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intensity of liquid suspensions of SWCNT samples as a function of solid concentration. A
simple equation is proposed in which one of the two adjustable parameters is the SWCNT
purity. The method has been applied to a series of samples of similar characteristics, but
varying quality. The results are compared to those obtained on the same series of samples
using standard analytical techniques, including electron microscopy, thermogravimetric
analysis and optical absorption.
 2010 Elsevier Ltd. All rights reserved.

1.

Introduction

Assessment of purity and quantification of single-walled carbon nanotubes (SWCNT) in bulk samples is crucial in the production of nanotubes for commercial or scientific
applications. Knowing with some degree of precision the
SWCNT concentration in a given sample gives the application
researchers the possibility of comparing the effects of adding
varying amounts of SWCNT to the composite material [1–3] or
devices [4–9] that they are developing. A good quantification
of SWCNT concentration in a sample can also allow researchers to do proper comparison of SWCNT from different
sources, or with varying structural characteristics.
Raman spectroscopy has been widely used to assess
SWCNT quality. For example, the full width at half maximum
(FWHM) of the Raman D-band (1350 cm1) has been used by
several researchers [10–13]. The FWHM D-band of the nonSWCNT carbonaceous species is generally much broader than
that of the SWCNT. Likewise, the absolute intensity of the G
and D-bands (1590 cm1, 1350 cm1) [11,14,15] and, the G/

D and D/G 0 ratios [11,16–20] have been used to measure the
quality of SWCNT. The G/D ratio is generally considered as a
quality parameter because the G-band, being a first-order Raman scattering process is not affected by defects. By contrast,
the D-band is a second-order Raman scattering process that is
enhanced by the presence of defects.
The use of the G/D ratio as a quantification method for the
density of defects has generated some controversy. For instance, Antunes et al. [12] have shown that the intensity of
the D-band is affected by curvature effects. They have proposed that the product of the D/G intensity ratio and the
FWHM of the D-band is a better indicator of CNT quality. A
method that may simplify the problem was proposed by Nishide et al. [14]. This work has pointed out that the Raman
intensity of SWCNT is highly enhanced by resonance effects,
but these effects are much weaker in amorphous carbon.
Therefore, these authors concluded that the absolute intensity of the G-band may be a more suitable quality parameter
than the D/G ratio. Different authors have measured the shift
between the second and the first order transitions [21], and
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used these values to quantify the purity of SWCNT in a sample. Another approach for assessing SWCNT quality is a technique proposed by Liu et al. [22] in which Raman scattering is
combined with photoluminescence.
In general, these quality assessment methods have been
conducted on solid samples, which have the serious drawback of composition heterogeneity and variations in texture.
If not properly weighted, these variations may greatly affect
the results and yield wrong estimates of the purity. In this
contribution, we propose a modified Raman analysis method
that results in a reliable quantitative assessment of SWCNT
purity.

2.

Experimental

2.1.

Materials

The CoMoCAT process, developed by our group in 1998 [23] and
further improved during subsequent years [24–27], has been
optimized for large-scale production and commercialization
by SouthWest Nanotechnologies (SWeNT). During this process, the influence of different operating parameters has been
investigated. Among them, temperature of calcination, reduction, and growth, as well as space velocity (gas flow rate/catalyst volume ratio), reaction time, reactor design, operation,
etc., have been found to have a strong influence on nanotube
yield, nanotube type, and purity. From these optimization
studies a range of SWCNT samples with varying degrees of
quality and purity have been obtained. In the present study,
a series of samples of varying quality and purity has been prepared to evaluate the quality assessment method.
The growth of SWCNT for all samples was carried out on
the same type of powder catalyst composed of Co–Mo particles supported on high-surface area silica, with a total metal
loading of 2 wt.% and a Co–Mo molar ratio of 1/2. Before starting the growth reaction, the catalyst was reduced in H2 flow at
500 C for 30 min. Then, H2 was replaced by He, while increasing the temperature to 700 C. At this temperature, the catalyst was placed in contact with carbon monoxide (CO) for
30 min. After the growth period, the system was cooled down
under He flow. To separate the SWCNT product from the catalyst, the as-produced material was treated in 30% HF solution, which completely dissolved the silica support. To
eliminate the metal species (Co and Mo) the sample was further treated in an HCl solution. After these treatments the
samples contained about 8 wt.% Co and Mo, with no traces
of Si or any other element.
Two external samples of known SWCNT content were employed as reference points in the purity scale. A carbon black
sample was used as the standard for zero SWCNT content.
The sample to be considered as of maximum purity (100%)
was provided by the National Institute of Standards and Technology (NIST), where it is identified as VAMAS TWA 34. The
sample itself is a length-sorted SWCNT dispersion in an aqueous 1% (mass/vol) sodium deoxycholate solution. The estimated concentration of nanotubes in the original sample was
about 50 mg/L. This sample was taken from the liquid that will
become a NIST reference material for dispersed, length sorted,
carbon nanotubes (RM 8281 ‘‘Long’’ fraction, estimated average
length 0.75 lm).

The synthesized samples were purified again by using a
method proposed by Miyata et al. [28], which includes sonication, suspension in sodium cholate, 1-h ultra-centrifugation
at 207,000g, and collection of the supernatant fractions. The
intensity of the Raman G-band was measured for all the ultra-purified samples and correlated to the relative concentration of SWCNT in the sample. For comparison, seven asproduced solid SWCNT samples, still associated with the silica-supported catalyst, were analyzed by Raman scattering.
Specifically, aqueous suspensions of the different SWCNT
samples were prepared by placing 5 mg of purified SWCNT
in 7 ml of 2 wt.% solution of sodium cholate (SC) in deionized
water (DI) and ultra-sonicating with a Horn Sonic Dismembrator, Model 500, Fisher Scientific for 1 h at 7 mW of power.
To compare these sonicated suspensions at the same total solid concentration the following method was followed. First,
the optical absorption of the suspension was measured at a
wavelength of 770 nm. Then, the concentration of all the suspensions, including the reference from NIST, was adjusted to
obtain the same absorptivity for each one by diluting with
deionized water. A value of relative concentration equal to
1.0 was arbitrarily assigned to each suspension with an
absorption coefficient of 0.85. To study the variation of Raman
intensity with concentration, various dilutions were prepared
for each sample.

2.2.

Characterization methods

Several methods were combined to assess the SWCNT quality
of the samples in the series. Raman spectroscopy of the suspensions was conducted in a Jovin Yvon-Horiba Lab spectrometer, equipped with a CCD detector and with a laser
excitation of 633 nm (He–Ne laser). Eight spectra were taken
for each sample, varying the concentration by diluting with
deionized water. In addition to the measurements on liquid
suspensions, Raman spectra were obtained on solid samples.
In this case, the collection time for each measurement was
10 s; to assure that the measurements provided an average
that was representative of a given sample, 50 measurements
on different spots were taken on each sample. The G/D ratio
and the FWHM of the D-band were used as quality indicators.
The same SWCNT suspensions used in Raman characterization were characterized by Optical Absorption (OA) in an
UV–Vis (UV-2101PC, Shimadzu spectrophotometer). Images
of the purified samples were obtained by Transmission (JEOL
2000-FX STEM), and Scanning Electron Microscopy (JEOL
JSM-880 SEM). The samples analyzed by TEM were prepared
by suspending the SWCNT by mild sonication in isopropanol
and depositing a drop over the TEM grid. The samples analyzed by SEM were deposited onto copper strips and coated
with gold and palladium. Thermo Gravimetric Analysis
(TGA) of purified samples was conducted in a TGAQ500 (TA
instruments Inc.) under flow of air at 200 C for 15 min and
heated to 750 C at a rate of 5 C/min.
The as-produced solid SWCNT samples from the synthesis
reactor were characterized using Raman spectroscopy. The
collection time in each spot and number of spots probed for
the as-produced solid sample were the same as those for
the purified samples (10 s, 50 spots). As discussed below,
these measurements allowed us to evaluate the level of
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by all the suspended species (attenuators). The fraction of
incoming radiation scattered is proportional to the concentration of SWCNT since the scattering cross section of SWCNT is
much larger than any other suspended species. But, at the
same time, the absorption of both incoming and outgoing
radiation is due to the relative concentration (C) of all the suspended species. Therefore, we can express the variation of
the scattered radiation as a function of carbon concentration
with the following equation:
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Fig. 1 – G-band intensity of SWCNT suspensions of varying
concentrations relative to those showing the same
absorption intensity.

heterogeneity in each sample and to obtain a representative
average of the quality parameters.

3.

Results and discussion

3.1.

Raman scattering of purified SWCNT samples

3.1.1.

SWCNT suspensions

ð1Þ

where IS and I0 represent the effective scattered radiation and
incoming radiation intensities, respectively. P is the fraction
of SWCNT in each sample and S is a proportionality constant
that is common for all samples. This equation has been used
to fit the experimental data of intensity of the scattered Gband as a function of concentration of solids in the suspension. Using only P and S as adjustable parameters, the fitting
for all the samples is very good and provides values of the
fraction of SWCNT (P) for each sample (see solid lines in
Fig. 1).
By fixing the P factor obtained for the NIST reference sample as corresponding to 100% SWCNT we can obtain direct
estimates of the fraction of SWCNT in each sample. The corresponding P factors for all the samples in the series are
shown in Table 1. The samples are identified as A-to-H in order of decreasing quality.

0

0.00
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Nishide et al. [14] have proposed to use the G-band intensity
of nanotube suspensions as an indication of the purity of a
SWCNT sample. In this study we have found that this intensity is not only a function of the purity of the SWCNT sample
but also of the overall solid concentration of the suspension.
As shown in Fig. 1 the G-band intensity (ILIQ
G ) exhibits a characteristic profile as a function of relative concentration. As
the concentration decreases from the initial value (1.0), the
scattering intensity increases, reaching a maximum at about
the same concentration for all the samples and then it decreases with further dilution. This ‘‘thickness effect’’ is typically observed when the light scattering initially increases
with increasing concentration, but it is attenuated at higher
concentrations by absorption. In this particular case, while
the Raman scattered radiation is entirely due the SWCNT
scatterers present in the suspension, the absorption is caused

3.1.2.

Solid samples

One of the most important aspects that need to be addressed
when assessing the quality of SWCNT solid samples is heterogeneity. However, it has been common practice to assess
SWCNT sample quality averaging G/D ratios of only a few
(e.g., one to three) Raman measurements [24,29–32]. Table 1
shows the average G/D Raman intensity ratios obtained on
the samples in the series by using only three spots (G/D 3).
As illustrated in Fig. 2, a poor correlation is obtained between
the P factor obtained with the suspensions and the G/D 3 ratios obtained from averaging only three spots on the solid
samples.
A much more representative average can be obtained by
increasing the number of measurements. For instance, Fig. 3
shows the rather high variability in the G/D ratios obtained

Table 1 – Quality values obtained by using different characterization techniques. P (%) values obtained from Raman of the
liquid suspensions. SWCNT area/total area obtained from TGA analysis. Resonance factor obtained from OA analysis. G/D
(ap), G/D 3, G/D 50 and 1/FWHM D-band obtained from Raman of the solid samples.
Sample

Raman suspensions TGA
P (%)

NIST ref
A
B
C
D
E
F
G
H

UV–Vis

Raman solids

SWCNT area/total area Resonance factor G/D (ap) G/D 3 G/D 50 1/FWHM D-band (·100)
(·100)
100.00
52.90
48.30
43.80
38.90
30.00
26.70
24.80
20.90

–
1.00
1.00
0.77
0.85
0.65
0.29
0.42
0.49

–
7.73
7.32
7.03
6.65
4.43
2.77
3.91
2.76

–
29.00
23.00
22.90
18.80
18.50
20.70
13.70
4.50

–
–
11.20
11.00
13.10
6.00
1.40
7.90
7.60

–
–
11.68
9.06
8.60
7.21
4.93
6.32
7.98

–
–
5.00
3.60
4.00
3.40
2.70
3.20
3.30
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Fig. 2 – Comparison of the P (%) quality parameter values
with the G/D ratios of the solid samples by averaging three
spots (G/D 3).
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Fig. 4(b) shows the accumulated average of the 1/FWHM of
the D-band as a function of the number of measurements.
The general trend shows that as the quality of the sample increases, the D-band width decreases and therefore 1/FWHM
D-band increases. Since the D-band is a convolution of different bands related to different defective carbon species, the
more species there are in the sample, the broader will be
the width. Table 1 shows the average for each sample. The
margin of error for n = 50 measurements were obtained for
each sample (Margins of error for 1/FWHM D-band (·103) –
B: 0.34, C: 0.35, D: 0.37, E: 0.34, F: 0.39, G: 0.41, H: 0.51). While
the overall trend is that the G/D ratio increases and the width
of the D-band decreases from the lowest-quality sample to
the highest-quality sample, there are a few samples of intermediate quality in which it is hard to make a decision about
which one has a higher SWCNT content.
Taking P of the suspensions as a measure of the fraction of
SWCNT in the sample, we have plotted in Fig. 5 the variation
of the G/D 50 average ratio and the 1/FWHM of the D-band in
the purified solid samples with P in the suspensions to compare the goodness of each method. In this case, the correlation of P and G/D 50 is clearly much better than when few
spots were used. The correlation factors for G/D 50 and 1/
FWHM of the D-band with P are 0.89 and 0.73, respectively,
which are significantly higher than those obtained with three
spots (0.45 and 0.41, respectively).

G/D

3.2.
Scanning and transmission electron microscopy
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Fig. 3 – G/D accumulated average and the singular G/D ratios
of solid samples for 50 different spots (Sample G).

on 50 different spots on a given sample together with the
accumulated average, which as expected shows gradually
lower variability as the number of measurements increase.
Similar analysis was done for each solid sample in the series
and the results of accumulated averages are compared in
Fig. 4(a). It can be seen that depending on the variability of
the specific sample one may need 30 or more spots to obtain
a reliable average. We have used a common statistical method
[33] to establish margins of error (E) in a number of measurements (n) with a given level of confidence, based on the folp
lowing expression E = z (r/ n), in which r is the standard
deviation and z is calculated from the desired level of confidence. For example, for a level of confidence of 95% and
assuming a standard normal distribution of the measurements, z becomes 1.96 [33]. Then for n = 50 measurements,
the margins of error can be readily obtained for each sample
(Margins of error for G/D 50 values – B: 1.33, C: 1.02, D: 1.2, E:
1.28, F: 1.76, G: 1.23, H: 1.15).

Electron microscopy provides a visual assessment of the overall quality of the sample, but assessment of the fraction of
SWCNT by microscopy methods is at best semi-quantitative
and in most cases, the imaged fraction of the sample may
not be fully representative of the entire sample [34]. With
these limitations in mind, a qualitative comparison of the various samples in the series has been attempted. Fig. 6 shows
the SEM images of all the samples in the series. To compare
with the Raman results, the images were ordered by observation of purity and quality, starting with the one with the highest fraction of SWCNT present. The qualitative order obtained
by SEM coincides very well with the quantitative P factor obtained from the Raman analysis of the suspensions. The samples with low P factor showed few SWCNT and larger
quantities of non-SWCNT carbonaceous species and residual
catalyst. Samples with intermediate values of P showed comparable amounts of SWCNT and impurities. Samples with the
highest P factors exhibited only SWCNT in the SEM image.
The TEM images for samples B and F compared in Fig. 7(a)
and (b) clearly show the differences between high-quality and
low-quality samples. The high-quality sample B is mainly
composed of SWCNT with small catalyst particles remaining.
On the other hand, the low-quality sample F exhibits other
carbon structures like fibers and MWCNT as well as relatively
large catalyst particles.

3.3.

Thermo gravimetric analysis (TGA)

In TGA the weight change caused by oxidation of carbonaceous species is monitored in a microbalance [35]. This tech-
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Fig. 4 – Accumulated average values (50 spots) of solid samples with different purities. (a) G/D ratios; (b) 1/FWHM of the Dband.
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quality parameter values.

nique is typically used to obtain semi-quantitative estimates
of the fraction of SWCNT in a sample but, as we discuss below, it is not a precise quantitative technique. Fig. 8(a) shows
the TGA profiles for two samples of the series, one with a high
fraction of SWCNT (B, P = 48.3%) and one with low fraction (F,
P = 26.7%). While the profile for the good sample B exhibits
only one peak, the lower quality sample F shows two. The
peak appearing at the lower temperature is typically ascribed
to the oxidation of SWCNT while the one at higher temperatures is related to other carbonaceous species, e.g. graphitic
nano-fibers [35]. The TGA results, reported as the ratio of
the area of low-temperature peak over the total area, are included in Table 1. At the same time, Fig. 8(b) compares the
TGA data with the SWCNT fractions as estimated from the

P factors. Again, while the general trend is in agreement,
the correlation factor is relatively low, 0.68.
It must be pointed out that the TGA method has some significant limitations that may affect the results. First, it must
be noted that carbon oxidation reaction occurring in TGA
can be significantly altered by the presence of metal impurities that can act as oxidation catalysts [36,37]. Second, the
state of aggregation of the samples may significantly affect
the rate of mass and heat transfer during the oxidation reaction and as a result can cause peak shifts in TGA. These two
features are sometimes ignored but they may vary significantly from sample to sample causing significant differences
in the estimated SWCNT purities.
To illustrate these limitations of the technique, a clear
example of the effects of aggregation on the TGA profile is
shown in Fig. 9. In this case, both profiles correspond to exactly the same purified SWCNT sample, but one of the aliquots was oven-dried after purification while the other was
freeze-dried. It is known that the former drying method results in higher extent of agglomeration than the latter.
Clearly, the more highly agglomerated sample exhibited an
enhanced fraction of carbon oxidizing at the high-temperature region compared to the freeze-dried sample, with a more
open structure. This dramatic difference indicates that unless
the level of impurities and state of agglomeration are kept
constant, TGA can lead to erroneous measurements of
SWCNT purity.

3.4.

Optical absorption (OA)

Optical absorption is a powerful technique that can be effectively employed to measure the type and quality of SWCNT in
a sample [38–41]. The absorption spectrum of SWCNT exhibits
the characteristic bands of the 1-dimensional van Hove singularities. Semiconducting SWCNT give rise to transitions between mirror singularities in the electronic density of states
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Fig. 6 – SEM images of the purified solid samples series.

Fig. 7 – TEM images. (a) High quality (sample B); (b) Low quality (sample F).

termed S11, S22, etc. Integrating intensity of these bands and
the spectral background provides a valuable parameter that
can be used to estimate the purity of the sample. Itkis et al.
[42] have developed a method that relates the area of the
S22 transition and the total area under the spectra to the purity of the sample. A similar method was developed to evaluate
the effectiveness of surfactants and dispersion methods on
the same CoMoCAT sample [43]. Some of the limitations of
these methods are the uncertainty associated with the position of the spectral background and the variation of the
absorption intensity with the state of dispersion [41]. More re-

cently, Landi et al. [39] developed a modified version of this
method that enhances its accuracy, as verified on a series of
samples constructed with specific mass fractions of purified
SWCNT and other carbonaceous species. This modified method is based on a non-linear plasmon model that includes the
overlap of the transitions and peak broadening. To ensure
accuracy of the fitting, it is important that the spectrum covers high enough energies as to reach the maximum plasmon
intensity, occurring at about 4.5–5 eV.
Fig. 10(a) shows the UV–Vis spectra of samples C and H,
which according to the Raman P factors have fractions of
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Fig. 8 – (a) TGA profiles of the purified solid samples B and F; (b) Comparison of the P (%) quality parameter values with the
quality values obtained from TGA.

SWCNT of about 43.8% and 20.9%, respectively. As mentioned
above, the intensity of characteristic bands in the absorption
spectrum intensity relative to the spectral background should
correlate with the purity of the sample [42,43]. In good correlation with the prediction from the intensity of the Raman Gband of the suspensions, it is seen that the ratio of areas under the resonance bands to the background drop by about a
factor of two from sample C to sample H. The resonance factors calculated according to Tan et al. [43] are summarized in
Table 1. To compare the correlation of these values with those
from the Raman method, Fig. 10(b) shows the variation of the
resonance factor with P for all the samples in the series. The
correspondence between the two methods is very good, i.e.,
the correlation factor is 0.92.
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Fig. 9 – TGA profiles for the same sample with different state
of aggregation.

In most CVD methods used in the synthesis of SWCNT, the
active metal catalysts are typically deposited on a high-surface area support in relatively low concentrations. As such,
a large fraction of the as-produced material consists of the
0.09

1.5

(a)

0.08

1.4

Resonance factor

1.2
1.1
1

R2 = 0.92

0.06
0.05
0.04
0.03

C

0.9

0.02

H

0.8
0.7
430

(b)

0.07

1.3
Absorbance

As-produced SWCNT samples

700

0.01
0.00

530

630

730

Wavelength (nm)

830

20

25

30

35

40

45

50

P (%)

Fig. 10 – (a) UV–Vis spectra of suspensions prepared from purified solid samples C and H; (b) comparison of the P (%) quality
parameter values with the resonance factors obtained from the OA analysis.
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catalyst support, which needs to be separated from the
SWCNT by chemical or mechanical means. In the particular
case of the CoMoCAT method employed in this study, the
as-produced material contained 5–7 wt.% C, 1–2 wt.% Co–
Mo, and the rest SiO2. The as-produced solid material was
analyzed by Raman scattering and the G/D ratios obtained
are compared to those obtained on the purified samples.
The G/D ratios obtained for the as-produced samples (G/D
(ap)) are included in Table 1 together with those obtained for
the purified samples. It can be seen that while the trend for
the series is the same as that of the corresponding purified
samples, the absolute G/D ratios for the as-produced samples
were significantly larger than those for the purified samples.
That is, while the G/D ratios are still high in the purified samples, it is evident that the purification process enhances the
intensity of the D-band, either by creating defects or by
generating functionalized groups on the SWCNTwalls. Similar
reductions in G/D ratios after purification have been reported
and ascribed to partial doping caused by the acid treatment,
which may reduce the resonant Raman response [42,44].

4.

Conclusions

The assessment of quality and purity of SWCNT bulk samples is complicated by the heterogeneity of solid samples.
Most methods employed to date exhibit some limitations.
The method most commonly used is Raman spectroscopy.
However, to overcome the problem of sample heterogeneity
and to obtain reliable and quantitative estimates of the percent of SWCNT in a sample one needs a large number of
measurements. By contrast, the measurement of G/D ratio
in liquid suspensions as a function of solid concentration
provides a more practical and reliable method than those
previously used. A simple equation with two adjustable
parameters can be used to directly extract the percent of
SWCNT in the sample.
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