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Abstract

Temperature programmed oxidation (TPO) coupled with in situ Raman spectroscopy has been used as an effective
qualitative and quantitative analysis of raw and purified single-walled carbon nanotubes (SWNT) samples. The in-
corporation of Raman facilitates the identification of the nature of the oxidation peaks present in a TPO profile. Using
different samples it was possible to evaluate the potential of the technique for quantifying different impurities in the

SWNT samples as well as in SWNT-polymer composites.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery, single-walled carbon na-
notubes (SWNT) have stimulated worldwide in-
terest due to their fascinating physical and
chemical properties that have opened a vast
number of potential applications [1,2]. The meth-
ods developed for producing SWNT are diverse.
These methods range from electric arc discharge
and laser ablation of carbon targets containing
metals to direct decomposition of carbon-con-
taining molecules over metal catalysts [3-0].
Among the different alternatives explored in the
last few years for production of SWNT, the cata-
Iytic decomposition of carbon-containing mole-
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cules appears as a promising technique since it has
the potential to be scaled-up at a relatively low
cost, enabling applications that require large
SWNT quantities [7].

In addition to SWNT, the raw material obtained
by any of the methods mentioned above contains
varying degrees of carbon impurities such amor-
phous carbon, graphite fibers as well as residual
metals from the catalyst used in the production [8-
12]. Hence, a crucial step on the production of
SWNT is a reliable characterization of the type and
amounts of impurities present on a given sample.
Electron microscopy (TEM/SEM) and thermal
gravimetric analysis (TGA) have been used to ob-
tain mostly qualitative assessments of the various
carbon species present on a given sample and a
quantitative measurement of the overall concen-
tration of residual metals, respectively [13-16].
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We have previously proposed the temperature
programmed oxidation (TPO) method as a useful
tool for quantifying the amount of SWNT present
on a sample [17] since when embedded in the cat-
alyst SWNT burn in narrow temperature range,
below the temperature in which MWNT, graphite,
and carbon fibers are oxidized, but above the
temperature at which amorphous carbon species
are oxidized [18].

At the same time, Raman spectroscopy is an
exceptionally powerful technique for characteriz-
ing the structure of SWNT. The Raman-allowed
phonon mode Eo,, has extensively been used as a
measure of the presence of ordered carbon, while
the so-called D band is related to defects or the
presence of nanoparticles and amorphous carbon
[19,20]. Hence, the size of the D band relative to
the G band can be used as a qualitative measure-
ment for the formation of undesired forms of
carbon. Nevertheless an accurate quantitative ac-
count of the different types of carbonaceous ma-
terials present on the sample cannot be obtained
by Raman spectroscopy.

In this contribution, we present the results of a
novel combination of these two techniques. By
using a specifically designed cell, we have con-
ducted in situ Raman spectroscopy during TPO.
This particular combination of techniques has al-
lowed us to identify the different carbonaceous
species present in raw and purified SWNT sam-
ples, as well as to investigate the effect of residual
metal catalysts in the SWNT reactivity. Addi-
tionally, to further explore the potential of this
technique a composite prepared using SWNT and
a polymer has been investigated.

2. Experimental
2.1. Materials and treatments

Several nanotube samples were analyzed. One
of them was a raw sample as obtained from CNI
produced by the HiIPCO process, which as it is well
known its major impurity is residual Fe catalyst
[11]. This sample was also investigated after a
purification step in nitric acid used to remove the
residual iron species present. A couple of samples

prepared by catalytic disproportionation of CO
over solid catalysts were also investigated. One of
them was obtained over an unselective Co-W
catalyst and the other over a highly selective
Co-Mo catalyst. The synthesis of SWNT with
varying selectivities by using this method has been
previously reported [21,22]. In brief, the selective
SWNT sample was obtained using a bimetallic
Co—Mo catalyst with a total metallic loading of
2 wt% and a Co:Mo molar ratio of 1:3. Prior to the
production of SWNT by CO disproportionation,
the catalyst was heated in H, flow to 500 °C, and
then heated in He flow to 850 °C. To effect the
SWNT growth, CO was fed to the reactor for 2 h
at a total pressure of 5 atm.

A SWNT-filled polystyrene composite was also
analyzed. This particular material contains 2 wt%
of SWNT dispersed on the polymer matrix and
was prepared by miniemulsion polymerization.
The details of its preparation have been reported
elsewhere [23].

2.2. Temperature programmed oxidation analysis

To conduct the TPO analysis, a continuous flow
(50 cm3/min) of 2% O, in He was passed over the
sample while the temperature was linearly in-
creased at a rate of 12 °C/min. To enhance the
sensitivity of the technique, the CO, and CO
produced during the oxidation are quantitatively
converted to methane in a methanator [24], where
the stream coming from the TPO is passed with a
50 cm?/min stream of H, over a 15% Ni/y-Al,O;
catalyst at 400 °C. The evolution of the methane
produced in the methanator quantitatively corre-
sponds to the CO, and CO generated in the TPO is
monitored in a flame ionization detector, SRI
Model 110 FID. Quantification of the evolved CO
and CO,, calibrated with 100 pl pulses of pure CO,
and oxidation of known amounts of graphite gives
a direct measurement of the amount of carbon that
gets oxidized at each temperature.

2.3. In situ Raman spectroscopy
The Raman spectra were obtained in a Jovin

Yvon-Horiba Lab Raman equipped with a CCD
detector and with three different laser excitation
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sources, having wavelengths of 633 (He—Ne laser),
514 and 488 nm (Ar laser). This system is equipped
with an in situ reaction chamber that can be heated
up to more than 1000 °C under flowing gases.
Before each spectrum was acquired, the sample
was placed in the in situ cell and then exposed to a
continuous flow of a mixture of 2% O, in He while
the temperature was linearly increased at a rate of
12 °C/min, reproducing the exact conditions of the
TPO. The heating was stopped at a given tem-
perature and, to obtain the Raman spectrum, the
sample was cooled down to room temperature
under the same flow. To make meaningful com-
parisons, it is essential to acquire the spectra on
the same spot of the sample every time this heat-
ing—cooling sequence is followed.

3. Results and discussion

Fig. 1 illustrates the TPO profiles of the carbon
species present on the raw and purified HiPCO
materials. It was found that the amount of carbon
present on both samples was 83% and 99%, re-
spectively, as obtained from the quantification of
the amount of CO and CO, evolved during the
TPO process. This undoubtedly shows that most
of the Fe present in the sample was removed by the
purification process. However, a first comparison
between both profiles would indicate that after
purification there are three different carbonaceous
species present on the purified material, each one
showing a different behavior towards O, oxida-
tion. Two of these new carbonaceous species (peak
position 600 and 765 °C in the TPO profile shown
in Fig. 1b) have been originated during the puri-
fication process. On the other hand, the first peak
in the profile of the purified material (peak at 460
°C in Fig. 1a) is as the same position as the only
peak observed for the raw SWNT.

To determine the kind of carbonaceous species
present on the purified sample that are responsible
for each one of the peaks appearing in the TPO
profile, Raman spectroscopy was carried out on
the raw and purified materials. For the purified
material, Raman spectra were also acquired after
each in situ oxidation step, that corresponds to the
valleys in the TPO profiles, i.e., the spectra were
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Fig. 1. Temperature programmed oxidation (TPO) profiles of
the carbonaceous species present in (a) raw HiPCO material, (b)
purified HiPCO material, (c) the product obtained by CVD
over a highly selective Co-Mo catalyst and (d) the product
obtained by CVD over an unselective Co-W catalyst. The
profiles were obtained using a mixture of 5% of O, in He at a
heating rate of 12 °C/min.

acquired at room temperature and then after a
oxidation steps at 400, 500 and 630 °C under the
same conditions used to get the TPO profiles, to
determine the changes in the Raman spectra after
elimination of the corresponding species.

Figs. 2 and 3 summarize the results of this
study. Relatively small variations are observed
between the Raman spectra of the raw and purified
samples, or even among the spectra of the purified
sample after each consecutive oxidation step, in-
dicating that SWNT are undoubtedly the main
carbon species present on both purified and raw
samples. However, clear trends are still possible to
observe. First, a decrease in the intensity of the D
band is observed when comparing the raw HiPCO
material with the purified sample, indicating that
the purification procedure not just removes the
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Fig. 2. Resonant Raman spectra obtained for (a) raw HiPCO material at room temperature and (b) purified HiPCO material before
and after subsequent in situ oxidation steps at 400, 500 and 630 °C. The laser excitation wavelength was 514 nm.
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Fig. 3. Contributions of the D band to the Raman spectra for:
(a) the HiPCO purified materials before and after subsequent in
situ oxidation steps at 400, 500 and 630 °C (the data for the raw
HiPCO sample is also shown for reference) and (b) two different
carbon deposits obtained by CVD over a highly selective Co—
Mo and over an unselective Co—-W catalyst before and after
subsequent in situ oxidation treatments at the indicated tem-
peratures. The contributions of the D band to the Raman
spectra is expressed using a quality parameter: 1 — D/G; where
D and G are the integrated areas of the D and G Raman bands,
respectively.

residual Fe form the sample but also decreases the
amount of amorphous carbon that might have
been originated during the synthesis process. Sec-
ond, as the oxidation temperature of the purified
sample was increased, the relative contribution of
the D band clearly decreased. This trend is better
illustrated in Fig. 3a, which shows the gradual
decrease of the D band in terms of the expression
(1 — D/G). This term may be considered a ‘quality
parameter’ of the SWNT sample, since it qualita-
tively measures the amount of SWNT compared to
other disordered carbon species. As we have re-
ported before [17], amorphous and chemically
impure carbon species are oxidized at tempera-
tures below 400 °C, consequently subsequent oxi-
dation steps remove increasing amounts of
amorphous carbon material from the samples
which results in the decrease of the relative inten-
sity of the D band in the Raman spectra.
Although during these oxidation treatments
disordered carbon was preferentially eliminated,
based on the results obtained by Raman spec-
troscopy it is clear that the three peaks observed in
the purified HiPCO sample do not correspond to
different carbon species. As we have mentioned
before, TPO is a catalytic process in which residual
metal can have a significant impact. On the un-
purified raw material, the amount of Fe is so high
that all the different forms of carbon in the sample
are essentially oxidized simultaneously at 460 °C.
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By contrast, on the purified sample, the amount of
iron present is considerably lower (just about 1%).
Therefore, the catalytic influence of iron during
the TPO process is smaller. Consequently, we at-
tribute the difference between the TPO profiles of
the raw and purified materials to the different
amounts of iron present on these two materials.
Accordingly, it is possible that both, the peak at
460 °C present in the TPO profile of the purified
material and the single peak shown in the TPO of
the raw SWNT sample are originated by SWNT
contaminated with iron species. On the other
hand, the peaks appearing at 500 and 630 °C in the
purified sample are originated from SWNT asso-
ciated to small or negligible amounts of metal.

A similar analysis was performed on two dif-
ferent raw SWNT materials synthesized by CO
disproportionation on solid catalysts. One of them
was obtained over a selective Co—Mo bimetallic
catalyst, in which SWNT is the dominant product.
The other sample was obtained over an unselective
Co—W metallic catalyst, in which SWNT, MWNT,
graphite and amorphous carbon are all present
[17,22]. Figs. 1c and d show the TPO profiles of
each of these two materials, respectively. It can be
seen that the sample obtained over the selective
catalyst, which contains mostly SWNT, displays a
single TPO peak centered at 570 °C. However, an
interesting difference is observed in this case
compared to the TPO profile obtained for the raw
HiPCO material shown in Fig. la. That is, al-
though both profiles show a single main peak, the
peak position for the SWNT obtained from the
Co—Mo catalyst is at more than 100 °C higher than
that for the HiPCO material. This difference is
primarily due to the different amount of residual
metal catalyst left in each sample. While the raw
material obtained by the HiPCO process contains
up to 30% in weight of iron [9,25], the sample
obtained over the Co-Mo catalyst contains less
than 2% of Co and Mo metal impurities [7].
Consequently, the material obtained by the HiP-
CO process has a larger amount of metallic species
able to catalyze the oxidation reaction during the
TPO process, lowering the temperature needed to
oxidize the SWNT. In addition to the difference in
the amount of residual metal in the two samples,
another important difference is the presence of the

silica support on the raw material prepared from
the Co-Mo/SiO, catalyst. The silica support is
essentially a thermal insulator that may separate
the SWNT bundles and consequently prevent the
propagation of the oxidation.

To further characterize the material obtained
over the selective Co—Mo catalyst, we used the in
situ TPO/Raman technique. In this case, the in situ
oxidation steps were performed at 450 and 500 °C
under the same conditions used to get the TPO
profiles. Fig. 4a shows the results that undoubtedly
corroborate that the sample is mostly composed
by SWNT. As in the case of the HIPCO material,
there were some variations in the Raman spectra
after the different TPO stages. A decrease in the
contribution of the D band was observed after the
higher oxidation temperatures. As with the HiPCO
purified material, we integrated the areas of the G
and D bands and calculated its relative area.
Fig. 3b shows the results of the ‘quality parameter’
(I = D/G), which is high even for the raw mate-
rial, but clearly increases after the oxidation
treatments. As mentioned above, below 450 °C
amorphous and chemically impure carbon species
are burned; therefore the first oxidation step
eliminates the amorphous carbon material from
the samples. This oxidation results in the decrease
of the relative intensity of the D band in the Ra-
man spectra. However, as shown in Figs. 3b and
4a, a subsequent oxidation step (500 °C) does not
change the contribution of the D band to the
spectra, since at this temperature all amorphous
carbon has been removed.

A contrasting behavior is observed in the TPO
profile of the material obtained over the unselec-
tive catalyst (see Fig. 1d). Instead of the single
peak observed in the previous case, three oxidation
peaks are obtained on this sample. To identify the
nature of the species responsible for these peaks, in
situ Raman spectroscopy was carried out on this
sample. As before, the spectra were obtained at
room temperature after each subsequent in situ
oxidation steps at 400, 500 and 600 °C, under the
same conditions used in the TPO experiments.
Fig. 4b shows the Raman spectrum obtained in
each case. It can be observed that the relative
intensity of the D band is much stronger for this
sample than for any of the other samples investi-
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Fig. 4. Resonant Raman spectra for (a) the carbon deposits obtained over a highly selective Co-Mo catalyst. The spectra were ac-
quired before and after subsequent in situ oxidation steps at 450 and 500 °C and for (b) the carbon deposits obtained over an un-
selective Co—W catalyst. The spectra were acquired before and after subsequent in situ oxidation steps at 400, 500 and 600 °C. The laser

excitation wavelength was 514 nm.

gated. This clearly reveals the low selectivity of the
particular catalyst used in this sample. In addition,
there are other interesting changes in the Raman
spectra that deserve further consideration. First,
the relative area of the D band in each spectra
changes after each subsequent oxidation step. This
behavior is illustrated in Fig. 3b, which shows for
the unselective catalyst a clear decrease on the D
band contribution after the first oxidation step
(400 °C). As previously stated, below this tem-
perature amorphous carbon species are oxidized
and, therefore this first oxidation step should
eliminate most of the amorphous carbon present
in the material, consequently, a decrease in inten-
sity of the D band in the Raman spectrum is ob-
served. A different behavior is observed after the
oxidation step at 500 °C. In this case, an en-
hancement in the contribution of the D band to
the overall spectra is observed. Evidently this be-
havior cannot be attributed to the presence of
amorphous carbon in the sample, since all amor-
phous carbon species have been removed below
this temperature. The enhancement in the D band
should therefore be ascribed to a decrease in the
amount of ordered forms of carbons in the sample.
As mentioned above, SWNT are oxidized at a
temperature below the oxidation threshold of
MWNT and graphite [17]. In fact, the intensity of
the D band in the Raman spectra suggests that

even after oxidation at 400 °C the sample is com-
posed of SWNT and other forms of disordered
carbon. All these together points to a decrease on
the amount of SWNT and an increase on the rel-
ative amount of MWNT and (or) graphite in the
sample after the 500 °C oxidation step, which in
turn would be responsible for the increase of the
intensity of the D band [26]. Finally, after the
oxidation at 600 °C, most of the carbonaceous
species have been oxidized as shown by the TPO
profile. Moreover, the low intensity of the bands in
the Raman spectrum is consistent with a small
amount of refractory graphite still present in the
sample.

To further evaluate the potential of this tech-
nique to characterize SWNT-based polymer com-
posites, a composite containing 2 wt% SWNT
dispersed in a polystyrene matrix was analyzed.
The spectroscopic and chemical analysis of this
kind of materials is rather challenging due to the
small amount of SWNT in the sample. Fig. 5a
shows the TPO profile of the composite. Under
these conditions, a single peak centered at 450 °C
is observed. Previous TGA studies indicate that
the burning temperature of polystyrene in pure air
is around 400 °C [23], so we assign the peak at 450
°C to the oxidation of polystyrene. The oxidation
of SWNT does not show a separate TPO peak. It
is most likely that this peak is masked inside the
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Fig. 5. (a) Temperature programmed oxidation (TPO) profile of the carbonaceous species present in a polystyrene-SWNT composite.
The profile was obtained using a mixture of 5% of O, in He at a heating rate of 12 °C/min. (b) Resonant Raman spectra obtained for
polystyrene-SWNT. The spectra were acquired before and after subsequent in situ oxidation steps at 400 and 450 °C. The (*) symbol
indicates Raman bands of polystyrene. The laser excitation wavelength was 514 nm.

main peak, which goes up to 700 °C. Therefore, to
help characterizing the oxidation of SWNT inside
the polymer, we employed the in situ TPO/Raman
technique. In this case, the in situ oxidation steps
were performed at 400 and 450 °C under the same
conditions used to get the TPO profiles.

Fig. 5b shows the Raman spectra of the com-
posite before any in situ TPO treatment. From this
result a major contribution of SWNT to the
overall spectrum is apparent. In contrast to the
TPO profile that showed a single peak mainly due
to the oxidation of the polymer; the bands corre-
sponding to SWNT dominate the Raman spec-
trum of the material. The reason for this apparent
contrasting behavior on the Raman spectrum is
the extremely high quantum efficiency of Raman
scattering for SWNT throughout a resonant pro-
cess, while very low Raman signals are obtained
for the polymer film. Nevertheless, some bands
arising from the polymer can be clearly observed.
For example in the low frequency region the peaks
between 1000 and 1060 cm~! must be attributed to
ring vibration or in plane C—H deformation of the
polystyrene moiety [27]. In the high frequency re-
gion some other polymer bands are also present.

Two distinct peaks of appreciably large intensities
around 2915 and 3058 c¢cm™! are apparent. The
former band originates from C-H chain vibration
(C-H stretch mode) in the polystyrene. The latter
peak is related to C—H radial stretch in the benzene
rings of the polymer. We must note that the bands
at 2700 and 3200 cm™! are second-order Raman
bands of SWNT and are not originated from the
polystyrene.

After the first oxidation step at 400 °C there is a
dramatic change in the Raman spectrum of the
composite. It is clear that the relative intensity of
the bands of the polymer respect to the ones for
SWNT has significantly decreased. In fact, the
polymer bands between 1000 and 1060 cm™' have
disappeared in the background of the spectrum,
while the bands at 2915 and 3058 cm™' are barely
observed. After a second oxidation stage at 450
°C, all the bands from the polystyrene disappear
and the Raman spectrum only shows the typical
bands of bare SWNT. However, it cannot be
completely ruled out that some polystyrene may
still remain in the sample, as the signal of the
SWNT is orders of magnitude higher than that of
the polymer.
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4. Conclusions

A novel in situ Raman spectroscopic analysis
coupled with TPO has shown to be a powerful tool
to conduct systematic qualitative and quantitative
characterization of raw and purified SWNT ma-
terials. The presence of contamination in the form
of metallic species has shown to deeply affect the
TPO profiles. However, in situ Raman spectros-
copy has allowed us to clearly identify the nature
of the peaks and describe the oxidation processes
responsible for each TPO peak. A polymer-SWNT
composite has also been analyzed by this tech-
nique. In this case, the resonant Raman effect on
SWNT and the low scattering efficiencies of poly-
mer films complicate the quantitative analysis of
the data.
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