price of raw material in the case of SWNT pro-
duction should be always higher (in our estimation
2-3 times) than the price of fullerene soot. They are:
a) additional costs for the purchase of catalysts and
the preparation of graphite rods and b) lower effi-
ciency of the arc process at optimized conditions in
the case of SWNT production compared to fullerene
production.

To back up these claims typical parameters of the

arc process for the production of SWNTs and fulle-
renes are listed in Table 4. As one can see the yield
of raw material per single run in case of fullerene
synthesis is 50 times as high as in case of SWNT
production. The foreseen considerations entail the
following conclusion: the low price limit of as-pro-
duced SWNTs at the level of $2-3 per 1 g seems to
be a good estimation for the nearest 3-5 years.

The low price limit of high quality SWNTs

The average content of SWNTs in the condensed
product of the arc process reached nowadays does
not exceed 20 weight%. This value corresponds to
approximately 70-80 volume % of SWNTs what is
usually notified by producers. It should be stressed
that the convectional flow in an arc reactor separates
in part the condensed product, thus at some sites of
the reactor one could collect a few condensed prod-
uct with a SWNT content being much higher than
the average one, on the contrary, at the other sites it
would be much less than this average value. In laser
ablation products the content of SWNTs may be sig-
nificantly higher. While precise data have not been
published, it would be reasonable to estimate the
upper limit of SWNTs in condensed product of laser
ablation as 40 weight %. To reach this value nearly
one half of evaporated material should be converted

Table 3
Production of SWNTs in the world in 2001 (based on the Internet dataa))
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b) The producer evaluates the SWNT content in the product at the level of 80 weight %, however the low specific surface area of the
material (200-300 m2/g) suggests that this value is much over-estimated.
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into SWNTs! Such a high quality of raw material is
unlikely to be synthesized in the arc discharge pro-
cess in the nearest future. Thus, a yield of SWNTs in
20-25 weight % in the condensed product seems to
be a good estimate for the arc process.

The technology of purification, which is devel-
oped in our laboratory, allows to increase the con-
tent of SWNTs after processing raw material up to
50-60 weight % simultaneously preserving not less
than 40% of present SWNTs. Further improvements
of the purification technology might increase the
percentage of preserved net product at this first stage
of purification procedure up to 50%. It would be a
prominent result for the nearest future. It should be
stressed that the loss of a large portion of SWNTs
in the course of purification is inevitable, since there
are no physical or chemical processes, which could
purify raw material from amorphous carbon keep-
ing SWNTs intact. Neglecting the cost of purifica-

tion one could estimate the price of such a semi-
product with 50-60 wt.% content of SWNTs at $10-
$15 per 1 g. For the estimation it is reasonable to
assume that the purification costs doubles the price
increasing it up to $20-$30 per 1 g (Table 5). Fur-
ther purification of SWNTs entails additional loss of
nanotubes. Nevertheless our experience showed that
the product with a content of SWNTs in 90-95 wt.%
is obtained from semi-product of the first stage with
a loss of less than 50% SWNTs. The final product
corresponds to the best material offered in the mar-
ket nowadays and has an estimated price at the level
of $60-$90 per 1 g.

To summarize the considerations made above one
could come to the following conclusion: the price of
purified SWNTs with a content of principal product
of no less than 90-95 wt.% should always be more
than the price of the fullerene mixture of С60+С70

multiplied 2-3 times. The following main reasons

Table 4
Efficiency of the arc discharge process (under optimized conditions) in fabrication of raw material

for fullerene and SWNT production.
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Table 5
Prices in the market of SWNTs
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cause this fact:
a) an increased material expenses in the production

of raw material compared to fullerene soot;
b) large-scale process of raw material production has

not been optimized so far, which has been done
for synthesis of fullerene soot;

c) it is not possible to achieve a selectivity of the
SWNT synthesis in the arc discharge process es-
sentially higher than the selectivity of fullerene
synthesis in the same process;

d) it is impossible to exclude significant losses of
SWNTs in the process of their purification from
by-products, which has been done in the process
of fullerene extraction.

Nowadays level of SWNT production technol-
ogy based on the arc discharge process

The authors do not know any published data on
the efficiency of existing processes of purified SWNT
production. That knowledge seems to be regarded as
knowhow. It is a reason why we list here only gene-
ralized data on the lab-scale technology, which is used
in our laboratory for production of purified SWNTs.
The technology is developed by the authors as a re-
sult of long-term studies of the mechanisms of
fullerene and carbon nanotube formation [14-18]. The
main features of the technology are the following:
• The yield of raw material in the arc process con-

sists of more than 20% of graphite/metal com-
posite evaporated; the raw material contains not
less than 15-20 wt.% of SWNTs.

• The first stage of purification increases the con-
tent of SWNTs up to 50-60 weight % simulta-
neously preserving not less than 40-50% of
SWNTs present in the raw material. The main
impurities of this semi-product are soot particles
and metal catalyst (less than 1 wt.%).

• The second stage of purification yields a final
product with a SWNTs content more than 90-95
wt.% and with a recovering of SWNTs present in
the raw material on the level of 30-40%.

• The purification procedure can operate without
surfactant and includes easily scaled-up techno-
logical processes such as oxidation in gas flow
under appropriate temperature and composition
conditions, reflux in inorganic acids and so forth.
In additional, before purification procedure raw
material undergoes a special process of separa-
tion, which improves the effectiveness of purifi-
cation.

Thus, the parameters characterized the efficiency
of the developed technology are not far away from
those which are characteristic for the process with
upper limit of efficiency. Large-scale application of
developed technology is expected to decrease the
price for purified SWNTs down by approximately
ten times (Table 4). High-resolution transmission
electron microscopy (HRTEM) image of the puri-
fied final product with a content of SWNTs more
than 90 wt.% is shown in Fig. 2. The specific surface
area of the sample is about 1300 m2/g.

Fig. 2. TEM of a sample with more than 90 weight % of
SWNTs.

Methods of SWNT product certification

Various features of a SWNT sample are of pri-
mary importance in different applications. Among
those are the following: a) the percentage of SWNTs
in the sample, type and structure of impurities; b)
the ratio of nanotubes with open and closed ends; c)
the diameter distribution of nanotubes; d) the size
distribution in nanotube length; e) whether is the sur-
face of nanotubes clean or has functional groups,
surfactants; f) to what extend nanotubes do aggre-
gate in ropes and bundles?  Now existing method of
SWNT characterization are not able to answer all
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these questions. Below the features of different me-
thods for certification of SWNT samples are shortly
describe.

Electron microscopy

Transmission electron microscopy is the only
method, which provides detailed study of nano-
particle structure in dispersed materials. Together
with analytical electron microscopy this method pro-
vides a unique information on the structure with
atomic resolution and chemical composition of a
nanoparticle at the same time. Under low magnifica-
tion electron microscopy allows to estimate fractional
composition of the material on the semi-quantitative
basis. In spite of time-consuming and high price
HRTEM remains irreplaceable in studying the mecha-
nism of nanoparticles’ formation and of their destruc-
tion in chemical processes. The method does not suit
for quantitative characterization of bulk dispersed
material.

Thermal gravimetric analysis

The first attempt to find out a quantitative and
cheap method for measuring content of SWNTs in
dispersed products was made by applying thermal
gravimetric analysis. It was revealed by this tech-
nique, that the oxidation rate of a sample of high
purity SWNTs achieved its maximum at the tempera-
ture about 735°C, and more than 98 wt.% was con-
sumed in the temperature range of 550-850°C [19].
Since this results were obtained under processing raw
material synthesized by a laser ablation method we
undertook special studies to know whether thermal
gravimetric analysis could be applied to certification
of SWNT samples produced during processing raw
material synthesized in the arc discharge process [17].
The data of thermal gravimetric analysis of a puri-
fied sample is shown in the Fig. 3. Curves 1 and 1’
nearly exactly coincide with the corresponding data
for SWNTs produced by the laser ablation method.
More than 95% of sample’s weight was consumed in
the temperature range of 550-850°C. Thus one may
suppose that impurities in the sample constitute less
than 5 wt.%. Nevertheless electron microscopy re-
vealed that the sample contains much more impuri-
ties. A part of non-nanotube material was separated
by centrifugation. Thermal gravimetric analysis re-
vealed that the oxidation of these carbon particles
proceeds in the same way as purified SWNTs (cf.

curves 1 and 1', 2 and 2' in Fig. 3).  Thus in quantita-
tive certification of SWNT samples by thermal gravi-
metric analysis one can easily obtain confusing re-
sults.
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Fig. 3.  Thermal gravimetric analysis of two SWNT
samples. 1 and 2 are weight loss and 1', 2' are their deriva-
tives. Minimum on the curve 1' is recorded at 740°C and
the same one on the curve 2' is recorded at 725°C.

Raman scattering

It was discovered that the shift of Raman scat-
tering in the range of ~100 ~250 cm-1 (so called ra-
dial breathing mode (RBM) of SWNTs) is deter-
mined by buckytube diameter. Spectra of three
SWNT samples with different purity are shown as
example in Fig. 4. The tube diameter can be esti-
mated by using a simple relation ωr = 224/d, where
ωr is RBM Raman frequency (cm-1) and d is the tube
diameter (nm) [20]. This relation allowed on the ba-
sis of measurement of Raman scattering intensities
to calculate the diameter distribution of SWNTs in
the sample [21]. It is unclear so far what the accu-
racy of the method is. However this approach seems
to be very promising for development of a simple
procedure for characterization of SWNTs in their
diameter distribution.

On the basis of Raman spectroscopy a new method
of carbon nanotube purity estimation has been de-
veloped by E. Obraztsova and co-workers [22]. In
this method the spectra of carbon soot containing
different amounts of nanotubes are registered under
heating from a probing laser beam with step-by-step
increased power density. The rate of the material tem-
perature rise versus the laser power density deter-
mines the slope of a corresponding graph and corre-
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lates strongly with the nanotube content in the soot.
After calibration done by comparison of the Raman
and the other data for the nanotube percentage in the
same samples the method is able to provide a quanti-
tative estimation of the sample’s purity. It seems to
be accurate in the intermediate range of nanotube
contents between 10-20 wt.% and 80-90 wt.%.

Absorption spectroscopy

Theoretical works indicated that SWNTs have
characteristic electronic structure due to a low di-
mensionality. Well-spaced and symmetric structures,
called van Hove singularities, appear in the local
density of states of nanotubes due to the one-dimen-
sional nature of the conduction electron states in
nanotubes [23]. UV-via-near-IR spectra of purified
SWNTs are shown in Fig. 5 and provide evidence of
this phenomenon. The peak centered at 1700 – 1800
nm is due to the first van Hove singularity in semi-
conducting nanotubes while the second van Hove
singularity is seen centered at 900 – 1000 nm. A third
set of peaks centered near 650 - 750 nm is assigned
to the first van Hove transition of metallic SWNTs.
The van Hove peaks are superimposed on a back-
ground that decreases smoothly from the ultraviolet
to the near infrared.

Fig. 4. Raman scattering measurements for SWNT
samples of different purity.

Fig. 5. UV-vis-near-IR spectra. 1- high quality purified SWNTs of IPCP-group, 2- a purified SWNT sample of MER
Corp., 3 - as a reference a SWNT sample of Smalley-group. SWNTs in the samples differ in their diameter distribution.
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The location of the van Hove peaks is a sensitive
function of the SWNT diameter. Smaller diameter
tubes exhibit van Hove transitions at shorter wave-
lengths. The observed peaks are due to overlapping
van Hove transitions from all nanotube sizes that are
present. The dependence of the band gap of semi-
conducting SWNTs on diameter has been measured
and published in the literature [24]. Smalley and co-
workers [25] believe that UV-vis-near-IR spectra
could be a more reliable measure of SWNT diameter
distribution in comparison to Raman scattering since
the transition moments of van Hove singularities for
different diameters are likely to be similar and only
weakly dependent on tube diameters. If it took place
the size of the peaks should well correlate with the
percentage of SWNTs in a sample, therefore mea-
surement of optical absorption could be an express-
method for certification of SWNT samples. There
are some obstacles on the way. First it was discov-
ered that the intensities of van Hove transitions in-
creased strongly after annealing of nanotubes in
vacuum or inert atmosphere at 800-900°C. It means
that absorbance values of nanotubes depend on some
characteristics of their surface which are unknown
so far. For instance, other studies have shown that
the van Hove features are completely absent for par-
tially alkylated SWNTs with retention of the con-
tinuum background [26]. Nevertheless absorption
spectroscopy now is the most promising method for
measurement of SWNT content in a sample on the
quantitative basis. For illustration absorption spec-
tra of three SWNT samples are shown in the Fig. 5.
It is evident that nanotubes in the samples have dif-
ferent diameter distributions.

Specific surface area of SWNT samples

Specific surface area of a SWNT sample depends
strongly on nanotube purity and for purified SWNTs
amounts to ~ 1300 m2/g. It was discovered, that spe-
cific surface area strongly depends on whether nano-
tubes are open or closed and for partially open nano-
tubes, even poor purified, it may be raised to the value
of about 2000 m2/g. Specific surface area depends as
well on how clean the surface of nanotubes. For in-
stance, application of surfactants in purification pro-
cedure decreases specific surface area of purified
SWNTs down to ~600 m2/g. These results will be
published soon elsewhere [8].

Optical microscopy of SWNT samples

The presence of carbon nanotubes in dispersed

products controls reological and optical properties
of the sample and is easily revealed in the optical
microscope. In Fig. 6 a mat of purified SWNTs in
optical microscope is shown. Optical microscopy
methods allow to determine the distribution of
nanotubes in the sample and their quality (short or
long), to locate sites with soot particles, to control
effectiveness of purification procedure and on the
qualitative basis to determine the degree of purity of
final products. All these features make optical mi-
croscopy a cheep and rapid method for analysis of
dispersed products with SWNTs in research labora-
tories and by customers. Application of optical mi-
croscopy to nanotube investigation is discussed in
details elsewhere [27].

Fig. 6. A mat of purified SWNTs in the optical micro-
scope.

Just recently a technique for measurement of the
length distribution of SWNTs was developed and
described as following [28]. First, a suspension of
SWNTs containing mostly individuals and a few
small bundles is produced by aggressive sonication
of purified SWNT samples in surfactants such as
Triton-X. Then the tubes from such a suspension are
deposited on a silicon wafer coated with a self-as-
sembled monolayer that has an amine termination
[29]. And, finally, a direct measurement of the length
distribution function of the suspended SWNTs one
can easily performed by an atomic force microscope.

Conclusions

Technology of SWNTs’ production on the basis
of the arc discharge process is cheaper and produc-
tive in comparison with the laser ablation method.
This technology seems to be the principal one for
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production of high quality purified SWNTs in the
nearest future.

Even in the case of successful development of
HiPco process for SWNT fabrication the arc tech-
nology retains a noticeable segment in the market as
a productive method of high quality SWNTs.

Costs of SWNT technology on the basis of the
arc method remains always higher by 2-3 times than
the costs of fullerene mixture production in the arc
process. Decreasing the costs of fullerene synthesis
is surely to entail the progress and decrease of the
costs of SWNT production.

Advance to large-scale level the developed tech-
nology of SWNT production should decrease prices
of high quality SWNTs at least by 10 times and boost
applications of SWNTs to the large extent.

No one alone of the existing certification meth-
ods of SWNT samples is able to provide exhaustive
description of the sample’s properties. All of the
methods - HTEM, SEM, Raman scattering, UV-vis-
near-IR spectroscopy, thermal gravimetric analysis,
absorption measurements, optical microscopy should
be applied together.
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