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Abstract

We propose an evaluation method of the relative content of single-walled carbon nanotubes (SWCNT) in SWCNT soot
synthesized by arc discharge using UV-VIS-NIR absorption spectroscopy. In this method, we consider the absorbance of
semiconducting and metallic SWCNTs together to calculate the relative content of SWCNTSs with respect to a highly purified
reference. Our method provides the more reliable and realistic evaluation of SWCNT content with respect to the whole

carbonaceous content than the previously reported method.
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1. Introduction

Since its discovery in 1991, the carbon nanotube (CNT)
has become an important material of interest in various
fields due to its unique physical and chemical properties [1].
Some challenging applications of CNT have been proposed
or realized in many new functional materials and devices
such as various emitters, field emission display (FED),
contacts in Li ion secondary battery, hydrogen storages,
nanowires, AFM/STM tips, single electron transistor, gas
sensors, etc [2-4].

Despite of much enthusiasm of utilizing CNTs in many
research fields, its commercialization for industrial products
is not yet as blooming as in basic and application research.
One of the main reasons for this holding back is due to the
fact that there is no standard definition or the method of
content evaluation globally accepted. Each manufacturer uses
its own method of evaluating the content of CNTs and the
different methods of evaluation distress the developers that
the consistency of their outcomes is at risk, causing a critical
delay in development of new applications and commerciali—
zation. Thus, a globally standardized method of evaluating
the content of CNTs is desperately demanded not only from
science communities but also from industry [5-10].

The major portion of impurities and debris occasionally

produced during single-walled carbon nanotube (SWCNT)
synthesis is carbonaceous, such as amorphous carbons and
carbon nanoparticles. Transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) are the
typical tools for analyzing qualitatively the content of these
carbonaceous impurities. Compared with TEM, SEM is
easier to operate and requires simpler pre-processing
procedures for the [7-9]. Even though SEM is a very reliable
way of directly observing the presence of the carbonaceous
impurities in SWCNT, however, the amount of SWCNT that
can be detected in a single scanning is only about one
trillionth of a gram. This limits SEM from being used for
evaluating the content of a large amount of SWCNT in
grams, which most of SWCNT vendors offer. On the
contrary, the optical methods provide a relatively fast way of
evaluating a large amount of SWCNT [7-9]. Among the
various optical methods, Raman scattering is used for
qualitative evaluation, and absorption spectroscopy is used
for quantitative measurement. Itkis et al. previously
suggested a method based on absorption spectroscopy for
evaluating the content of SWCNT [7], which requires very
simple sample preparations and costs only one tenth of
SEM. Nevertheless, this method only measures the content
of semiconducting SWCNT as whole from the absorption
characteristics, assuming no metallic SWCNT presence.
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Thus, the method may not be reliable for evaluating the
content of SWCNT soot containing both semiconducting and
metallic SWCNT. Ryabenko et al. also suggested another
method, but the method measures the absorption of metallic
SWCNT only [8]. More recently, Landi et al. made an
attempt of evaluating the content of SWCNT by removing
the 0-plasmon peak from the absorption spectrum following
Lorentzian curve-fitting. However, this method also has a
questionable accuracy [9].

In this Letter, we propose a new method of evaluating the
content of SWCNTs using UV-VIS-NIR absorption spectro—
scopy which considers the amounts of both semiconducting
and metallic SWCNTSs in SWCNT soot.

2. Experimental

With current technology, a 100% SWCNT reference,
required to To measure the absolute amount of SWCNTs in
SWCNT soot, is not practically available. In our study, a
highly purified SWCNT sample is prepared instead by
purifying SWCNT soot and used for all our measurements as
a reference. It should be noted that the relative content of
SWCNTs that we measured here will change when the highly
purified reference with even higher purity is available in
future. The reference sample was synthesized by arc-discharge
with iron sulfide (FeS), nickel (Ni), and cobalt (Co) catalysts
followed by several repetitive procedures of thermal annealing
at 350°C for 30 minutes in the air, nitric acid and hydrochloric
acid treatment and centrifugation. Fig. 1 (a) shows a SEM
image of the highly purified reference SWCNT. The SEM
image does not show the presence of carbonaceous impurity,
verifying the high purity of the reference. Fig. 1 (b) shows
UV-VIS-NIR absorption spectrum of the reference. In the
figure, semiconducting (S;;, S;), metallic (My;), and 7-
plasmon peaks of SWCNT are clearly visible. The purity
value calculated from the absorption spectrum curve using
the method suggested by Itkis ef al. was about 0.23 [7]. The
reference SWCNT was purified until the amount of non-
carbonaceous impurity was below 1% detected by
thermogravimetric analysis(TGA) as shown in Fig. 1 (c).

The procedures for preparing a test sample for content
evaluation are described as follows. The water content in the
test SWCNT sample was removed by heating up for
12 hours at 200°C with a continuous flow of nitrogen gas
(N2: 99.999 %). 1 mg of the dried SWCNT sample was then
placed in a 100 ml container. A SWCNT solution was made
by adding 100 mL of N- dimethylformamide (DMF: 99.8%
with less than 0.005% water). The SWCNT solution was
sonicated for 6 hours for dispersion. During the sonication,
the water level of ultrasonicator was kept higher than that of
the SWCNT solution in the 100 mL container. The
ultrasonicator was working at 40 kHz and 240 W. No other
apparatus was in the water container of ultrasonicator, and
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Fig. 1. (a) SEM image, (b) Absorbance, and (c) TGA data of
highly purified SWCNT to be used as a reference.

water was constantly added during the sonication for it
might cause the temperature change. A series of SWCNT
samples were prepared in 10% interval in content from 0 to
100% by adding carbon nanoparticles to the purified
reference accordingly [9].
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Fig. 2. Calculation method of relative content of SWCNTSs from
the absorbance; (a) Integrated spectrum, (b) Integrated spectrum
by modified baselines for removing the m-plasmon effect, and
(c) estimation of the m-plasmon peak using nonlinear fitting
method suggested by Landi et.al. [9].

Absorption spectroscopy was performed with following
conditions. The reference SWCNT solution, assumed to be
100% SWCNT, and the SWCNT solutions to be evaluated
were placed each in a 1 mm path length spectroscopic quartz
cell, and the absorption spectrum was measured using a UV-
VIS-NIR spectrophotometer (V-570, JASCO). The SWCNT
was placed in the cell prior to addition of the dispersion
solution when the solution was mixed. The cell was always
capped to minimize the solvent evaporation. The average
value was taken out of three trials.

3. Results and Discussion

Fig. 2 shows some guiding lines of calculating the amount
of SWCNTs in SWCNT soot from the absorption spectrum
curve. As Itkis and Landi reported, S;; peak is very sensitive
to the doping condition and environment because it is near
Fermi level [7,9]. So, Sy and M, peaks, which are further
away from Fermi level, were used in evaluation. A previous
method by Itkis et al calculated the relative content of
SWCNT by comparing the integrated absorbance of S,, peak
to that of the Sy, peak of the highly purified reference,
assuming the contribution of 7-plasmon was constant
throughout all spectral region of interest [7]. Ryabenko et al.
only used the My, peak for evaluating the SWCNT content
[8]. More recent researches have been focusing on
separation of semiconducting SWCNTs and metallic
SWCNTs. It is well known that the ratio of semiconducting
SWCNTs and metallic SWCNTs takes a variety of different
values depending on synthesizing methods and chemical
processing. Consequently, calculating the amount of
SWCNTs in SWCNT soot taking only one chirality into
account would cause a problem in accuracy [8,11-17]. Landi
et al. suggested a method of including both semiconducting
and metallic peaks [9]. This method used the absorption
spectrum curve only in 4.0~4.25 eV because the full spectral
observation of m-plasmon peak was difficult due to the
absorption in chemical solution. The energy, intensity, and
width of the m-plasmon peak were estimated and then the n-
plasmon peak was removed by nonlinear (fitting in
calculating the amount of SWCNTs. Thus, the content value
varies depending on the fitting parameters even when the
fitting agrees with the measurement with 99% accuracy in
4.0~4.25 eV.

For this reason, we applied the linear fitting method
suggested by Itkis et al. to S, and My, peaks including both
semiconducting and metallic SWCNT in evaluating the
content as follows [7,9]. First, we integrated the S,, peak and
M, peak in absorption spectrum of the reference SWCNT
solution, (Fig. 2 (a)) labeled each integration value as Apg,
and Ap,, respectively, and labeled the sum of these two
values as Apgy. Then, a straight line was drawn between each
end point of the Sy, peak as in Fig. 2 (b). The area between
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Fig. 3. Evaluated content vs. Constructed content of SWCNTs
calculated with our method(square) and non-linear method
(circle).

the spectrum curve and the straight line was calculated, and
labeled as Ap’s. The same procedure was performed for the
My, peak, and the area was labeled as Ap'y. The sum of 4p’s
and Ap'y was labeled as Ap'q,. Ap'syy was then divided by
Apsy, and the quotient was labeled as Pgy,.

Next, we integrated the S,, peak and M;; peak in
absorption spectrum of the SWCNT solution to be evaluated,
labeled each value as Atg and At respectively, and labeled
the sum of these two values as Azg, A straight line was
drawn between each end point of the S,, peak. The area
between the spectrum curve and the straight line was
calculated, and labeled as At's. The same procedure was
performed for the My, peak, and the area was labeled as A¢'y, .
The sum of At's and At'), was labeled as At'sy,. At'sys was then
divided by Aftsy, and the quotient was labeled as Tg,.

To calculate the content of SWCNT in SWCNT soot, the
following formula was applied.

Content of the single-walled carbon nanotubes(%)= ﬁ” x100

AT PSM
' At' o+ At

here Ter = SM_ s M ond

whete Lsu Atg,, Atg+ Aty an

Ap's+Ap'y
Aps+Apy

_ Ap s _
Apsy

Psu

We applied the method to the series of SWCNT samples
with intentionally varied content, and the results are shown
in Fig. 3. Fig. 3 plotted the evaluated content (squares) from
the measurement to the constructed content with varying
content from 0 to 100%. The linear fitting yielded a slope
very close to unity, 0.998, and the confidence value R? was
0.994. For comparison, we also plotted in Fig. 3 the content
calculated from removing the m-plasmon peak by nonlinear
fitting as Landi et. al. did (circles). As shown in Fig. 3, the

method provided by Landi ef al. yields quite significant
discrepancies from the presumably true values of contents.
On the contrary, our evaluation results of the SWCNT
content are in excellent agreement with the designed values
of constructed contents.

In this study, we only used the SWCNTs synthesized by
arc discharge method. We believe that our method would
produce the similar result with a reasonable accuracy in
content evaluation also for the SWCNTs synthesized by
HipCo or laser vaporization.

4. Conclusions

We have suggested a method of evaluating the content of
SWCNT among the carbon complexes in SWCNT soot
using UV-VIS-NIR absorption spectroscopy. We have
verified the result of our method using a series of
constructed samples with designed content that the evaluated
contents are well matched with high enough accuracy to the
designed contents from the purified reference. We believe
that our method provides an accurate way to evaluate the
content of SWCNTSs and may play a key role in investigating
the relationship between the purity of SWCNT to its
functionality in many applications.
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