J Mater Sci (2009) 44:3498-3503
DOI 10.1007/s10853-009-3468-x

Characterization of commercial double-walled carbon nanotube
material: composition, structure, and heat capacity

Glaura G. Silva - Anthony W. Musumeci *

Ana Paula Gomes - Jiang-Wen Liu - Eric R. Waclawik -
Graeme A. George - Ray L. Frost - Marcos A. Pimenta

Received: 11 January 2009/ Accepted: 6 April 2009 /Published online: 28 April 2009

© Springer Science+Business Media, LLC 2009

Abstract A purified commercial double-walled carbon
nanotube (DWCNT) sample was investigated by trans-
mission electron microscopy (TEM), thermogravimetry
(TG), and Raman spectroscopy. Moreover, the heat
capacity of the DWCNT sample was determined by tem-
perature-modulated differential scanning calorimetry in the
range of temperature between —50 and 290 °C. The main
thermo-oxidation characterized by TG occurred at 474 °C
with the loss of 90 wt% of the sample. Thermo-oxidation
of the sample was also investigated by high-resolution TG,
which indicated that a fraction rich in carbon nanotube
represents more than 80 wt% of the material. Other car-
bonaceous fractions rich in amorphous coating and gra-
phitic particles were identified by the deconvolution
procedure applied to the derivative of TG curve. Comple-
mentary structural data were provided by TEM and Raman
studies. The information obtained allows the optimization
of composites based on this nanomaterial with reliable
characteristics.

Introduction

Synthetic methods to prepare relatively pure double-walled
carbon nanotubes (DWCNTs) have been developed
recently (see for instance references [1-5]). Electronic
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properties of DWCNTs have been investigated [6—8] and
exciting new properties, such as the behavior as cylindrical
molecular capacitors [7] and ambipolar transport charac-
teristics [8], were recognized. Tensile strength and Young’s
modulus of DWCNT strands were found to be comparable
to those of single-walled carbon nanotube (SWCNT)
bundles [9]. These scientific advances and many others
indicate that DWCNTs will briefly be incorporated in
several engineering products. Therefore, the time is right to
propose a systematic and accessible methodology for
DWCNT characterization for applied researchers and
engineers [10].

Carbon nanotube commercial materials are character-
ized by a large distribution of chemical and structural
features. This research focuses on the use of thermal
methods such as thermogravimetry (TG) and differential
scanning calorimetry (DSC) to obtain useful information
about this nanomaterial. TG and DSC equipment are
readily available in industrial and academic laboratories.
Therefore, the data obtained by these techniques could be
easily compared for quality control purposes.

Thermo-oxidative stability at temperatures higher than
700 °C has been reported for DWCNTs [3, 11]. The ther-
mal stability behavior depends on the DWCNT matrix
purity in relation to metal particles and other carbonaceous
contaminants, as well as to variable measurement condi-
tions. It is noted that the diameter distribution, concentra-
tion of defects, and interwall interaction can also play an
important role in thermo-oxidative stability. Several of
these parameters have been reported to be critical in the
thermal behavior of SWCNT and multi-walled carbon
nanotube (MWCNT) as well [12-14]. Therefore, these
aspects will be discussed here as they form an important
issue in the carbon nanotube field with a strong impact in
large volume applications [10].
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Osswald and co-workers [15, 16] performed a detailed
investigation of SWCNT and DWCNT oxidation through
in situ Raman spectroscopy. A decrease in the D band
intensity of DWCNT was shown starting around 370 °C.
The authors concluded that an isothermal oxidation can be
used as an efficient purification method [16].

Gozzi et al. [17] recently showed a successful strategy to
separate mixtures of carbonaceous by sequential removal
of carbon in a thermogravimetric experiment under CO,
stream. The most reliable results were obtained when the
carbonaceous sample was mixed with a catalyst, such as
Cr,03, to improve the release of CO from the surface.

Thermal expansion coefficient and heat capacity are
important thermal parameters from the point of view of
fundamental and applied research. Thermal expansion
coefficients of SWCNTs and DWCNTs have been found to
be quite similar [18]. The interlayer spacing between inner
and outer tubes in DWCNTSs characterized by Abe et al.
[18] was 0.36 & 0.01 nm. Otherwise, values for the inter-
tube spacing ranging from 0.33 to 0.45 nm have been
reported for DWCNT samples [19].

The specific heat capacity of carbon nanotubes has been
studied both theoretically and experimentally by using
different techniques, most in a low temperature range [20-
22] with sophisticated apparatus. Purified and crystallized
SWCNT ropes were investigated by Hone et al. [23] in the
temperature range between 2 and 300 K. At 300 K, the C;,
value was approximately 0.65 J g~' K" and a monotonic
decrease of C; as a function of temperature was observed
down to 2 K. In the present work, we attempt to determine
the heat capacity of a typical DWCNT sample by using
temperature-modulated DSC in the range 223-563 K. This
range of temperature (—50 to 290 °C) is a frequent work-
ing range for materials such as polymer nanocomposites.
The determined C, values of carbon nanotubes will be
useful to design overall materials properties.

Experimental

DWCNT Nanocyl 2100 material was used as-received. The
supplier produces this carbonaceous sample by catalytic
carbon vapor deposition and claims to purify their product
to greater than 90% carbon as determined by TG. The
supplier procedure of purification was not disclosed.

The heat capacity was measured between —50 and
290 °C by using temperature-modulated DSC. A Q100 TA
Instruments DSC was calibrated with an indium standard
for temperature and with a sapphire standard for heat
capacity. Cyclic runs between —50 and 290 °C were per-
formed at 5 °C min~' (modulation of 0.5 °C each 60s)
with approximately 3-mg samples placed in aluminum
crucibles under nitrogen atmosphere. The results showed a

significant dispersion, which may be due to the heteroge-
neity of the sample and the small mass used for the mea-
surements. Therefore, a large number of measurements
were carried out with different samples and the final results
were the average of 10 runs for the DWCNT. For com-
parison, the heat capacity of a SWCNT Nanocyl 1100
sample was also measured. The SWCNT average diameter
was 2 nm and the carbon purity greater than 80% as
reported by the supplier and confirmed by in-house trans-
mission electron microscopy (TEM) and TG measurements.

Transmission electron microscopy was carried out with
a Philips Tecnai F20 (Field emission electron gun) with an
acceleration voltage of 200 kV. Samples for TEM studies
were prepared by sonicating diluted DWCNT dispersions
in chloroform using a low power ultrasonic bath for several
hours and drop casting onto a carbon-coated copper grid.

Thermogravimetry was carried out in a TA® Instru-
ments Inc. high-resolution thermogravimetric analyser
(series Q500) in a flowing air atmosphere (60 cm’/min).
Approximately 5 mg of fine powder sample was heated in
an open platinum crucible up to 1,000 °C with different
procedures: (i) conventional TG at rate of 5.0 °C/min
performed in triplicate; (ii) high-resolution TG (HRTG)
measurement at 10.0 °C/min with resolution 6 and sensi-
tivity 1 (index of the equipment) performed in duplicate.
Derivative thermogravimetric (DTG) curves were gener-
ated with approximately 2,000 points for the conventional
TG and 6,000 points for the HRTG. The data were ana-
lyzed by nonlinear least squares fit to multiple Gaussian/
Lorentzian or Gaussian curves; the minimum number of
curves was used to fit DTG until the adjustment was judged
visually satisfactory and correlation coefficient greater than
0.999 was obtained.

The Raman measurements were carried out using a
Dilor XY triple-spectrometer equipped with a charge
coupled device (CCD) operating at the nitrogen liquid
temperature. The lines 457.9, 488, 514.5, 568.2, and
647.1 nm of an Ar—Kr laser were used as the excitation
source. The measurements were performed in a backscat-
tering geometry, using an 80x objective lens. The laser
power was kept below 1 mW in order to avoid heating
effects [24].

Results and discussion

Heat capacity of DWCNT sample

Heat capacity of the DWCNT material was determined by
temperature-modulated DSC [25]. The values of heat

capacity, shown in Fig. 1, correspond to the “in phase” with
the modulation value. A large standard error was assessed by

@ Springer
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Fig. 1 Heat capacity of DWCNT, SWCNT samples, and graphite
[26]. Data for DWCNT at three temperatures and standard error (in
brackets) are shown in the figure

analyzing 10 heat capacity measurements of DWCNT
samples, which was attributed to the small mass (~3 mg)
used to perform the experiment and the inhomogeneities of
the sample. At 27 °C, Hone et al. [23] determined a C, value
of 0.657 g "K' for purified and crystallized SWCNT
ropes under vacuum; the average diameter of these tubes
was 1.25 nm. The value obtained at 27 °C for the sample
of DWCNTs under N, in this work is (1.085 =+
0.089 J g~' °C™"), which is significantly higher than the
SWCNT and graphite values in the literature [23, 26].

In order to understand the DWCNT C,, result obtained
under N, atmosphere, a SWCNT sample from the same
supplier of the DWCNTs was also characterized. A three
times higher amount of nanotubes were loaded in the pan
for the SWCNT measurement because the sample was
much denser and the standard error (evaluated from trip-
licate measurements) of the C, data decreased to less than
2% of the experimental value. The values of C, obtained
for the SWCNT, as shown in Fig. 1, were (in J g~ °C™"):
0.832 (0 °C), 0.874 (27 °C), 1.007 (100 °C), and 1.178
(200 °C). These values are smaller than the DWCNT but

Fig. 2 TEM images of three
different regions of the
DWCNT. Arrows indicate
SWCNTs and all other tubes are
DWCNTs
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higher than the values observed by other authors [23].
Linearity of C, with temperature was observed experi-
mentally from ~50 to 200 K [21] and 300 K [20, 23].
Figure 1 shows the change of slope of the curve close to
483 K (210 °C). The influence of the N, adsorbed may be
important and variable depending on the temperature and
can be the cause of the higher values of heat capacity in
relation to other works [21, 23] and to the observed change
in slope.

DWCNT characterization by TEM and TG

Typical TEM images of three different regions shown in
Fig. 2 show the presence of DWCNTs and SWCNTs in
the as-received material. The arrows indicate SWCNTsSs,
while all other bundles and isolated tubes are DWCNTs.
Figure 2b only exhibits DWCNTs. An evaluation per-
formed by counting the number of SWCNTSs and DWCNTs
in typical images (e.g., as shown in Fig. 2) gave an
approximate value of 20% SWCNT content in the sample.
MWCNTs were not observed in these samples. The
diameter distribution for the outer tube of the DWCNTSs
was evaluated by measuring a few isolated tubes in the
TEM images, giving an average value of 2.6 nm. The inner
diameter assessment gave an average value of 1.1 nm. The
small amount of available TEM images with enough res-
olution for diameter assessment did not allow a final result
for this parameter by microscopy. The length of the
DWCNT bundles observed in SEM images (not shown)
was found to be greater than 2 pum. TEM images also
showed the presence of metal particles encapsulated by
carbon multishells and an amorphous carbon coating.
Thermogravimetric measurements for the DWCNT
material were performed in triplicate to assure accuracy in
relation to possible inhomogeneities of the sample [10].
The typical TG curve at 5 °C min~' and its derivative

DTG are shown in Fig. 3. Figure 3b presents the region of
the main mass loss peak and line shape analyses performed
to fit the DTG curve by Gaussian lines. Table 1 shows the
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Fig. 3 (a) TG and (b) DTG curves for DWCNT obtained at
5°C min~"' in air. Line-shape analysis of the main mass loss

1

Table 1 Thermogravimetric results obtained at 5 °C min ~ for

DWCNT

TG results DTG (300-600 °C) line-shape results

T3 Mass loss (%) First line® Second line

474 90 T, = 465 °C T, =475 °C
816 5.0 W, =44 W, = 14
Residue: 3.6% A; = 58% Ay, = 2%

Peak positions and mass loss for the two independent decomposition
stages (average of triplicate). Line-shape analyses results for the main
thermal oxidation

T; = position, W; = full width at half maximum, and A; = area of the
adjustment lines

* Lines were composed by Gaussian and Lorentzian contributions

results of this TG experiment and line-shape analysis of the
main decomposition.

The main carbonaceous decomposition, shown in Fig. 3
and Table 1, occurs at 474 °C and a second oxidative
decomposition was observed at 816 °C, which corresponds

to 5 wt% of the sample. The metal oxide residue is only
3.6 wt%, which indicates the good quality of the carbon
nanotube purified sample [10] examined in this study as
claimed by the supplier. The main oxidation profile was
well fitted by two lines corresponding to 58% and 42%
relative mass of the material decomposing. Figure 3b
shows that the first line is quite broad with a width of 44 °C
(Table 1) and it cannot be assigned to a specific type of
carbonaceous material [12, 13].

In order to obtain more detailed information about the
thermo-oxidation behavior of the carbonaceous sample, a
TG experiment was conducted in a HRTG mode. Figure 4
shows the heating protocol applied to the sample and the
line-shape analysis of the DTG curve as a function of time.
The heating rate is not linear in a HRTG experiment as it
depends on the reaction rate and is corrected to allow a
controlled reaction rate, which is defined by the resolution
set control of the machine, in this case resolution 6.
Therefore, during the main decomposition the experiment is
quasi-isothermal, as can be observed in Fig. 4a, and a
sample with overlapped thermo-oxidation of components
may show fractions decomposing at separate times. The

(a)moo—
5°C min™'
O 800
o
2 600
(1]
| -
2 HRTG
£ 400
@
I,_
200
0 . . . . .
0 100 200 300 400 500
time / min
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: : : :
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Fig. 4 High-resolution thermogravimetry (HRTG) of DWCNT: (a)
heating run in the HRTG compared with the linear heating of

5°C min~' and (b) derivative of the HRTG (DTG) curve as a
function of time and line-shape results by using Gaussian lines
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line-fit analysis, by using pure Gaussian curves in Fig. 4b,
allows the determination of four main lines for the thermo-
oxidative decomposition of the DWCNT sample. The
assignment of these lines to fractions of carbonaceous
material can be rationalized based upon SEM and TEM
images and also by taking into account the relative reac-
tivity of different carbonaceous materials. For a more
complete discussion on this subject please see references
[12, 13]. The first line at 389 °C in Fig. 4b corresponds to
9% of the sample and can be assigned to a fraction enriched
with amorphous defective coating, which overlaps with the
carbon nanotube oxidation. The second and third lines at
393 and 407 °C, respectively, may be considered as carbon
nanotube rich fractions with slightly different reactivity.
These intermediate fractions correspond to 56% and 19% of
the total mass. The fraction oxidizing at 455 °C corresponds
to 4% of the sample and was assigned to the decomposition
of mainly graphitic shells. Although this attribution is
supported by the qualitative evaluation of the TEM images,
it is clear that the overlapped lines observed in Fig. 4b do
not allow a specific assignment and we only claim that the
fractions are enriched in a type of carbonaceous material, in
the order amorphous—nanotube—graphitic, as the tempera-
ture increases. Gozzi et al. [17] showed a better separation
with a procedure in CO, atmosphere with the help of cat-
alyst addition to improve CO release.

After the main decomposition at 474 °C, a second oxi-
dation corresponding to 5 wt% of the sample was observed
by TG at 816 °C (Fig. 3). This material shows a peak in the
DTG curve of the HRTG experiment at 783 °C as can be
observed in Fig. 4b. The TEM images for this fraction (not
shown) revealed the presence of strands of nanotubes
together with a high content of metal oxide particles.

Raman study of DWCNT sample

Raman spectroscopy has been applied for the characteriza-
tion of DWCNT samples [27, 28]. Five available laser-
excitation energies were used to collect Raman spectra of the
DWCNT sample in this study. The region of the G band (or
tangential mode) for the DWCNTSs sample is shown in
Fig. 5a. The D band observed in the spectra of Fig. 5 at
~1,340 cm ™" is typical of as-grown and moderately puri-
fied carbon nanotubes. A quantitative evaluation of the
amount of the carbonaceous components is not directly
obtained by Raman spectroscopy, in contrast to HRTG
measurements, as presented above. For a DWCNT sample,
Osswald et al. [16] reported the decrease of the ratio between
the D and G bands intensities as a function of time at tem-
peratures between 350 and 550 °C. These authors observed
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Fig. 5 Raman spectra and Lorentzian line-shape analysis for
DWCNT in the region of the G and D bands (a) and in the RBM
region (b). Spectra at specified laser excitation. Diameters on top of
the RBM spectra (b) were obtained from peak position of Lorentzian
lines by using wrpm = [223/d] + 10 [24]
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for the spectra recorded at 633 nm excitation wavelength an
Ip/I of 0.25; the ratio rapidly decreases in oxidation treat-
ments at temperatures higher than 475 °C. This ratio can be
used for comparison strictly between data collected at the
same laser excitation energy [29]. However, the value of
Ip/lg for DWCNT equal to 0.15, obtained in the present work
for the excitation energy of 647 nm (close to 633 nm), may
be considered as an evidence of nanotube quality.

The low wavenumber region in Fig. 5b shows the radial
breathing mode (RBM) peaks at four laser excitations. The
lower intensity of the signal at 458 nm in this region prevents
the analysis of the RBM at this laser energy. The results in
Fig. 5b allow an assessment of nanotube diameter by using
the equation wrpm = [223/d] + 10 (wrpm = RBM fre-
quencies) [24]. Large-diameter nanotubes were not detected
in the RBM Raman region. The nanotubes with diameter
between 1.3 and 0.8 nm shown in Fig. 5b (see upper scale)
are assigned to the inner tubes of DWCNTs or SWCNTs in
the sample. The range of outer diameter characterized by
Raman (RBM) is limited between 1.4 and 2.0 nm as can be
seem in Fig. 5b. TEM images indicated a higher range of
values for the outer diameter; however, the number of
nanotubes estimated using TEM images was low.

Conclusions

This work provides a detailed characterization of a carbo-
naceous sample by the interplay of temperature-modulated
DSC, HRTG, TEM images, and Raman spectroscopy. The
commercial sample is composed of less than 3 wt% metal
particles, and close to 80 wt% nanotubes as can be inferred
from the HRTG study. The other carbonaceous are amor-
phous coatings and graphitic particles. Furthermore, TEM
images indicated the presence of approximately 20% of
SWCNTs within the DWCNT sample. The DWCNT
average outer tube diameter was approximately 1.6 nm and
the inner tube diameter was 1.0 nm as evaluated by Raman
spectroscopy with the analysis of the RBM region.

Heat capacity values for the DWCNT-based sample in
the presence of N, were characterized as varying between
0.988J g~ '°C " at0°C and 1.46 J g~' °C™" at 200 °C.
This value of C, is characteristic of a sample with the
above-mentioned composition and structural characteris-
tics. Therefore, is a useful value in the context of pro-
cessing and assembling nanomaterials based on this
commercial DWCNT.
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