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C
atalytic chemical vapor decomposi-
tion (CCVD) is presently the most
widely used technique for growing

single-walled carbon nanotubes (SWNTs). In
most synthesis protocols, this process re-
sults in a broad SWNT diameter distribution.
However, growing nanotube sampleswith a
given chirality is the keypoint for the devel-
opment of nanotube-based applications in
the fields of electronics and optoelectronics.
Ultracentrifugation in a gradient density
gives promising results for sorting nano-
tubes by diameter,1 semiconducting or me-
tallic nature,2,3 or chirality.4,5 Up to 79% of a
single chirality has been obtained by Chen
et al.,5 but this process is complex and
partially destructive (wrapping, sonication,
ultracentrifugation). Moreover, samples al-
ready enriched in a few chiralities are re-
quired in order to reach high enrichments.5

An alternative approach consists of control-
ling the diameter and/or chirality directly
during the growth. The possibility of indu-
cing a strong chiral selectivity during the
growth was already demonstrated by Ba-
chilo et al. with the CoMoCat process.6 This
process allows one to obtain samples with
an especially high percentage of (6,5) and
(7,5) nanotubes. More recently, Li et al.

obtained a very narrow distribution peaked
on small diameter and large chiral angles
(essentially (6,5), (7,5), and (7,6) SWNTs) by
using a bimetallic catalyst FeRu combined
to methane at high temperatures.7 A similar
result was obtained by Wang et al. with a
mixed catalyst CoMo at high CO partial
pressures.8

A severe control of the SWNT diameters
would help to constrain the growth to a
few given chiralities with semiconducting

nanotubes of close energy gaps. Experi-
mentally, it has been observed that the
diameter distribution can be tuned by ad-
justing the growth parameters. Jeong et al.9

showed that a high density of catalyst
nanoparticles favors the growth of nano-
tubes with large diameters. Furthermore,
Lu et al.10 evidenced that an increase of
the partial pressure of carbon precursor
(ethane) results in larger diameters. As far
as the temperature is concerned, other
studies suggest a wider diameter distribu-
tion associated with an increase of the
proportion of large diameters as growth
temperature increases.11-13 By contrast,
Kwok et al. showed that high temperatures
favor carbon nanotubes with both large and
small diameters, while lower temperatures
favor nanotubes with intermediate sizes.14

Unfortunately, the few systematic studies
reported so far were usually restricted to the
influence of only one growth parameter.
Consequently, the nature of the processes
controlling the distribution of nanotube
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ABSTRACT Single-walled carbon nanotubes are grown by catalytic chemical vapor deposition in

various conditions of temperature and carbon precursor pressure. Systematic analyses of the Raman

radial breathing modes at two laser wavelengths are used to monitor the evolution of the diameter

distribution. Two distinct domains with opposite influences of the temperature and the precursor

pressure on the diameter distribution are evidenced. Thanks to specially designed experiments made

of two successive growths, three processes are identified to influence the diameter distribution

during the nanotube growth: (i) at too low precursor pressure, nanotube nucleation cannot occur on

the smallest catalyst particles; (ii) at low temperature and high precursor pressure, small catalyst

particles are preferably encapsulated by disordered carbon structures; (iii) at high temperature,

catalyst coarsening causes the disappearance of the smallest catalyst particles.
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diameter remains an important but still open question.
From a conceptual point of view, several processes

can be considered to be involved in the diameter
selectivity. The preponderance of some chiralities
may first be explained by a higher thermodynamic
stability of the corresponding nanotubes and/or nu-
cleation caps.15 This argument can explain the effect of
temperature on the diameter distribution but not the
influence of the precursor pressure. A second possible
key for selectivity could be a chirality or diameter
dependence of the growth kinetics. There are few
experimental data on this point: studying individual
ultralong nanotubes, Yao et al. showed that the growth
rate can vary by at least a factor 2 for two different
nanotubes in the same synthesis conditions.16 On the
other hand, the size of the catalyst particle is expected
to set the higher limit of the nanotube diameter.17-19

As a consequence, all phenomena influencing the
particle size distribution, such as the dewetting of the
deposited catalyst layer, Ostwald ripening, and particle
coalescence,20 are expected to strongly influence the
final nanotube diameter distribution.
Here, we present a systematic study of the evolution

of the SWNT diameter distribution as a function of two
growth parameters: the temperature and the precursor
partial pressure. Raman spectroscopy was used as
characterization technique. Raman spectroscopy is a
powerful tool for this study, first because of its high
sensitivity to the presence of SWNT due to the Raman
resonance effect, and because the frequency of the
radial breathing mode (RBM) is inversely proportional
to the nanotube diameter.21 Compared to previous
observations, we identify two domains of temperature
and partial pressure with opposite influences of the

growth parameters on the diameter distribution. We
notably report a domain at low temperatures and high
pressures where the nanotube distribution shifts to
smaller diameters as the temperature increases or the
precursor pressure decreases. To identify the phenom-
ena involved in the diameter selection, we performed
additional experiments made of two successive
growths in a microreactor allowing in situ Raman
measurements.

RESULTS AND DISCUSSION

Figure 1a displays the evolution of the RBM profiles
(λ = 532 nm) of the samples as a function of the
temperature T in the case of the nickel-ethanol cou-
ple. For the sake of clarity, the RBMdomain is arbitrarily
divided into three regions corresponding to low, inter-
mediate, and high RBM frequencies. One can observe
that the relative weight of high frequency RBM, that is,
of small SWNT diameters, increases when temperature
increases until a threshold value of 675 �C. Above
675 �C, the intensity of high frequency RBM decreases
to the benefit of low frequency RBM. The RBM profile is
also very dependent on the ethanol partial pressure P,
as shown in Figure 1b. For each temperature, one can
define an optimal ethanol pressure for high frequency
RBM. This optimal partial pressure increases with
increasing temperatures: 8 Pa at 550 �C, 59 Pa at 625 �C,
4.800 Pa at 800 �C. The same evolutions are observed at
the excitationwavelength of 647 nm (Figure 1c). Please
note that, at 532 nm, high frequency RBM values are
assigned tometallic nanotubeswhile they are assigned
to semiconducting ones at 647 nmbased on the values
of optical transition energies proposed by Fantini
et al.22 Consequently, the changes in the RBM profiles

Figure 1. (a) Evolution of the RBMspectra as a functionof synthesis temperature (PEtOH = 59 Pa and λ=532nm). (b) Evolutions
of the RBM spectra as a function of ethanol partial pressure at 550, 625, and 850 �C for an excitation line of 532 nm.
(c) Same as (b) for an excitation line of 647 nm. Red curves correspond to the maximal proportion of small diameter nanotubes.
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must be interpreted in terms of changes in the dia-
meter distribution and not in the metal/semiconduct-
ing ratio.
From these results, one can identify two distinct

domains with opposite influences of T and P on the
diameter distribution. In the low T-high P domain,
increasing the temperature or decreasing the precur-
sor pressure favors the growth of small diameter
SWNTs. On the contrary, in the high T-low P domain,
the synthesis of small diameter SWNTs is promoted by
decreasing the temperature or increasing the precur-
sor pressure. The highest proportions of small diameter
SWNTs are obtained at the frontier of the two domains.
Other carbon precursors (methane, acetylene, and

ethylene) were usedwith nickel to check the generality
of this behavior. The evolutions of the RBM profiles as a
function of temperature for methane, acetylene, and
ethylene are presented in Figure S2 (see Supporting
Information). For a quantitative comparison of the
proportion of small diameter nanotubes, we defined
a relative index S = IT/IS, where IS corresponds to the
peak area of the RBM bunch in the small diameters
region above 250 cm-1 and IT corresponds to the total
intensity of the RBM peaks. Figure 2 shows the evolu-
tion of the IS/IT ratio for the different carbon precursors
used in this study. One can observe that the behavior
observed with ethanol is general to all of the carbon
precursors that we investigated. For all of these pre-
cursors, the proportion of small diameters peaks for an
intermediate temperature ranging between 600 and
700 �C.
It is widely accepted that the diameter of a growing

carbon nanotube is primarily controlled by the size of
its catalyst particle.17-19 Other parameters such as the
strength of the carbon-metal interaction23 may also
have an influence but can be considered as secondary.
For instance, the study of Yao et al. demonstrated that
the diameter of a growing nanotube could be de-
creased by 1-6 Å by increasing the growth tempera-
ture by 50-100 �C.24 This effect alone cannot explain

the large variations of diameter distribution observed
in this work. Considering that the nanotube diameter is
primarily controlled by the size of its catalyst particle,
three processes can be proposed to explain the lower
amount of small diameter nanotubes outside the
optimal region: (i) the lack of small particles, (ii) the
absence of nucleation on small particles, (iii) the en-
capsulation of small particles.
In order to identify the acting processes, we devised

an experimental protocol based on two successive
growths (see Figure 3). The first growth is performed
in a region where the proportion of small diameter
SWNTs is low (gray crosses). Once nomore evolution of
the Raman spectrum is observed in the in situmeasure-
ments, the synthesis is stopped and a first Raman
spectrum (labeled as #1) is recorded at room tempera-
ture. A second growth is carried out on the same
sample, in conditions that are now optimal for small
diameters (red crosses). Please note that the sample
remains in the controlled environment of the cell
during the whole experiment. Once again, a Raman
spectrum (labeled as #2a) is recorded at room tem-
perature and at the same position on the sample. The
two RBM profiles are compared to the growth directly
performed in the conditions optimal for small dia-
meters (labeled as “reference synthesis”). If additional
small diameter nanotubes appear between the first
and the second growth, it supports that small nano-
particles were present during the former but were not
activated. If no small diameter is produced in the
second step, we proceed to a new experiment: the
same protocol is executed again on a new sample but
an oxidizing step (O2, 700 �C, 5 min) is added between
the two growth steps. The oxidizing step allows one to
remove all carbonaceous species and to reactivate the
encapsulated catalyst particles. As previously, a second
Raman spectrum (#2b) is recorded at the end of the
second growth. The goal of this experiment is to detect
the presence of small nanoparticles that may have
been encapsulated by carbonaceous species during
the first growth. If small diameters appear during the
second step after the oxidation treatment, it supports

Figure 2. Evolution of the IS/IT ratio as a function of the
inverse growth temperature for different carbon
precursors.

Figure 3. Schematic representation of the evolution of the
diameter distribution as a function of temperature and
ethanol pressure. Each arrow corresponds to a two-step
growth experiment.
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that small nanoparticleswere present from the beginning
but were deactivated due to encapsulation by carbon
species during the first growth. By contrast, if no change is
observed in the high frequency range, it supports that the
smallest nanoparticles were irreversibly deactivated dur-
ing the first growth due to catalyst restructuring (Ostwald
ripening, coalescence,20 or diffusion of the catalyst into
the silicon support25-27). To validate this last protocol, we
made sure that the oxidative step does not modify the
nanotubediameter distributionbyperforming two similar
syntheses with an oxidation step between (see Figure S3
in Supporting Information).
We first focus on the low temperature-high pre-

cursor pressure domain. Experiment A consists of a first
growth at T = 625 �C and PEtOH = 1.600 Pa followed by a
second growth at smaller PEtOH of 59 Pa, close to the
optimal conditions for the growth of small diameters
(Figure 3). No extra growth can be observed when the
second step is achieved without previous oxidation
(spectrum #2a in Figure 4a). By contrast, if the second
growth occurs after an oxidative step, the Raman spec-
trum#2bshowsextrapeaksof small diameter nanotubes.
This experiment supports that the smallest catalyst par-
ticleswere encapsulatedby carbonaceous species during
the first step (thus preventing the growth of small
diameter SWNTs) and were reactivated by the oxidative
treatment between the first and second steps (thus
allowing the growth of small diameter SWNTs).
In experiment B, the first synthesis takes place at T =

550 �C and PEtOH = 59 Pa and the second one at 625 �C
(see Figure 3 and Figure 4b). Following the increase of

temperature, an extra growth of small diameter nano-
tubes is observed. One can conclude that small catalyst
particles were initially not activated but were activated
by an increase of temperature. Figure S4 (Supporting
Information) shows typical HRTEM micrographs of the
samples grown in the low T-high P domain. Catalyst
nanoparticles appear embedded into disordered car-
bon nanostructures. The presence of disordered car-
bon is also reflected in the peak ratio of the Raman G
and D bands. The G/D ratio is proportional to the
coherence length of the crystalline domains28 and is
widely used to estimate the density of defects in
nanotubes.14,29,30 The G/D ratio of the samples grown
in this domain are much lower than those correspond-
ing to the high T-low P domain (see Figures S1 and S4
in Supporting Information).
These results support that, in the low temperature-

high precursor pressure domain, catalyst particles are
deactivated due to encapsulation by disordered car-
bon envelopes. It explains why reactivation can experi-
mentally be achieved by either oxidation or by
annealing at a higher temperature: the first treatment
induces the combustion of the disordered carbon
envelopes, while the second one may either induce a
dissolution or a rearrangement of the carbon envelope
encapsulating the particle. We propose that the lack of
small diameter SWNTs in this domain is explained by a
preferable encapsulation of the smallest particles.
We now move to the high temperature-low pre-

cursor pressure domain. Experiment C corresponds to
a first synthesis at T= 625 �C and PEtOH = 10 Pa followed

Figure 4. Raman spectra obtained for successive growths experiments. The conditions of each experiment are summarized
in Figure 3. Spectrum #1 corresponds to the first growth. Spectra #2a and #2b correspond to the second growth without
andwith an oxidizing step, respectively. The gray curve labeled as Reference corresponds to a synthesis directly performed in
the experimental conditions of #2.
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by a second synthesis at PEtOH = 59 Pa (Figure 3). The
growth of small diameter nanotubes is observed when
increasing the partial pressure (spectrum #2a in
Figure 4c). Therefore, in this domain, small nanoparti-
cles are not irreversibly deactivated: they can be
activated by increasing the partial pressure of carbon
precursor. We previously reported that the threshold
precursor pressure to initiate nanotube growth in-
creases with temperature,31 which can be explained
by the increased carbon solubility. The Ostwald-
Freundlich equation32,33 relates the solubility of a
material to its surface free energy and grain size:

S

S0ð7Þ ¼ exp
2γV
RTr

� �

where S is the solubility of grains with radius r, S0 is the
solubility of the bulk material, γ is the surface free
energy, V is the molar volume, R is the gas constant,
and T is the temperature. The equation stipulates that,
as the grain dimension decreases, the solubility in-
creases exponentially relative to the solubility of the
bulk material. The solubility is expected to change
appreciably only as the radius of a particle enters into
the nanoscale. From this relation, one expects a higher
supersaturation limit for small catalyst nanoparticles
compared to larger ones. This is also in agreement with
our observation that the nucleation of small diameter
nanotubes requires a higher partial pressure of carbon
precursor compared to large diameter ones.
In experiment D, the first synthesis is at T = 850 �C

and PEtOH = 59 Pa, and the second one at PEtOH = 1.600
Pa (Figure 3). Without oxidation, no regrowth of small
diameter nanotubes is observed (spectrum #2a in
Figure 4d). However, the increase of the partial pres-
sure generates the regrowth of large diameter nano-
tubes. This is associatedwith an increase of the G band,
which is indicative of the overall nanotube yield (see
inset in Figure 4d). Even after an oxidation step, one
only notes a regrowth of large and intermediate
diameters. The oxidation step causes a significant
lowering of the final yield. We conclude that, in this
high temperature domain, small nanoparticles get
irreversibly deactivated.
To explain the partial discrepancy between experi-

ment C performed at 625 �C and experiment D per-
formed at 850 �C, we made additional experiments. In
these experiments, the synthesis conditions were the
same and correspond to an optimum for small dia-
meter nanotubes (T = 625 �C, PEtOH = 59 Pa). However,
the pretreatment was modified compared to our stan-
dard protocol. In a first experiment, we performed the
argon pretreatment for a longer time (13min instead of
5min) and at higher temperature (T = 850 �C instead of
700 �C). In a second experiment, a low pressure of
ethanol (PEtOH = 10 Pa) diluted in argonwas introduced
during the pretreatment instead of pure argon (13min,
T = 850 �C). This ethanol partial pressure is lower than

the threshold partial pressure of nucleation that we
previously evidenced31 and therefore does not allow
the growth of carbon structures. The Raman spectra of
the samples grown in these experiments are presented
in Figure 5. One can observe that, under pure argon,
the G band intensities and the RBM profiles remain
similar whatever the pretreatment temperature and
duration. On the contrary, when a small amount of
ethanol is present during the pretreatment, the
amount of grown nanotubes is dramatically lowered.
In addition, the diameter distribution shifts toward
much larger diameters. These experiments support
that catalyst particles start coalescing into larger par-
ticles once ethanol is introduced. This fast restructuring
may be explained by the reduction of the catalyst
particles once ethanol is introduced since the atom
mobility is much higher in themetallic form than in the
oxide state. We previously reported in situ measure-
ments showing that oxidized catalyst particles are
reduced by ethanol in such conditions.31

From these results, catalyst restructuring appears as
another source of deactivation that impacts the den-
sity of small catalyst particles. The process is dominant
at high temperature and for particles in a reduced
state. Compared to the previously discussed processes
(encapsulation by carbon, absence of nucleation), the
resulting state of the catalyst particles cannot be
modified by oxidation or an increased precursor pres-
sure. These results provide an explanation for the
discrepancy between experiments C and D. In experi-
ment D, increasing the precursor pressure induced the
growth of additional nanotubes (spectrum 2a in
Figure 4d) but with much less small diameter nano-
tubes than expected if one considers the RBMprofile of
the reference synthesis (reference spectrum in
Figure 4d). From the results presented in Figure 5, this
can be explained by the fast catalyst restructuring at

Figure 5. Raman spectra for three syntheses performed at
T = 625 �C and PEtOH = 59 Pa with different pretreatments.
The black curve corresponds to a standard pretreatment.
The blue curve corresponds to a long pretreatment under
argon at high temperature (T = 850 �C, 13 min). The orange
curve corresponds to pretreatment with ethanol at PEtOH =
10 Pa diluted in argon (T = 850 �C, 13 min).
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the high temperature of experiment D. We conclude
that, in experiment D, lowering the precursor pressure
hampered the formation of small diameter nanotubes
for two reasons: (i) as in experiment C at 675 �C, there is
no nanotube nucleation on small diameter particles if
the precursor pressure is too low (whichwe attribute to
an increase of the carbon solubility as the particle size
decreases); (ii) the low P-high T conditions promote
both a fast catalyst coarsening and a slow nanotube
growth so that small catalyst particles rapidly vanish at
the beginning of nanotube growth.
In the proposed model, the carbon solubility of the

nanoparticle dictates the threshold pressure above
which the surface concentration of carbon atoms is
high enough to allow the nucleation of carbon struc-
tures. From our data and in agreement with the
Ostwald-Freundlich relation, small nanoparticles
have a higher carbon solubility and therefore a higher
threshold pressure for the nucleation of carbon struc-
tures. Above the threshold pressure, carbon struc-
tures are thermodynamically allowed at the particle
surface and can lead either to the formation of a
nanotube or to the encapsulation of the nanoparticle:
high temperature and low carbon supply promote the
formation of a well-ordered nanotube, while low tem-
perature and high carbon supply favor the formation
of a disordered carbon layer encapsulating the parti-
cle. Our experimental data support that small
nanoparticles are more affected by this type of en-
capsulation (which is the predominant deactivation
mechanism only at low temperature and high carbon
supply). It may seem contradictory that small nano-
particles that have a higher carbon solubility are more
impacted by carbon encapsulation. However, this
argument supposes that the particle rapidly reaches
the thermodynamic equilibrium at the time scale of
nanotube nucleation (i.e., that bulk diffusion of carbon
atoms is much faster than the supply of carbon atoms
from the gas phase). In conditions of low temperature
and high precursor pressure, this may not be the case,
which would explain why the carbon solubility of the
particle has no or little influence on the particle
encapsulation. Other arguments can be suggested
to explain why small particles are more affected by
the encapsulation by a disordered carbon layer. The
binding energy of atoms and molecules to metal
nanoparticles is dependent on the cluster size34

which has implications on their catalytic activity.35 It
may be that the decomposition of the carbon pre-
cursor is faster on small particles, leading to a higher
risk of encapsulation. Alternatively, if the car-
bon-metal binding energy is strongly dependent
on the cluster size, surface diffusion of carbon atoms
may be slower at the surface of small particles, also
leading to their preferential encapsulation. Quantum-
based molecular dynamics simulations for different
cluster sizes could help answering this question.

The kinetics and thermodynamics of the three iden-
tified processes (encapsulation by excessive carbon,
nanotube nucleation, and catalyst coarsening) are
dependent on the nature of the catalyst and so should
be their relative influence on the diameter distribution.
For instance, Mattevi et al.36 reported that, due its
higher interactions with the oxide support, iron should
be less affected than nickel by catalyst coarsening. The
critical carbon concentration for nanotube nucleation
is expected to be higher for iron nanoparticles com-
pared to nickel ones due to the higher carbon solubility
of bulk iron.37 Numerical simulations also support that,
due to higher adhesion energy, iron nanoparticles are
more sensitive to carbon encapsulation than nickel
ones.38 Our results support that, in the general case,
more than one regime should be a priori expected.
However, some catalytic systems may experimentally
display one regime only because they permit SWNT
growth in only a narrow range of growth parameters.

CONCLUSION

In summary, two distinct domains with opposite
influences of the temperature and the precursor
pressure on the diameter distribution were evi-
denced. The observation of two regimes for the
studied systems is important for the understanding
of the processes involved in nanotube growth and for
the development of a general growth model. On the
basis of the results of two-step experiments, three
processes were identified, as summarized in Figure 6,
showing the proportion of small diameter nanotubes
as a function of T and P. In the low T-high P domain,
the growth of small diameters nanotubes can be
activated by burning away the carbon deposits or
by increasing the temperature. We propose that this
behavior originates from an encapsulation of the
catalyst particles by disordered carbon envelopes
that were evidenced by HRTEM. It was previously
reported that such an encapsulation is favored at
low temperatures and high precursor pressures.39

From this study, it appears that the small catalyst
particles are more efficiently encapsulated than the

Figure 6. Small diameter index S as a function of tem-
perature and ethanol partial pressure for the Ni-ethanol
couple. The processes influencing the nanotube diameter
distribution in each domain are presented.
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big ones. In the high T-low P domain, the growth
of small diameter nanotubes can be activated by in-
creasing the precursor pressure. This supports that
small catalyst particles have a higher supersaturation
limit than larger particles, as theoretically expected
from the Ostwald-Freundlich relation. This attribution
is further supported by the fact that the threshold
precursor pressure increases with temperature.31 Final-
ly, an additional phenomenon causing an irreversible

deactivation of the smallest catalyst particles is ob-
served at high temperature. The phenomenon is ac-
celerated when introducing the carbon precursor. We
attribute this behavior to the restructuring of the
catalyst nanoparticles by Ostwald ripening or coales-
cence. In this high temperature domain, the nanotube
diameter distribution apparently results from the
kinetic competition between the nanotube growth
and the catalyst coarsening.

MATERIALS AND METHODS
Ethanol was used as carbon precursor, and a thin layer of

nickel deposited on SiO2/Si substrates was used as catalyst
using a previously reported protocol.39 Briefly, CCVD experi-
ments were achieved in a cold-wall CVD microreactor (Linkam
TS-1500 stage) equipped with a resistive heating crucible, an
integrated thermocouple, and a quartz window allowing in situ
Raman measurements. Ethanol vapor was supplied into the
reactor by bubbling argon (air liquid class 2, 99.996%) through a
thermostatted ethanol flask (Fluka, 99.8%) kept at 0 or 25 �C.
Saturating ethanol vapor pressures are extratcted from experi-
mental tables. An additional diluting argon line was used to
precisely adjust the ethanol partial pressure between 2 Pa and
5 kPa. In the case of other precursors, the partial pressure was
controlled by diluting the precursor with argon flow. For all
precursors, the total flow was set to 1400 sccm. Thin layers (5 Å)
of nickel deposited by evaporation onto (100) silicon substrates
with a 100 nm thermal oxide layer were used as catalysts. The
substrates were subjected to oxygen pretreatment from room
temperature to 700 �C at a rate of 50 �C/min. The cell was then
purged with argon for 10 min while reaching the desired
synthesis temperature. The ethanol/argon flow was introduced
into the reactor, and the growth was followed by in situ Raman
measurements as reported previously.39 The synthesis was
stopped when the G band typical of SWNTs was stable. The
duration of a synthesis went from 1 to 20 min. Finally, the cell
was purgedwith argon andquickly cooled to room temperature
(100 �C/min). Postgrowth characterization of the samples by
Raman spectroscopy, HRTEM, and SEM evidenced the growth of
a thin layer of entangled SWNTs.39 Raman spectra were re-
corded with a micro-Raman spectrometer (Jobin Yvon T-64000)
equipped with a liquid nitrogen cooled CCD camera. A 532 nm
solid laser source (cw diode pumpedmillennia pro S-series) was
precisely focused onto the center of the substrate using a 50�
objective lens (1 μm spot size). All of the spectra were recorded
in the cell, without exposure to the air and at room temperature.
Additional Raman measurements were also achieved using an
excitation line at 647 nm. TEM grids were prepared by scratch-
ing the surface of a substrate with a diamond tip and collecting
the detached substrate pieces on a holey carbon grid. High-
resolution transmission electron microscopy (HRTEM) has been
performed using three different field-emission TEMs: a Zeiss
Libra 200FE (operating at 200 kV) and two FEI Tecnai F20 and
F30 (working at 200 and 80 kV, respectively).
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