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a  b  s  t  r  a  c  t

The  vertically  aligned  multi-walled  carbon  nanotubes  (VA-MWNTs)  were  synthesized  by a  catalytic
chemical  vapor  deposition  (CCVD)  technique,  using  ferrocene  as  an  iron  catalyst  precursor  and
toluene/ethanol  mixture  with  different  ratio  as a carbon  source/etching  agent,  in the  presence  of  H2. The
vailable online 27 February 2012
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growth rate, efficiency  and  the  structure  of  the  synthesized  tubes  were  investigated.  The  CNTs  growth
rate and  quality  of tubes  significantly  improve  up to  9 vol.%  of  ethanol  whereas  a  negative  influence
was  observed  for higher  ethanol  concentration  (>17  vol.%).  Low  ethanol  content  in the  reaction  mixture
(5  vol.%)  results  in  the  highest  volume  density  of  the tubes  within  the  array  along  with  highest  specific
surface  area.  The  synergetic  effect  of  EtOH/hydrogen  on  the  growth  rate  of  VA-MWNTs  was observed  as
well.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Carbon nanotubes (CNTs), a one-dimensional carbon mate-
ials with high aspect ratio (the aspect ratio is defined as the
ength divided by diameter of the nanotube), have received an
ver increasing scientific interest during the last decades due to
heir exceptional physical and chemical properties [1–3]. Several
dvantages such as important mechanical resistance, high electron
nd thermal conductivity make them interesting for the electronic
nd reinforcement composite applications. High and fully acces-
ible external surface render them an interesting candidate for
atalytic applications. Recent works have pointed out the possible
se of carbon nanotubes, either pure or doped with heteroatoms,
s catalyst or catalyst support in several reactions [4–7]. The
anoscopic dimension of the CNTs also significantly reduces the
roblem of diffusion, especially in the case of liquid-phase reaction.
ttempts to prepare structured catalytic layers based on vertically

ligned CNTs have been reported by several groups working in
his field [8,9]. Compared to agglomerated CNTs in powder form,
ligned CNTs exhibit several advantageous properties, such as high

∗ Corresponding author. Tel.: +33 368852633; fax: +33 368852674.
E-mail address: janowskai@unistra.fr (I. Janowska).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2012.02.036
orientation degree, high purity and easy to be processed regard-
ing the downstream applications [10–13].  Such structured catalyst
support allows a development of 3D ordered nanomaterials for
several catalytic applications, i.e. support for 3D ordered proton
exchange membrane fuel cell (PEMFC) [14,15], catalyst for fine
chemical reactions [16,17],  selective filter for heavy hydrocarbon
separation or virus removal from the water medium [18]. Vertically
aligned CNTs can only be synthesized with high rate and purity by
CVD methods. It is expected that synthesis environment [19–22],
i.e. gas phase composition and flow rate, synthesis temperature and
pressure, plays an important role in the morphology and structural
change of the active metal catalyst which significantly modify the
physical properties and morphology of the final VA-CNTs. Despite
the relatively large work devoted to the synthesis of VA-MWNTs by
CCVD with immobilized catalyst [23,24],  floated CCVD technique
[25,26] presents the most promising synthesis method for eco-
nomically producing large quantities of CNTs in macroscopic form.
Additional work is needed in order to improve the CNTs growth
rate (yield improvement) and also to reduce as much as possible
the amount of amorphous carbon on the surface of the final CNTs
(quality improvement). The yield and quality improvement can be

achieved when oxidant, i.e. H2O, O2, CO2, CH3CH2OH, is added to
the feed [27–29].  However, even if this addition method has been
comprehensively studied, the influence of alcohol on the overall
growth process and quality of the carbon nanotubes has been far

dx.doi.org/10.1016/j.apcata.2012.02.036
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:janowskai@unistra.fr
dx.doi.org/10.1016/j.apcata.2012.02.036
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uch less taken into consideration. Some results concerning the
nfluence of ethanol on the CNTs growth rate have been reported
y Terrones and co-workers [30].

Hata et al. [31,32] have reported that the amorphous carbon
ormed either on the catalyst or on the CNTs walls, can be effi-
iently removed by adding a small amount (typically <1000 ppm)
f steam in the ethylene processing feed. In such synthesis, the
xidant plays a role of an etching agent which allow the removal
f carbon species that are not consumed by the CNTs formation
nd thus, preventing the deactivation of the growth catalyst by
morphous carbon encapsulation. Oxygen [33] and air [34] have
lso been used to improve the CNTs forest growth by removing
he amorphous carbons from the catalyst surface. Ethanol is one of
he species containing oxygen, which was also employed directly
s carbon source for growing VA-CNTs, instead of hydrocarbons
15,33,35,36]. As mentioned previously [21,28], compare to the
NTs synthesis from liquid hydrocarbons, alcohols provide a better
ontrol over the structures of the CNTs. The OH radical groups and
ater issued from the decomposition of the ethanol, present in the

eed allow the in situ oxidation of the amorphous carbon formed
uring the synthesis yielding CNTs with better quality. The oxy-
enated species generated during the growth process also actively
articipate in the cleaning of the growth catalyst from amorphous
arbon preventing their encapsulation and providing higher avail-
ble growth sites for the CNTs growth. Zhang et al. [37] have showed
hat ethanol was completely dissociated on the catalyst surface.
owever, the oxygen-containing species concentration should be

imited in order to prevent undesired combustion of the formed
NTs. Furthermore, oxidation at high temperature could also lead
o the formation of defects on the carbon nanotube sidewall which
ignificantly decreases the oxidative resistance of the material.

The present study reports on the influence of ethanol concen-
ration, on the intrinsic growth rate and the density of the vertically
ligned carbon nanotubes as well as on their graphitization degree
hrough in situ etching of amorphous carbon from the catalyst
urface and the tube wall. Although the general conditions of the
VD synthesis are quite similar to the ones reported by Terrones
nd co-workers [30], i.e. the use of ferrocene/toluene/EtOH mix-
ure, comparable temperature; important differences rise from the

uch higher concentration of added EtOH (up to 45 vol.% in our
ase), lower space velocity of the reaction mixture and an addi-
ion of H2. The as-synthesized CNTs are characterized by several
echniques and the influence of ethanol concentration during the
ynthesis of nanotubes on both, the growth rate and the CNTs char-
cteristics is discussed. The characterization results also allow us to
etermine the optimum concentration of ethanol and the effect of
ydrogen in the processing feed in order to obtain vertically aligned
NTs with highest yield and graphitization quality.

. Experimental

.1. Vertically aligned carbon nanotubes (VA-MWNTs) array
ynthesis

The VA-MWNTs synthesis was carried out using floated-catalyst
VD method involving liquid aerosol containing the catalyst pre-
ursor (ferrocene, FeCp2 (∼2.5 wt.%)) solubilized in toluene and
thanol (carbon sources). The influence of the ethanol concen-
ration on the growth process was investigated using different
thanol-to-toluene concentrations, i.e. 0–45 vol.%. VA-MWNTs
ere grown on cleaned SiO2/Si substrate (Siltronix, Si100, 525 �m)
overed by a homogeneous SiO2 layer (100 nm)  or directly on a
uartz plate. The growth reaction was performed in a cylindri-
al quartz reactor housed inside an electrical tubular furnace (two
ndependent heating zones). The reactant mixture velocity and
 General 423– 424 (2012) 7– 14

growth temperature were maintained at 0.33 mL/min and 870 ◦C,
respectively. The reactant mixture was  carried inside the synthesis
zone with a stream of H2 (7 vol.%) in argon with a total flow rate of
1.5 L/min.

The synthesis sequence is following:the reactor was  flushed
with an argon flow (1.5 L/min STP) during 30 min  then the H2
(100 mL/min STP, ∼7 vol.%) was  added to the argon flow. The reactor
temperature was  raised from room-temperature to 870 ◦C in 1 h.
At this temperature, the toluene/ferrocene/ethanol mixture was
simultaneously injected with the H2/Ar flow using a syringe pump
during 60 min. After the synthesis, the reactor was  cooled down
under Ar/H2 flow. During the synthesis, CNTs are formed on both,
the SiO2/Si plate and on the wall of the quartz reactor. For the more
accurate comparison of the influence of the ethanol addition on
the overall growth process, only the products from the substrate
(SiO2/Si substrate) were collected and investigated. The thermal
decomposition of ethanol generally leads to the formation of water
which plays the role of etching agent along with the oxygenated
containing species. However, the set-up used did not allow us to
monitoring the water evolved during the synthesis.

The synthesized nanotubes arrays were purified from the iron
remains by the acid treatment (HCl:HNO3 = 1:3) at 80 ◦C for 2 h,
washed and dried at r.t. for 24 h then at 100 ◦C for 2 h.

2.2. Characterization techniques

The morphology of the VA-MWNTs was  examined by scanning
electron microscopy (SEM) on a JEOL 6700-FEG microscope. The
product was fixed on the sample holder by a graphite paste for
examination. Before analysis, the sample was  covered by a thin
layer of gold in order to avoid the problems of charge effect.

High magnification transmission electron microscopy (TEM)
was carried out on a JEOL 2100F working under an accelerated
voltage of 200 kV with a point-to-point resolution of 0.23 nm. The
sample was crushed in a powder form and dispersed by ultrasounds
in an ethanol medium for few minutes and a drop of this suspen-
sion was deposited onto a holey carbon coated copper TEM grid for
examination.

Specific surface area measurements were carried out on a Tristar
(Micromeritics) sorptometer using nitrogen as adsorbent at liquid
nitrogen temperature. Before measurements, the sample was out-
gassed at 250 ◦C for 3 h in order to desorb impurities and moisture
from its surface.

Thermal gravimetry analyses (TGA) were carried out in a Q5000
apparatus (TA instrument) under air flow (20 mL/min). The tem-
perature was increased from room temperature to 1000 ◦C with a
heating rate of 10 ◦C/min.

Raman spectroscopy was carried out on a Microraman REN-
ISHAW spectrometer (RAMASCOPE 2000 with a spot size of 1 �m2

and 1 cm−1 resolution) working with a He–Ne Laser beam with
632.8 nm wavelength. The D/G peak intensity ratio was studied to
determine the defective graphitic carbon (1350 cm−1) to graphitic
(1589 cm−1) carbon ratio present inside the synthesized CNTs.

XPS analyses were performed with a MULTILAB 2000 (THERMO)
spectrometer equipped with Al K� anode (h� = 1486.6 eV) during
10 min of acquisition in order to achieve a good signal-to-noise
ratio. Peak deconvolutions were made with the “Avantage” pro-
gram from Thermo Electron Company. The C1s photoelectron
binding energy was  set at 284.6 ± 0.2 eV relatively to the Fermi level
and used as reference for calibrating the other peak positions.
3. Results and discussion

The representative SEM micrographs of the tubes array synthe-
sized during 1 h in the presence of ferrocene-toluene with 0% of
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Fig. 1. SEM micrographs of the VA-MWNTs array synthesized in the presence of FeCp2-toluene mixture and H2 (7 vol.%) at 870 ◦C for 1 h: (a) low-magnification showing the
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hickness of the CNTs carpet, (b) high-magnification showing the morphology and a
f  the synthesis towards the CNTs formation.

thanol and 7 vol.% of H2 are presented in Fig. 1. Low magnifica-
ion SEM observation indicates that the tubes array is relatively
hin with an average height of around 20 �m (Fig. 1A). High mag-
ification SEM observation reveals the relatively high anisotropy
f the formed CNTs with an average external diameter centered at
round 40 nm (Fig. 1B). SEM analyses also indicate the absence of
arbon nanoparticles in the sample which confirm the high selec-
ivity of the synthesis method towards CNTs formation (inset of
ig. 1B). Similar results have already been reported by Janowska
t al. [24] using a reactant mixture of ferrocene and toluene without
dding hydrogen. However, it is worthy to note that the rate of VA-
WNTs growth and the external diameter of the tubes in Ref. [24]
ere much higher compared to those obtained in the present work,

.e. 5.0 �m min−1 instead of 0.3 �m min−1 and 100 nm instead of
0 nm,  respectively. These mentioned structural differences result
rom the difference in terms of the synthesis conditions, i.e. the
bsence of hydrogen in the reactant mixture and the lower synthe-
is temperature.

The similar conclusion can be state from the work of Terrones
30] where H2 was not present in the reaction mixture and where
n the case of 0% ethanol the nanotubes carpet was much higher
han in this work, 440 �m instead of 20 �m.

High-resolution SEM micrographs (Fig. 1B) also indicate the
resence of some lateral growth. Such branching process could be
riginated from the adsorption of some iron catalyst on the as-
rown carbon nanotubes sidewall defects which further initiated
econdary growth process leading to the formation of branched
anotubes.

The representative SEM micrographs, with two different mag-
ifications, of the nanotubes arrays synthesized in the presence of
arious concentrations of ethanol, (5, 9, 17 and 45 vol.%), are pre-
ented in Fig. 2. According to the results, the average height of the
NTs carpet is strongly influenced by the concentration of ethanol

n the feed keeping other reaction conditions similar. The average
eight of the CNTs carpet and the corresponding exterior diameter
f tubes are plotted as a function of ethanol concentration (Fig. 3A
nd B). One can state that ethanol concentration up to 9 vol.% has a
ignificant positive influence on the growth rate of the nanotubes
arpet. Indeed, the average height of the last steadily increases
rom 20 �m (0 vol.% ethanol) to about 560 �m (5 vol.% ethanol)
nd finally to 1100 �m (9 vol.% ethanol); which correspond to the
rowth rate of 0.3, 9.0 and 18 �m min−1, respectively. High mag-
ification SEM analysis (Fig. 2B and D) also indicates the complete
bsence of any carbon nanoparticles on the outer surface of the as-

ynthesized CNTs and confirms the high selectivity of the synthesis
ethod towards the formation of CNTs. It is worthy to note that the

verage diameter of carbon nanotubes remains almost unchanged
s a function of ethanol concentration up to 9 vol.%, according to
ent of the CNTs within the carpet, inset:micrograph evidencing the high selectivity

the high-resolution SEM analysis, which indicates that ethanol, at
low concentration, only influences growth rate and hardly influ-
ences the carbon nanotubes diameter. According to these results
which are not in contradiction with those obtained in Ref. [30], it is
evident that an addition of ethanol with low concentration to the
reactant mixture, either in the presence of H2 or not, significantly
increases the CNTs growth. It is expected that at low ethanol con-
centration (<9 vol.%) the oxygenated species generated from the
ethanol decomposition could oxidize the residual amorphous car-
bon on the growth catalyst surface and thus, provide active site for
further growth process and consequently leads to an improvement
of the CNTs yield. The CNTs formed in the presence of ethanol, i.e.
<9 vol.%, also exhibit lower degree of branching according to the
SEM analysis (Fig. 2A–D), compared to that observed in the syn-
thesis without ethanol (Fig. 1A and B). Such phenomenon could
be explained by the fact that ethanol actively participated to the
etching of amorphous carbon and/or defects on the sidewall which
reduce the anchorage site for iron adsorption and secondary growth
process.

However, an increase of ethanol concentrations to higher values,
i.e. >9 vol.%, leads to a gradual decrease of the VA-MWNTs height
(Fig. 2E and G). Similar results have been reported by Zhang et al.
[37] and by Pint et al. [38], dealing with the influence of ethanol
concentration on the growth rate of VA-CNTs on a planar Fe/Al2O3
catalyst. On the other hand, our SEM analyses indicate that at high-
est ethanol concentration, i.e. 45 vol.%, not only the growth rate
but also the CNTs diameter is reduced (Fig. 2H). It is expected that
at high ethanol concentration, a large part of the formed CNTs is
oxidized by the oxygen generated from the ethanol decomposition
which thus, reduces the average height of the CNTs carpet and the
diameter of the formed CNTs as well (see Fig. 3B). In the work of Ter-
rones and co-workers [30], for the same concentration of ferrocene,
the highest growth rate of the carpet was obtained for the ethanol
concentration of only 0.5%, which was  far lower compared to the
value of 9% observed in this work. In addition, they have reported
that the growth process becomes almost nil for ethanol concentra-
tion between 2.5 and 8.5 vol.% whereas in this work, the growth
process is still operated even at a relatively high ethanol concen-
tration, i.e. 45%. This difference rises probably from a different rate
of the injected mixture during the synthesis which influences the
contact time between the reactant–SiO2 support (nanotubes base
growth). In order to clarify the additional influence of the H2 dur-
ing the synthesis, the same CVD process carried out with 9 vol.%
of ethanol without hydrogen was performed. In the absence of

H2, a significant decrease of the growth rate was observed, i.e.
3.8 instead of 18 �m min−1 (230/1100 �m of height respectively).
The obtained results highlight the synergism effect of hydrogen
and ethanol on the growth process of VA-CNTs (Fig. 4C). The SEM



10 O. Guellati et al. / Applied Catalysis A: General 423– 424 (2012) 7– 14

Fig. 2. SEM micrographs of the VA-MWNTs synthesized in the presence of various concentrations of ethanol at 870 ◦C for 1 h: (a, b) 5 vol.%, (c, d) 9 vol.%, (e, f) 17 vol.%, (g, h)
45  vol.%.
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in the presence of 5 and 9 vol.% of ethanol. On the other hand,
the enlargement of the DTA peaks for samples synthesized with-
out or with higher ethanol concentration could be due to the
formation of tubes with higher amount of oxygenated functional
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Fig. 4. SEM micrograph and derivation curve from TGA ana

icrograph and a derivative of TGA curve of the nanotubes obtained
t 0 vol.% of H2 and 9 vol.% of ethanol are presented in Fig. 4B
nd C and highlight the presence of a relatively large amount of
morphous carbon in the sample. This demonstrates the effective
urifying action of hydrogen to remove amorphous carbon formed
uring the synthesis.

It is also worthy to note that the carbon nanotubes synthesized
t high ethanol concentration exhibit a lower alignment degree
han those synthesized at lower ethanol concentration. Such phe-
omenon could be attributed to the higher degree oxidation of
he as-synthesized carbon nanotubes by the oxygenated species
enerated from the ethanol decomposition.

The specific surface area values of VA-MWNTs are around
4 m2 g−1 for all synthesis conditions, as shown in Table 1, except
he case when 5 vol.% of ethanol is added to the feed. At this ethanol
oncentration the specific surface area reaches nearly 90 m2 g−1

hich could probably be attributed to the low external diameter of
he tubes along with higher volume density of CNTs within the car-
et. An apparent density of VA-MWNTs (�v (g/cm3)) obtained for
ach ethanol concentration was calculated by dividing the weight
f the tubes by the volume of carpet and the results are presented
n a Table 1.

The synthesis yield, calculated from the nanotubes weight
ersus carbon precursor weight (toluene + ethanol) is presented in
he same table. The highest yield was obtained with an ethanol con-
entration centered at around 5 vol.% while the highest aspect ratio
as obtained at around 9 ± 5 vol.%. Such results could be attributed

o the high density of the CNTs array which is due to the rela-
ively inhibited branching of the as-synthesized carbon nanotubes.
t is worthy to note that the presented yields only concern the
ields linked with the nanotubes deposited on the silicon substrate
egardless the overall mass of the tubes which grown on the inner
alls of the quartz reactor. The overall yield of carbon nanotubes
eposited after synthesis on the silicon substrate and on the inner
all of the reactor, is much higher (not calculated in this work). The

ynthesis was carried out with optimized parameters, i.e. synthesis
emperature, and reactant mixture flow rate in order to study the

nfluence of the ethanol on the growth rate and morphology of the
s-synthesized carbon nanotubes. It is worthy to note that the syn-
hesis parameter concerning the hydrogen concentration was not
et optimized.

able 1
nfluence of the ethanol concentration on the CNTs yield, apparent density and
pecific surface area.

Ethanol
concentration (vol.%)

CNT yield (wt.%) �v (g/L) Specific surface
area (m2 g−1)

0 0.002 65 53
5 1.218 1250 83
9 0.174 82 55
17 0.152 94 54
of the nanotubes synthesized with 9% of EtOH without H2.

The presence of ethanol and H2 in the reactant mixture also has
a great influence on the oxidation resistance of the synthesized car-
bon nanotubes according to the DTA results (Fig. 5). The maximum
combustion temperature was  centered at around 550 ◦C for the
sample synthesized without ethanol and steadily increases to about
650 ◦C when ethanol was  added to the feed with a concentration up
to 9 vol.%. At higher ethanol concentration, the oxidation temper-
ature slightly decreased indicating that some structural defects or
also additional oxygenated functional groups were formed on the
sidewall of the nanotubes. The DTA curves also evidence quite nar-
row combustion peak for the most graphitized samples, obtained
400 50 0 60 0 70 0 80 0

549  °C

O %

5 %

Temp eratu re  (°C)

Fig. 5. The TGA (derivation curves) curves of the VA-MWNTs samples as a function
of  the ethanol concentration in the reactant mixture.
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residual iron species were generally localized inside the carbon
nanotubes channel and encapsulated by graphene layers and thus
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applications.
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strongly decreases from 0.75 to 0.38 with addition of EtOH to
the reactant mixture (5–9 vol.%), which indicates that the as-
synthesized carbon nanotubes become more graphitized. Pingheng

Table 2
Carbon and oxygen concentration (at.%) ratio in the VA-MWNTs synthesized with
different ethanol content.

Ethanol (vol.%) C1s (at.%) O1s (at.%)

0 94 6
Fig. 8. TEM micrographs of the VA-MWNTs arrays as a function of the

The recorded C1s and O1s XPS spectra of the VA-CNTs synthe-
ized at different ethanol concentrations are presented in Fig. 6. The
tomic percentage of the various elements, as determined from the
pectra areas and relative sensitivity factors, shows the significant
nd slight increase of C OH and COOH respectively with increasing
thanol concentration.

The overall O/C atomic also linearly increases with increasing
he ethanol concentration in the processing mixture (Table 2). A
mall amount of iron was also detected by the XPS analysis which
ould be originated from the residual iron species present within
he CNT channel.
Raman spectra recorded on the synthesized samples, pre-
ented in Fig. 7A show the increase of the graphitized Raman
eak (G peak) [39,40] with the increase of ethanol concentration.
ig. 7B shows the evolution of the ID/IG peaks intensity ratio as a
ol concentration in the processing feed: (A, B) 0%, (C, D) 5%, (E, F) 17%.

function of the ethanol concentration. The ID/IG intensity ratio
5 93 7
9 92 8

17  90 10
45 89 11
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t al. [41] reported values of ID/IG of 0.051 for highly oriented
yrolytic graphite (HOPG), 0.43 for carbon nanotubes synthesized
y D.C. arc discharge and 0.36 for carbon nanotubes synthesized via

 CVD method. By comparing the results obtained in the present
ork with those from Pingheng et al. one can state that the VA-
NTs synthesized in the presence of 9% of ethanol concentration
xhibit a relatively high degree of graphitization. The ID/IG ratio
lightly increases from 0.38 to 0.42 at higher ethanol concentra-
ion (17 vol.%), according to the previous study [30], indicating the
ncreased reticular imperfections in the sp2 network [42,43]. The
ormation of edge-like defects, vacancies and oxidized sp3 carbons
ontribute to this phenomenon. Exceptionally high IG for the sam-
le with the highest ethanol concentration (45 vol.%) can be related
o the highly homogenous chirality of the tubes, as the shape of the
eak is very thin, which is not the case for the sample prepared
ith the low ethanol concentration.

A slight shift of the G band; towards lower values (from 1617
o 1613 cm−1) for the 5% of EtOH, than towards higher values
1622 cm−1) for the 9% and 17% of EtOH and finally towards lower
alue (1620 cm−1) for the 45% of EtOH also indicates that the disor-
er degree increase for the important EtOH concentration sample.

TEM micrographs of the samples synthesized with different
thanol concentrations (0, 5 and 17 vol.%) are presented in Fig. 8.
EM analysis indicates that some surface amorphous carbon was
bserved on the sample synthesized in the absence of ethanol
hich is in agreement with the DTA (Fig. 8A and B). When ethanol
as added to the reactant feed, the TEM examination shows the

ormation of MWNTs with cleaner surface and among them some
ri-walled CNTs with outer and inner diameter of 9 nm and 7 nm,
espectively (Fig. 8C and D).

A disordered morphology of the carbon nanotubes obtained in
he presence of 17 vol.% of ethanol (Fig. 8E and F) is in agreement
ith a high concentration of oxygenated groups determined in this

ample by the XPS measurements (see Table 2) and a higher degree
f oxidation. Indeed, at a relatively high synthesis temperature
870 ◦C), oxygen species from ethanol could further react with the
arbon atoms vacancies, single- or bi-vacancies [44], to form func-
ionalized oxygenated groups or to etch carbon atom leading to
he formation of carbon nanotubes with shorter length or sidewall
efects.

. Conclusion

In summary, ethanol can be efficiently employed at low con-
entration to prevent the active phase encapsulation by amorphous
arbon and thus to significantly improve the growth rate of the ver-
ically aligned carbon nanotubes array by a factor of fifty for 9 vol.%
f EtOH. Along with an improvement of the specific surface area
rom 50 to 90 m2 g−1, the graphitization and oxygenation resis-
ance degree increase with addition of ethanol to the processing

ixture. However higher ethanol concentration, >9 vol.%, leads to
 gradual decrease of the intrinsic growth rate which is attributed
o the excessive oxidation of the formed carbon nanotubes by
he oxygen-containing species provided by the decomposition of
thanol. Additional experiments carried out also pointed out the
ynergism effect between hydrogen and ethanol in the growth
rocess. Indeed, the results have shown that a combination of
ydrogen and ethanol allows to growth VA-MWNTs with a high
spect ratio and an improved alignment. Work is on going to get
ore insight about the role of hydrogen in the reactant mixture.
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