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Abstract

Four complementary and independent methods are used to characterize nanotube samples: (i) TEM observation coupled with image analysis
(i) nitrogen and krypton adsorption isotherm analysis, (iii) thermogravimetry and (iv) wide angle X-ray scattering. The methodology is
discussed on the basis of two multi-walled carbon nanotube samples produced by the CCVD technique with very different reaction rates. It
is shown that the total amount of deposited carbon is larger for the sample produced at the higher rate, that the fraction of nanotubes in the
deposited carbon does not seem to be significantly different, but that the crystallinity of the nanotubes wall is larger for the sample produced
at the lowest reaction rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction only microscopy is open to criticism. In this case, there is a
need for macroscopic characterization tools.

Carbon nanotubes were discovered as a byproduct of In this paper, the following regularly used characteriza-
fullerene synthesis in 1991 by ljinfd,2]. These novel ma-  tion tools are applied to characterize nanotube samples: (i)
terials consist in a variable number of graphene layers rolled transmission electron microscopy (TEM), together with im-
coaxially into a cylinder of nanometric diameter. age analysis, (ii) nitrogen and krypton adsorption isotherm

Ideally a characterization method aims at determining analysis, (iii) wide angle X-ray scattering and (iv) thermo-
both the amount of nanotubes present in a given sample andgravimetry. The results of each method are discussed and
their size and physical characteristics. Nanotube-containingcompared to each other in order to give a coherent picture
samples are often first investigated by means of electron mi-of the sample.
croscopy which allows determining distribution of the nan-  The methodology is applied to two nanotube samples syn-
otube diameter. Recently, our group has developed an imagehesized with very different reaction rates according to the
analysis method for such characterizatj8h However, the catalytic chemical vapor deposition (CCVD) techniddg
guestion always arises about the homogeneity of the sam-
ples and of the representativeness of the used images. If the
heterogeneity of the sample is known to arise at a small
scale, the characterization can be improved by considering
a larger number of micrographs, but if the heterogeneity oc- .
curs over a larger scale, the sample characterization usingz'l' Synthesis of the samples

2. Materials and methods

The nanotube samples used were obtained according to

* Corresponding author. Tek:32 4 366 29 51; fax:-32 4 366 35 45.  the catalytic chemical vapor deposition (CCVD) technique
E-mail address: cedric.gommes@ulg.ac.be (C. Gommes). [4]. A mass spectrometer positioned at the exit of the reactor
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Table 1
Synthesis conditions of samples S1 and S2
Xo(—) Q (I STP/min) ro (Mol CzHa/s) Mearbon (9)
S1 0.1 1 5.5x 1075 0.73
S2 0.3 3 27.4x 1075 1.69

Xo: molar fraction of ethylene in the feed gdg; total feed gas flowro:
initial reaction ratejmecammon final amount of deposited carbon.

. . lyzed
analyses the exhaust gas composition, which allows the realy

time monitoring of the reaction.

The synthesis is controlled by modifying the working tem-
perature, the amount of catalyst, the total flow r@teand
molar fraction of ethyleneg, of the feed gas. Samples S1
and S2 were prepared by positioning 1 g of catalyst in the
furnace at 700C with two different feed gas characteristics,
as reported iMable 1 After 20 min of reaction, the product
is allowed to cool down under a helium atmosphere and is
then taken out of the reactor.

Fig. 1displays the amount of deposited carbon as a func-
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2.2. Characterization tools

For the TEM observation, the samples were ultrasoni-
cally dispersed in ethanol and a drop of the solution was
deposited on a copper microscopy grid. The micrographs
were obtained on a Siemens Elmiskop 102 microscope at a
magnification of 46000. The micrographs were digitized on
a 550x 750 matrix with 256 gray levels and a resolution of
0.79 nm/pixel. 30 micrographs from each sample were ana-

N> adsorption isotherms were determined at 77K on a
Carlo Erba Sorptomatic 1990 apparatus. The samples were
outgassed for at least 24 h at room temperature at a pressure
lower than 10° mbar. Kr adsorption isotherms were deter-
mined manually using a volumetric method as described
elsewherd5].

The thermogravimetric measurements were obtained on a
SETARAM device which includes an arm microelectronic
balance, an oven and a system enabling sample handling un-
der vacuum or gas flow. The thermogravimetric experiments
were performed using a linear heating rate of “Z#nin

tion of time during the synthesis of S1 and S2, as assessechnder an air flow.

from the hydrogen content of the exhaust gas. The produc-
tion rate, corresponding to the slope of the curves, decrease

in both cases during the reaction. After 20 min the reaction
is almost finished. The initial reaction ratg, is defined as
the maximum value of the reaction rate. It must be noted

The wide angle X-ray scattering spectra were recorded

n a Siemens D5000 powder diffractometer, using Gu K

radiation.

that even if the reaction rate continuously decreases during3 Results
the synthesis, a large fraction of the carbon is deposited at

a rate close t@g. The values reported ifable 1show that
S1 was produced at a rate approximately five times lower

than S2. The reaction final extent, estimated as the total

amount of deposited carbon is also much lower for S1 than
for S2.

The samples were used as produced without any purifi-
cation step. They are therefore expected to contain (i) nan-

otubes, (ii) a catalyst residue and (iii) possibly amorphous
carbon.
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Fig. 1. Mass of deposited carbon as a function of time during synthesis

3.1. TEM and image analysis

When the samples are observed at a low magnification
(not shown) some dark zones are visible on the micrographs
butitis not possible to ascertain if it is catalyst residue, amor-
phous carbon or mere entanglement of nanotubes. At higher
magnifications nanotubes can be obsenkd. 2 displays
two typical micrographs obtained from samples S1 and S2.
The outer radii of the nanotubes range in both samples from
approximately 4 to 12 nm.

Thirty such micrographs from each sample were analyzed
using the image analysis methodology fully described else-
where[3] and only briefly presented hereafter. This proce-
dure allows determining the outer and inner ragk, and
R, of the nanotubes, as well as a linear electron absorption
coefficient by the wall materidl. The characterization of the
nanotubes is based on their intensity profiles. Measurable
sections of nanotubes appear as cylinders with a given gray
level distribution, as seen frofiig. 3a A local maximum
intensity is seen along the tube’s axis, which corresponds to
its inner hollow cavity. Going away from the axis, the in-
tensity decreases and reaches a minimum in the wall, and
eventually increases again as one leaves the taige 3b).

On the same figure, the solid line represents a model inten-
sity obtained by assuming that the tube is a perfect hollow

of S1 and S2, as assessed from the mass spectrometer analysis of th€Ylinder whose wall absorbs the electrons of the incident

exhaust gas.

beam according to Lambert’'s law, with coefficigat By
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Fig. 2. Example of TEM micrographs of sample S1 (a) and S2 (b).

Table 2 3.2. Vapor adsorption isotherms
Mean value and standard deviation of the nanotube characteristics esti-

mated from image analysis

3.2.1. Ny adsorption

Ro (nm) R (nm) T (nm) k (1000nnT*) Nitrogen adsorption isotherms of S1 and S2 are shown in
s1 72+ 2.3 324 1.3 40+ 1.8 8.2+ 3.1 Fig. 5a and bThese do not correspond to any of the pure
S2 7.3+ 25 31+ 1.4 42420 47+ 23 isotherms defined by the IUPAC classificatiff}. Indeed,

Ro: outer radius;R;: inner radius,T: wall thickness;k: linear electron they _have th_e following characteristics: (i) a nﬁrr_ow hys-
absorption coefficient. teresis loop is present fd?/Pg larger than 0.8, (ii) in the

mid pressure range, a slight convex tendency is visible on
fitting every determined intensity profile with this theoretical the isotherm of S2, as indicated by an arrow in the inset of
function, the statistical distributions of the outer and inner Fig. 5h which seems to be absent from sample S1, (iii) at
radii and ofk is obtained. very low pressures they resemble I[UPAC type | isotherms.

The estimated distributions of the characteristic param- In Fig. 5¢ and dthe adsorbed volume on both samples
eters are represented kig. 4 and their mean values and at a given pressure is plotted as a function of the statistical
standard deviations are reportedTiable 2 The inner and  thicknesg of the N, layer adsorbed at the same pressure on
outer radii as well as the wall thickness of both samples are a reference non porous material. According to a procedure
found to be very similar. However, S1 is characterized by a developed by Lecloux and Pirafd], this reference is cho-
linear absorption coefficient which is twice as large as S2. sen on the basis of the interaction between the vapor and
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Fig. 3. Principle of nanotube characterization by the image analysis procedure: from a given nanotube (a), its intensity profile is determingitbas a fun
of the distance from its center (b). A least square fit alld®s R andk to be estimated for each selected tube in the images.
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Fig. 4. Nanotube characteristic distributions estimated from image analysis, (a) outer radius, (b) inner radius, (c) wall thickness and (eijttiorear e
absorption coefficient, for samples S1 (black bars) and S2 (white bars).

the solid, as assessed by the value of@aer constant of a pressure independent of the surface coverage. This phe-
the BET model. The-plots corresponding to both samples nomenon occurs only on uniform and almost perfectly crys-
exhibit a first linear trend whose slog is related to the  talline surfaces. This leads to a riser in the isotherms, which
samples specific surface area, followed by an upward devi- are classified as type VI according to IUPAE].
ation from linearity, which is much more visible for sample Fig. 6 shows the krypton adsorption isotherms deter-
S2 than for S1, at a pressure corresponding to the hump inmined on S1 and S2. On these isotherms, two steps are
the isotherm of sample S2. At higher coverage, a second
linear trend exists. Table 3

Table 3reports the specific surfaces estimated from the pjtrogen and krypton adsorption characterization of samples S1 and S2
BET model and the parameters of the linear parts of the

) s1 S2
comparison plots.
N2 Kr \P Kr

3.2.2. Kr adsorption Seer (Mg~ 1) 183 238 168 203

In the literature devoted to the comparative adsorption of @ (m?g-1) 185 2 167 2
different gases, the vapors are classified according to if theyS® (m g™ 115 - 161 -
are 2D-subcritical or 2D-supercritical at the considered tem- V2 €™9™) 56 N 40 =
peraturg8,9]. This refers to the possibility of 2-dimensional Vstep (G2 ) g 22 - 31

U Vplateau (cm*g™?) -8 52 = 28

phase transitions in the adsorbed layers. No phase transition
is observed for M at 77 K, which is therefore referred to as Sset: BET specific surface are§V: slope of the first linear trend in the

. . " - - i i (CAR
supercritical. On the contrary, in the case of a 2D-subcritical tP' S slope of the second linear trend in thplot, V'=': intercept of
o . the second linear trend in theplot, Vstep volume of the first adsorption
vapors, such as Kr at 77K, a transition between a gas-like step,Vpiateas VOlume adsorbed in the plateau between the first two steps.

adsorbed phase and a liquid-like adsorbed phase occurs at aNot measurable.
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Fig. 5. Nitrogen adsorption isotherms of samples S1 (a) and S2 (b) and their corresponding comparison plots (c) and (d). The insets of figure (a) and
(b) are a magnification of the low pressure part of the isotherms. The arrow indicates the Joyner—-Emmet step of sample S2.

clearly visible: one at low relative pressurddfy = 3 x lower pressure limit of the second step, indicated by an ar-
104), and the other neaP/Py = 0.5. These steps were row in Fig. 6a and b
already reported in the literature on both multi-walled and
single-walled nanotube samplgs10]. 3.3. Thermogravimetry

Table 3summarizes the characteristics of the krypton ad-
sorption isotherms. The BET specific surface area is ob- Fig. 7ashows the weight loss curves of samples S1 and
tained by taking 14.7 A as the molecular surface area of S2 when they were submitted to a linear temperature change
krypton. The amplitude of the first stefstep is determined of 2.5°C/min under an air flow. All the carbon of the sam-
as the amount adsorbed between the indicated arrows ofples burns below 550C, and the mass of the remaining
Fig. 6¢ and dThe so-called plateau is defined as the range ash at 700C is representative of the catalyst still present
between the upper pressure limit of the first step and thein the samples. The mass of the ash does not decrease
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Fig. 6. Krypton adsorption isotherms of samples S1 (a and c¢) and S2 (b and d), subfigures c and d are a semi-logarithmic plot of a and b. The arrows in «
and d indicate the lower and upper limits of the first condensation step and the arrow in a and b indicate the lower limit of the second condensation step

anymore even when the temperature is further raised toin Fig. 7h Two linear trends are visible, whose activation
1000°C. energies are reported Fable 4

A similar test performed on pure catalyst shows that it
looses approximately 35% of its mass from 100 to 400 3.4. Wde angle X-ray scattering
This loss is expected to be the weight of the hydration water.

By rescaling the sample masses to their burning content, Fig. 8adisplays the X-ray diffraction spectra recorded
an Arrhenius plot is drawn for both samples, which is shown from samples S1, S2 and from the catalyst. Characteristic

Table 5
Table 4 X-ray diffraction characterization of samples S1, S2
Thermogravimetric characterization of samples S1 and S2
g P Q@AY FWHMAY)  d(A) T@A)  Ad A
Ash (% Er (kJ/mole Ent (kd/mole
) r ) Hr ) S1  1.8258 0.2037 3.44 1449  0.384
S1 43 119 169 S2 1.8168 0.2536 3.46 11.63 0.484
S2 29 116 188 — - -
Qc: position of the 002 peak, FWHM: full width at half maximum of the
Ash is the mass fraction of the sample that remains at @, : low 002 peak,d: interlayer spacingT: thickness of the wallAd.: FWHM

temperature activation energgyt: high temperature activation energy. of the interlayer spacings distribution.
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Fig. 7. (a) Weight loss curves of samples 39) @nd S2 (O), and (b) their corresponding Arrhenius plots showing two linear trends.

002 and 100 peaks of the graphite structure are visi- two different wayq11]: (i) the first possibility is the particle
ble [11]. These correspond respectively to the periodic- size broadening, which corresponds in the present case to
ity between the graphene layers and within the graphenethe finite thickness of the nanotubes wall, (ii) the second
layer. Other peaks are seen, which can be attributed to theis strain broadening, which results from a distribution of
catalyst. the interlayer spacings. In the case of size broadening, the
The 100 peak is very sharply defined for S1 but barely FWHM is related to the thicknes$, of the wall by
visible in S2. Therefore, only the 002 peak is analyzed
quantitatively in this paper. A Lorentzian curve is fitted t0 EyWHM = 2y7In@)
it by least squaresHg. 8b), which allows its position and r
full width at half maximum (FWHM) to be determined pre- |n the case of strain broadening, the corresponding relation
cisely for both samples. The obtained values are reported injs
Table 5.

The positionQ; of the 002 peak allows the interlayer FWHM = %Adc
spacing to be determined. Its width can be interpreted in dg
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(a) Q™ (b)

Fig. 8. Wide angle X-ray scattering spectra (a) of samples S1, S2 and of the catalyst. The 002 and 001 peaks typical of graphite-like structure are
indicated by arrows. (b) Magnified view of the 002 peaks fitted by a Lorentzian model.
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wherel is the index of the reflection, amtid; is the FWHM the burning characteristics of S1 and S2 and the afore-
of the d; spacing distribution. mentioned differences in the wall material. However, the
The quantities calculated from the spectra are given in difference betweertyt and E 1 is lower for S1 than for
Table 5 The choice between strain or size broadening will S2, which suggests that the burning material in S1 is more
be discussed later. homogeneous.
As nanotubes have a well defined porosity, corresponding
to their inner cavity, N adsorption would seem an appro-
4, Discussion priate tool for determining their inner diameters. However,
the interpretation of these measurements is not straightfor-
A complete characterization of a carbon nanotube sam-ward. According to Inoue et dl13] the interpretation of the
ples implies determining (i) the mass fraction of the sample comparison plot of S1Kig. 5c and Table 3 could be the
consisting of nanotubes, (ii) their geometric and physical following. The first linear trend corresponds to the surface
characteristics. In this section, we discuss to what extent coverage of both the inner and outer surface of the tubes and
the characterization tools used allow these two goals to bethe second linear trend corresponds to the coverage of the

achieved. outer surface. The same authors note however that Kelvin
relation underestimates the actual size of the inner cavity of
4.1. Nanotube geometrical and physical characteristics the nanotubes.

On the contrary, Yang et aJ14] showed that an acidic
Electron microscopy is definitely the most straightfor- treatment, thought to remove the end tips of the nanotubes,
ward method for determining the size characteristics of the enhances the low pressure part of the hysteresiB/Rj
nanotubes. The image analysis procedure used makes suck 0.5-0.8, which is therefore to be attributed to capillary
an analysis a less biased measurement than traditional eyeondensation within the tubes.
made measurements. Using a Lambert law for the electron The comparison plot of S2F{g. 59 is quite different
absorption by the wall material, a linear absorption coeffi- from S1. A much more pronounced upward deviation oc-
cient is determined, which is not attainable from simple vi- curs and the specific surface is not significantly reduced af-
sual inspection of the micrographs. The most pronouncedterwards. The deviation coincides with the hump visible on
difference between S1 and S2 is in the valu& @fhich is the isotherm itself, and indicated by an arrow in the inset
two times larger for S1 than for S2. The numerical value of of Fig. 5h Since the hump in the Nisotherm of S2 is not
k renders quantitative the observation that for a given wall followed by any significant lowering in the available sur-
thickness, one nanotube may appear more or less dark tharfiace for further adsorptionTéble 3, it can hardly be inter-
another in the micrographs. The contrast in TEM images canpreted as the filling of some porosity. This result indicates
be either diffusion contrast, in which a denser material ap- that in the case of the considered samples, the nanotubes are
pears darker, or diffraction contrast which makes the more closed, as already reported on other samples in the litera-
ordered phases darker. ture [14]. This is to be expected since the nanotubes were
X-ray scattering analysis confirms such a difference in the used as produced without any subsequent chemical treat-
quality of the wall between the two samples. The average ment. As discussed in the following section, the adsorption
spacing between the graphene layers is found to be veryisotherms on carbon nanotubes seem to give more infor-
close for both samples, but the FWHM of the 002 peaks mation about their surface characteristics than about their
are quite different. Since the nanotube wall thicknesses areporosity.
found from TEM analysis to be similar for both samples,
the differences in the FWHM of the 002 peak cannot be 4.2. Content of the samples
attributed to size broadening. Moreover, this interpretation
would lead to an underestimation of the wall thickness as 4.2.1. Carbon content
assessed by the valuesfeported inTables 2 and 5The If the carbonaceous species in the samples are supposed to
differences in the FWHM must therefore result from strain be only nanotubes, with a negligible amount of amorphous
broadening. The calculated valueél; is found to be 25% carbon, estimating the amount of carbon in the samples
larger for S2 than for S1, which means that the wall material is equivalent to estimating their purity. The two following
in S1 is better crystallized. This interpretation is compatible methods can be used. (i) The first method is to divide the
with the values ok. weighed mass of deposited carbon by the total mass of the
Thermogravimetric analysis could give information about sample containing both the “dry” catalyst and the carbon.
the state of crystallinity of the wall material if the dif- When correction is taken for the 35% weight loss, resulting
ferences were sufficient for them to burn differently. For from the evaporation of hydration water in the reactor, the
instance, Ketjen Black, a highly porous carbon black, burns carbon content are found from the datalrable 1to be 52%
with an activation energy close to 150 kJ/mol, while the for S1 and 71% for S2. (ii) The second method is to use
activation energy for the burning of graphitic carbon is themogravimetry: from the weight of the asfable 4, the
206 kJ/mol[12]. No such relationship was found between carbon content is found to be 57% for S1 and 71% for S2.
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4.2.2. Nanotube content a small amount of krypton adsorbs according to Henry’s law

One key issue is to determine the amount of amorphouson the nanotubes surface before the step. This corresponds
carbon in the samples. This type of carbon could be expectedto the formation of a 2D adsorbed gas. Nevertheless the
to burn differently than nanotubes. In this case thermogravi- density of this gaseous phase is much smaller than the 2D
metric measurement could be useful. However, probably dueliquid phase which forms during the step. Consequently, the
to the presence of catalyst, the burning of the samples can-amplitude of the step is a good approximation of the volume
not be interpreted simply. adsorbed on the nanotube surface.

In order to evaluate the amount of nanotubes actually It is noteworthy Table 4 that when the amplitude of the
present in the samples another property typical of nanotubesdfirst step is normalized to the amounts of carbon known to
has to exploited. For example, if some pore filling could be be present in the samples, one finds 38.8/ggarhonfor S1
detected in the inner cavity of the tubes, this could serve asand 43.7 crVgcarmonfor S2. These volumes of adsorbed Kr
a measure of the nanotube content of the sample. Howeverare converted to surface by using the following relation
as discussed previously, such a phenomenon cannot be as-
certained with N adsorption. Scovered= 3.949Vadsorbed

Nevertheless a hump is visible in the; Ndsorption  where the surface covered by a single Kr molecule was esti-
isotherms Fig. 5b). Such a blunt step was already observed mated as 14.7 & Scoveredis expressed in Aig andVagdsorbed
by Joyner and Emmet in the adsorption of bh Graphon  in standard crYg. Using this formula, the specific surface
[15]. It has since been observed by several authors forof the patches on which Kr condensation occurs are found
the adsorption of i on various well graphitized materials  to be 152 M/gcarbonfor S1 and 172 M gearbonfor S2. From
[16-18] and is usually referred to as the JE step. It is in- the TEM observation, the specific external surface area of
terpreted as the formation of the second nitrogen layer overthe nanotube can be estimated as follows
a homogeneous surface. In that respect, it is interesting to Ro
compare the intercept of the second linear tren&im 5d §=2—m——-
with the specific surfaces, estimated from the slopes of the p(RG = RY)
linear parts. For nitrogen surface coverage, the adsorbed volwherep is the density of the wall material. Using the density
ume is related to covered surface by the following relation of graphite,o = 2 g/cn?, and the values reported Trable 2

this leads to the following two very close estimations of the

Scovered= 4.352Vadsorbed external surface of the nanotubes: 1 73gRanotubdor S1 and
167 rﬁzlgnanotubefor 82
whereScoveredis expressed in Alg andVagsorbedn Standard The comparison of the Kr adsorption and TEM analysis

cm?/g. Using this relation, the amplitude of the JE step of allows the following conclusions to be drawn: (i) since the
S2 (estimated from the intercept of the second linear trend) normalized amplitudes of the condensation steps are very
is found to correspond to 174%g. This surface compares close for both samples (152#gcarbon and 172 M/gearbon
very well with the estimated specific surfac@sifle 3. for S1 and S2 respectively), the amount of amorphous car-
The shape of thé-plot of S1 Fig. 59 may result from bon in the samples is very similar. Indeed, should amor-
the adsorption on the catalyst as well. Indeed, this samplephous carbon be more present in a sample, this would not
contains a larger amount of catalyst residue than S2 and theaffect the absolute amplitude of the step, but would lower its
JE step being not visible might be due to the fact that it is amplitude normalized by the total amount of carbon (nan-
masked by the adsorption on this residue. otubes and amorphous carbon). (ii) The surface correspond-
Concerning the Kr adsorption, in the ideal case of a per- ing to the krypton condensation step compares very well
fectly uniform surface, the isotherm would consist of verti- with the geometric external surface of the nanotubes. This
cal steps separated by horizontal plateaus. We are not in thisconfirms that the nanotubes are closed at both ends, as al-
ideal case for the following two reasons. (i) Catalyst residue ready noted when analyzingoNwdsorption. (iii) The previ-
and amorphous carbon are present which produces a coneus two items suggest that the amount of amorphous carbon
tinuous adsorption. This is responsible for the high slope of is very little in both samples. Indeed, by the nomalization
the plateau. (ii) Kr condensation does not occur at once overmechanism discussed previously, the presence of amorphous
the entire surface of the nanotubes, but occurs successivelycarbon would lower the amplitude of the step below the ge-
on several uniform patches with different characteristic en- ometric surface of the tubes. Furthermore, using the cata-
ergies[19]. The differences in the energies may result either lyst content determined from thermogravimetialle 4,
from defects in the nanotubes wall or from the dispersion one finds 121 cﬁigcata|ystfor S1 and 96 cr‘?igcatmystfor S2.
of their outer radii, i.e. from the curvature of the interfaces Therefore, the amount of Kr adsorbed in the plateau between
[5,10]. the steps are not very different for both samples, when nor-
Therefore, on the Kr adsorption isothermsHg. 6, only malized by the mass of catalyst. This confirms the absence
the surface of nanotubes contribute to the volume of the of amorphous carbon in both samples since the amount of
adsorption step, and mainly the catalyst and the amorphouscatalyst suffices to explain most of the adsorption in the
carbon are responsible for the slope of the plateau. Strictly, plateaus.



164 C. Gommes et al./ Colloids and Surfaces A: Physicochem. Eng. Aspects 241 (2004) 155-164

It must be noticed that the mere observation of the Kr CCVD technique with very different carbon deposition
isotherms offFig. 6 could suggest either that the nanotube rates. It has been shown that (i) the geometric charac-
content of sample S2 is larger than S1, or that the surfaceteristics of the nanotubes in both samples are similar (ii)
of the nanotubes in S2 is more uniform than in S1. This the total amount of nanotubes produced is higher in the
last possible explanation is in contradiction with the con- sample produced at the higher rate, (iii) the degree of
clusions of both X-ray and image analysis which prove that crystallinity of the sample produced at the lowest rate is
the nanotubes in sample S1 are better organized than in S2higher.

On the other hand, the proper normalization of each part

of the isotherms (condensation step and plateau) allows to

conclude that the first assertion is correct and to further de- Acknowledgements
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