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R
ecent outstanding progress in the
growth of carbon nanotubes (CNTs)
have confirmed the catalytic chemical

vapor deposition (CCVD) process as a viable
method for large-scale and low-cost pro-
duction of CNTs with controlled morpholo-
gical, physical, and chemical properties.1�4

The advances in in situ characterization
techniques allow a real-time observation
of CNT growth, providing new insights
into the generally accepted dissociation�
diffusion�precipitation mechanism over
supported catalytic nanoparticles.5 In this
mechanism, the carbon source is first dis-
sociated by nanoparticles which subse-
quently dissolve the carbon produced by
the dissociation reaction, and once super-
saturated, carbon precipitates from the
nanoparticles to form CNTs. However, there
are several growth experiments that are
difficult to explain with the concepts of the
dissociation�diffusion�precipitation mech-
anism. For example, CNTs have been suc-
cessfully grown from semiconductor nano-
particles that do not catalyze carbon,6 from
metal,7,8 or oxide particles which do not
dissolve carbon.9�11 Even using conven-
tional Fe-, Ni-, and Co-based nanoparticles,
unexpected behaviors have also been ob-
served. Pregrowth catalyst activation treat-
ment,12 or the use of the C deposition
route based on oxidative dehydrogenation
chemistry,13,14 enables a dramatic reduction
of the CNT growth temperature. The addi-
tion of nitrogen,15 or oxygen-containing
species,16�18 to the carbon source enhances
the catalyst activity. Growth rates are drama-
tically improved, and subcentimeter carpets

containing vertically aligned CNTs are ob-
tained within a few minutes.13,16 These fea-
tures are very important, and they need
explication. In general, the role of the surface
of the nanoparticle support during the
growth of CNTs is considered to bemarginal.
However, although the range of materials
used asnanoparticles is expanding, the num-
ber of supports yielding high-quality CNT
growth remains limited.19 This indicates that
the role of the support could be as important
as that of the nanoparticles and is not only
restricted to the limitation of nanoparticle
coarsening. Thus, a new mechanism has to
be proposed which takes into account that
nanoparticle supports actively participate in
the growth of CNTs.
An alternative growth mechanism based

on the self-assembly of acetylene into poly-
aromatic fragments has recently been
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ABSTRACT In the accepted mechanisms of carbon nanotube (CNT) growth by catalytic chemical

vapor deposition (CCVD), the catalyst support is falsely considered as a passive material whose only

role is to prevent catalytic particles from coarsening. The chemical changes that occur to the carbon

source molecules on the surface are mainly overlooked. Here, we demonstrate the strong influence

of the support on the growth of CNTs and show that it can be tuned by controlling the acid�base

character of the support surface. This finding largely clarifies the CCVD growth mechanism. The CNTs'

growth stems from the support where the presence of basic sites catalyzes the aromatization and

reduces the complexity of CNT precursor molecules. On basic supports, the growth is activated and

CNTs are more than 1000 times longer than those produced on acidic supports. These results could be

the bedrock of future development of more efficient growth of CNTs on surfaces of functional

materials. Finally, the modification of the aciditiy of the catalyst support during the super growth

process is also discussed.
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proposed for the growth of CNTs by CCVD. In this
“polymerization”-like model, the CNT growth proceeds
by the addition of new small polyines or graphene-like
fragments built from unsaturated molecules to the
growing CNTs. A CNT itself catalyzes the reaction while
it undergoes growth. Although themodel fits well with
the experimental kinetics data for the growth of verti-
cally aligned CNTs,20,21 and it is substantiated by some
theoretical studies,22 the role of the support has not
been considered.
In this article, we report on the activation of the

surface of the nanoparticle support for the growth of
CNTs by a simple and very efficient chemical treatment
which changes its acid�base properties. These results
clearly demonstrate the strong influence of the acid�
base character of the support surface on the growth of
CNTs, similar to all catalytic petrochemical processes.23

When the support surface is made basic or when the
acidity of the support is modified from Lewis to
Brønsted bywatermolecules during the CCVD process,
millimeter thick carpets of CNTs are produced in a few
minutes. Additional expensive and demanding preg-
rowth treatments by physical means are unnecessary
in order to activate the nanoparticles and enhance the
CNT growth rate. Besides the technological relevance
of this study, it is the first time that the role of the
nanoparticle support during the growth of CNTs by
CCVD has been clearly identified. On the basis of these
results, we give a clear mechanism for the CCVD
growth of CNTs and go beyond the usual “empirical
recipe” approach. In our model, the surface properties
of the support control the selectivity of the catalyst in
order to enhance the growth of CNTs. The growth is
initiated on the substrate where ethylene undergoes
reactions in which intermediate fragments (larger
hydrocarbons) are produced. While these intermediate
fragments diffuse toward the nanoparticles, their size
and their degree of saturation, branching and aroma-
tization are regulated by the acid�base properties of

the support. Once on the nanoparticle surface, the
dehydrogenation and cyclic dehydrogenation of the
intermediate fragments are completed while they in-
corporate the CNT structure. This new mechanism
sheds new light on the role ofwater in the supergrowth
CVD process.16,24,25

RESULTS AND DISCUSSION

Figure 1 demonstrates a representative carpet of
CNTs produced at 750 �C from ethylene over Fe2Co
nanoparticles supported by an Al2O3 buffer layer
grown on Si. Prior to the growth, the catalyst was
treated by an ammonium hydroxide solution to en-
hance the basic character of the Al2O3 surface. Carpet
based on aligned CNTs of a thickness as high as 2.5mm
can be obtained in 30 min. Typically, CNTs grown from
a 0.5�1 nm thick film of metal reveal a mixture of
single-, double- and triple-walled CNTs.
It is interesting to note that most of the carpets with

millimeter thicknesses have exclusively beenproduced
when alumina is used as a support.26 Alumina is indeed
an amphoteric material whose surface can exhibit
acidic or basic properties depending on its synthesis
or deposition process as well as on the conditions of
post-synthetic chemical treatment. To modify the acid
�base properties of the support after its deposition by
e-beam evaporation on Si wafer, the catalyst (including
the nanoparticles and the support) is immersed in a
solutionwith a controlled pH. The pH is adjusted from4
to 12 by adding HCl or NH4OH to reinforce the acidic or
basic character of the alumina layer, respectively. The
acid�base properties of the surface were confirmed by
the FTIRmeasurements of pyridine and CO2 adsorption
(see Supporting Information). As shown in Figure 2, the
thickness of CNT carpets strongly depends on the pHof
the solution used to treat the catalyst. Furthermore, the
ethylene flux influences the length of the CNTs and
their structural quality (Figure 2b,c). A maximum thick-
ness of 1.35 mm is reached using Fe nanoparticles

Figure 1. A 2.5 mm thick carpet of CNTs produced from ethylene at 750 �C over Fe2Co nanoparticles supported by basic
alumina surface. SEM micrographs of the carpet show that CNTs are well-aligned (b,c). From the mass of the carpet and the
dimensions of CNTs, the density is estimated to be about 1011 CNTs per cm2. TEM micrographs reveal CNTs to have, for the
most part, 2�3 walls and high structural quality with clean surface (d,e) Scale bars are (b) 1 mm, (c) 1 μm, (d) 20 nm, and (e)
4 nm.
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when ethylene is introduced with a flux of 100 sccm
over a catalyst treated with a pH = 12 solution. For the
same ethylene flux, the carpet thickness is more than
1000 times lower for a chemical treatment with a pH =
4 solution. These results clearly illustrate the effect of
the acid�base properties of the support surface on the
yield of the CNT growth. The chemical process for
activation described in this study is a controllable
and reproducible method, significantly less demand-
ing than activation by plasma or laser treatment.1

The steady increase of the growth rate with increas-
ing ethylene flux up to 100 sccm means that all of the
carbon atoms are incorporated into the CNTs. Above
this flux, heavy amorphous carbon deposition occurs
on the CNT surface as well as on the nanoparticles and
the support, slowing the CNT growth kinetic.
The evolution of the carpet thickness is plotted as a

function of the chemical treatment conditions “pH” for
100 sccm ethylene flux in Figure 3a. For CNTs grown
over Fe supported by alumina, the transition from a
thin to thick carpet occurs very abruptly. The change of
the pH of the solution from 6 to 8 results in an increase
of the carpet thickness bymore than 1mm. These facts
clearly demonstrate the key role of the support in the
CNT growth by CCVD. The pH of the inflection point of
the curve is close to 7.5. This value falls into the range
of the isoelectric point (number of Lewis basic sites
is balanced by the number of Lewis acidic sites:
nLewis base/nLewis acid = 1) conventionally measured for
aluminamaterials.27When the balance ismodified by a
high pH chemical treatment (nLewis base/nLewis acid > 1),
the thickness of the CNT carpet increases up to 1.35
and 2.5 mm when nanoparticles are composed of Fe
and Fe2Co, respectively. The inner diameter, which is
directly correlated with the nanoparticle diameter,

remains unchanged when the pH of the chemical
treatement is raised from 4 to 12 (Figure 3c and
confirmed by ESR in Supporting Information). How-
ever, the pH change influences the outer diameter,
thus the number of walls as well as the length of the
CNTs (Figure 3d) depends on the applied pH value.
These evolutions are in agreement with the increased
yield of the reaction up to about 106 mol of C as CNTs
per mol of Fe2Co for a support with basic character. In
contrast, the chemical treatment with a low pH solu-
tion yielding a surface nLewis base/nLewis acid ratio lower
than 1 dramatically reduces the yield of the reaction
and the length of the CNTs by more than 2 orders of
magnitude, down to 20 μm short CNTs. Using TiO2

instead of Al2O3 as support, similar dependence of the
carpet thickness is observed as a function of the pH of
the solution used for catalyst activation (Figure 3a).
However, the pH of the inflection point is reduced to
about 6.3. This is consistent with the lower isoelectric
point values commonly measured for TiO2 as com-
pared to that of Al2O3.

27 In addition, the maximum
thickness obtained for TiO2-based catalyst is limited to
46 μm (Figure 3a). This difference in the maximum
thicknesses of CNT carpets is attributed to the strength
of the basic sites, as shown by the lower Hammett
constant of TiO2 as compared to the constant of Al2O3

materials.23

Similar dependence of the carpet thickness on pH is
obtained when CNT growth proceeds from an equi-
molar mixture of acetylene and CO2 by an oxidative
dehydrogenation reaction (Figure 3b).13 Despite the
difference in the chemical reaction producing CNTs,
the strong dependence of the growth on the basic and
acidic sites of the support surface is confirmed. Further-
more, the growth over Fe and Fe2Co nanoparticles

Figure 2. Evolutionof the CNT carpet thickness as a functionof the ethyleneflux and the conditions of the chemical treatment
of the catalyst including nanoparticles and support (a). TEMmicrographs of CNTswereproducedat 750 �Cover Fe particles on
alumina layer using ethylene flux lower or equal to 100 sccm (b) and higher than 100 sccm (c). The scale bar is 50 nm. For an
ethylene flux lower or equal to 100 sccm, high-quality CNTs with a clean surface were obtained. For higher ethylene fluxes,
heavy carbon deposition proceeds simultaneously to the growth of CNTs, leading to early catalyst poisoning, and the carpet
thickness is reduced. Large quantity of amorphous carbon can be found on the surface of CNTs (see also HRTEMmicrographs
in Supporting Information).
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shows that the pH of the inflection points is identical
in both cases, meaning that the chemical treatment
affectsmostly the properties of the alumina (Figure 3b).
The maximum thickness of CNT carpets achieved on
Al2O3 is lower than that in conventional growth experi-
ments from ethylene (Figure 3a) since the carbon
sourcemolecules are introduced in the reactor at lower
flux. As an alternative to Al2O3, CaO might be an
effective nanoparticle support since it has a higher
Hammett constant than Al2O3. It has been shown
recently that, as a support, it yields 4 mm thick mat
of CNTs.13

All of the experimental data reported here corrobo-
rate that the growth of CNTs depends on the surface
properties of the nanoparticle support. This implies
that the dissociation�diffusion�precipitation me-
chanism has to be modified in order to take into
account the role of the support with the hydrocarbon
chemistry at the surface. The properties of the surface
influence the selectivity of the catalyst between po-
lymerization, isomerization, and dehydrogenation re-
actions undergone by the hydrocarbon molecules
adsorbed on the support. The degree of unsaturation,
branching, and aromatization of the hydrocarbonmol-
ecules produced by such reactions is therefore depen-
dent on the acid�base properties of the surface of the

support. The high and low yield pathways are sketched
in Figure 4.
The proposed scenario for the base-catalyzed reac-

tions of ethylene is in line with the polymerization-like
mechanism suggested by other groups.20,34 It involves,
as the first step, the formation of a carbanion. The
stability of the carbanion increases with decreasing
number of alkyl groups bonded to the negatively
charged carbon. Consequently, carbanions undergo
skeletal rearrangement, leading to a drastic reduction
of the structure branching of the hydrocarbon ad-
sorbed on basic supports (R1 base). The addition to
the adsorbed hydrocarbon of further molecules from
the gas phase proceeds by increasing the length of the
chain of the linear hydrocarbon similarly to polymeri-
zation process (R2 base).

28 However, as polymerization
of unsaturated hydrocarbons is limited on basic cata-
lysts, the process results in short oligomers. These
linear molecules undergo subsequent dehydrogena-
tion and cyclization to alkylaromatic hydrocarbons
when their length exceeds six carbon atoms (R3 base).

29

The following base-catalyzed reaction of alkylaromatic
molecules with subsequent hydrocarbons results ex-
clusively in the enlargement of the alkyl group at-
tached to the aromatic ring (R4 base).30 Once the
alkyl groups are long enough, hexagonal rings close

Figure 3. Evolution of the CNT carpet thickness as a function of the pH of the solution used to treat the catalyst. (a) Growth
was performed at 750 �C using ethylene over Fe nanoparticles deposited on Al2O3 (pink) and TiO2 (blue). (b) Growth by
oxidative dehydrogenation chemistry from an equimolar mixture of acetylene and CO2 at 750 �C over Fe2Co (red) and Fe
(green) supported by alumina. The arrows indicate the corresponding ordinate. The ticks indicate the pH corresponding to
the inflection point (known as isoelectric point). Inner (c) and outer (d) diameter distribution of CNTs produced over Fe
particles supportedbyAl2O3 treated at pH= 4 (square), pH=7 (circle), andpH=12 (triangle). The distributionwas obtainedby
measuring diameters of 100 CNTs per sample. The composition, the particle size, as well as the roughness of the catalyst after
chemical treatment and heat treatment under Ar and H2 were analyzed by electron spin resonance (ESR), atomic force
microscopy (AFM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). These character-
izations of the nanoparticles and Al2O3 confirmed that neither of them had been etched during the chemical treatment (see
Supporting Information). The inner diameter distribution of the CNTs, proportional to the nanoparticle diameter, is
independent of the chemical treatment conditions. The support roughness remains constant for pH ranging from4 to 12 (see
Supporting Information). The composition and the surface area of the catalyst do not change with the pH adjustment and
cannot explain the strong pH dependence of the CNT carpet thickness.
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and dehydrogenate (R3 base) to produce a new aro-
matic ring attached to the previous ring, resulting in
polyaromatic molecules (R5 base). Ultimately, polyaro-
matic fragments could be formed by repeated aro-
matic ring addition. The sequence of reactions
describes an ideal picture of the chemical mechanism
applied to basic substrates. It requires the production
of highly aromatic fragments with low branching and
limited size, which is favorable on basic support. Highly
branched fragments can be incorporated into the CNT
cylinders butwill very likely results defective structures.

As can be seen in Figure 5, discontinuous wall pieces
consisting of graphitic fragments not integrated in the
CNT structure can be found in the high-resolution TEM
micrographs at the CNT surface as well as inside CNTs.
It is likely that these fragments also contribute to the D
band of the Raman spectrum (see Supporting
Information) and could support the existence of poly-
aromatic intermediate species catalyzed by basic sup-
ports forming the building blocks for CNT structures.
When alumina contains Lewis acidic sites on its

surface, the growth of CNTs is dramatically limited.

Figure 4. (Top) Chemical mechanism undergone by the hydrocarbons adsorbed on the surface of the supports. The shaded
arrows in the background illustrate the overall chemical mechanism undergone by ethylene over the support with basic
(blue) and acidic (red) properties. It has to be noted that ethylene undergoes limited oligomerization in the gas phase prior to
the adsorption on the support. This results in small size polymers typically with a low number of carbon atoms, as evidenced
by mass spectroscopy.33 They are linear and have a variable degree of unsaturation. On basic alumina, the skeletal
rearrangement of these oligomers preserves their linear shape. They undergo facile aromatization by the R3 base reaction if
they contain more than 6 carbon atoms after polymerization. In this scheme, hydrogen has been omitted for clarity so C�C
includes the unsaturated C�Cbond, aswell. (Bottom) Scheme illustrating the newgrowthmechanismof CNTs by CCVDbased
on a two-step process. At first, carbon source molecules produce polyaromatic intermediate fragments on the support. The
size and the structure of the fragments is controlled by the surface properties of the support. Second, the fragments are
integrated into the CNT structure by the nanoparticles.
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Acidic oxides (including alumina materials) are recog-
nized as efficient catalysts for the polymerization of
unsaturated hydrocarbon (R1 acid). This is testified by
the very large number of processes developed in the
olefin industry on the basis of acidic catalysis since the
beginning of the 20th century.31 When long chain
hydrocarbons are adsorbed on Lewis acidic sites, they
form carbocations. As opposed to the carbanion, the
stability of the carbocation increases with the number
of alkyl groups attached to the positive charge bearing
carbon. This explains the capacity of acidic catalysts to
cause isomerization of hydrocarbons. In particular, fast
skeletal rearrangement leads to complex molecules
with a branched structure (R2 acid). These hydrocar-
bons undergo a limited dehydrogenation and aroma-
tization over acidic alumina (R3 acid) as compared to
the basic counterparts.29 Moreover, the acid-catalyzed
reactions of aromatic molecules with ethylene allow
the addition of alkyl groups to the aromatic ring and
further increase the complexity of the hydrocarbon
structure (R4 acid).30 As a product of these reactions,
which are completely different from the base-cata-
lyzed reactions, large molecules of unsaturated hydro-
carbons with a complex structure are generated on the
surface of the alumina. They have difficulty diffusing to

the nanoparticles to be integrated into CNTs via cyclic
dehydrogenation.
The drastic difference between the hydrocarbon

structure produced over acidic and basic supports
gives an explanation of the CNT growth rates mea-
sured (Figure 3a and Supporting Information). Hydro-
carbons with a high degree of aromatization and low
complexity produced on basic supports are better
precursors for building CNTs than large and branched
precursors produced on acidic supports. Conversely,
unsaturated hydrocarbon precursors formed on the
support, which are rich in electrons, may act as organic
bases and neutralize the acidic sites. This rapidly
renders the catalyst inactive and limits the yield of
the reaction, which results in CNTs with reduced
lengths, as shown in Figure 3a,b. However, the graphi-
tic structure of the CNTs produced over supports
treated with low and high pH solutions is very similar,
as revealed by Raman scattering spectroscopy
(Supporting Information). An intense 2D band in the
Raman spectra confirms CNTs to be high-quality ma-
terials with low defect density regardless of the surface
properties of the support.32 Consequently, Fe-based
nanoparticles are efficient at modifying hydrocarbons
into well-graphitized CNTs despite the characteristics

Figure 5. HRTEMmicrographs showing the presence of polyaromatic fragments at the inner and outer walls of the CNTs (left
panels). The size of fragments varies from 1 to 3 nm corresponding to molecules containing 20 to 200 aromatic rings,
respectively, if the fragments are assumed to have isotropic structure. The CNT walls and graphitic fragments are,
respectively, highlighted as black and orange lines for clarity (right panels). The distance between the fragments and the CNT
wall is similar to the inter tube distance conventionally measured in MWCNTs (see Supporting Information). The scale bar is
2 nm.
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of the hydrocarbon structure formed on the support.
However, the kinetics of such a modification (reflected
in the dependence of the length and diameter of the
CNTs) is enhancedwhenhydrocarbons exhibit a higher
degree of aromatization and lower complexity. As a
consequence, the growth mechanism should be de-
scribed in a two-step processwhere both nanoparticles
and support are active (Figure 4). CNT growth is
initiated on the support as illustrated by the depen-
dence of the acid�base properties of its surface. First,
ethylene molecules undergo reactions toward poly-
aromatic molecules on the support while diffusing
toward the nanoparticles. The growth continues on
the surface of the nanoparticles where precursor mol-
ecules assemble by dehydrogenation or cyclodehydro-
genation reactions into CNTs. Finally, the diameter of
the CNTs is controlled by the morphology and size of
the nanoparticles.
The formation of intermediate hydrocarbon frag-

ments acting as precursors for CNT structure in CCVD
was mentioned, and a polymerization-like mechanism
was suggested in recent studies, where thicker CNT
carpets were obtained by using an upstream heat
treatment of the ethylene source33 or by mixing ethy-
lene with alkynes.34 However, the quality of the CNTs is
reduced as the heat treatment temperature of ethy-
lene is raised, which is necessary to increase the yield of
the reaction. In ourmodel, such a temperature increase
causes a drastic enhancement of the kinetics of hydro-
carbonmodification in the gas phase and results in the
formation of more complex intermediate fragments
with poorly controllable size, degree of aromatization,
and branching of their structure. The catalyst lifetime is
shorter, the CNT length is limited, and the CNT struc-
ture is more defective when the same growth tem-
perature is used.35 Hence, the effect on the CNT growth
induced by the upstream heat treatment of ethylene is
less favorable than the adjustment of the basic char-
acter of the support surface. Consequently, the control
of the surface properties of the catalyst support repre-
sents a unique method to select between reactions
undergone by the carbon source in the reactor.
Furthermore, the CCVD process is faster, and the
quality of the CNTmaterials is higher when the catalyst
is properly activated by chemical treatment.
The presence of water is known to enhance drama-

tically the CCVD process. Although it has been exten-
sively studied, the role of water is not yet identified and
just few hypotheses exist in the literature.36,38 One of
the suggestions is that water can etch amorphous
carbon deposited onto the nanoparticles and preserve
them from poisoning.36 However, this proposition
seems to be not consistent with the intense deposition
of carbonaceous material on the CNT surface during
the growth, which can react with water molecules,
preventing them from reaching the catalyst nanopar-
ticles for cleaning its surface.37 However, nanoparticles

can catalyze the oxidation of amorphous carbon by
water, making the process more efficient on the nano-
particle surface than on the CNT surface. Another
proposition is that water limits nanoparticle coarsen-
ing, which is known to cause a reduction of the
catalytic activity. However, this reduction in coarsening
cannot be responsible alone for the drastic enhance-
ment of the CCVD process, as the maximum thickness
of CNT carpet obtained in the corresponding study is
limited only to 200 μm.38 In our experiment, we
obtained 200 μm thickness just using native Lewis
acidic sites of as-deposited alumina support without
introduction of water. Moreover, Figure 3 shows parti-
cles having the same diameter to yield CNTs with
different length depending on the acid�base proper-
ties of the support. Acid properties of the support can
be modified when water is introduced in the reactor at
750 �C. Lewis acidic sites can be converted into
Brønsted acidic sites as shown by pyridine adsorption
(Figure 6). The carpet thickness is subsequently in-
creased to 950 μm.39 The conversion of Lewis into
Brønsted sites ismost probably partial since only traces
of water are introduced, which results in the simulta-
neous existence of both types of acidic sites on the
surface of alumina support during the growth of CNTs.
However, the presence of Brønsted acidic sites is
proposed to improve the dehydrogenation and aro-
matization rate of hydrocarbons adsorbed on the sur-
face of the support as observed in the cracking reaction
of paraffin and olefin.40 Consequently, the enhance-
ment of the CNT growth in the presence of water can
be attributed to the increased catalyst selectivity for
reactions yielding CNT precursorswith a high degree of

Figure 6. FTIR spectra of pyridine adsorbed on alumina
support heat treated in Ar and H2 (black) and in Ar and H2 in
the presence of water with similar conditions to those in ref
38 (blue). The bands at 1440, 1575, 1590, and 1620 cm�1 are
a clear signature of Lewis acidic sites present on the surface
of alumina materials. These sites are transformed into
Brønsted acidic sites at 750 �C by the presence of water. In
addition to the disappearance of the bands representative
of the Lewis acidic sites, a broad band centered at
1520 cm�1 confirms the presence of Brønsted acidic sites, as
well as the conversion of the acidity of alumina when water
molecules are present in the reactor at 750 �C.
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aromatization. However, our experiments show that
themodification of the selectivity is more efficient over
a basic alumina support.
In conclusion, we have reported a simple and highly

efficient catalyst activation process for the CCVD
growth of CNTs based on a chemical treatment of
the catalytic particles' support. The observed enhance-
ment and reduction of the catalyst activity when
treated with basic and acidic solution, respectively,
illustrate the influence of the catalyst support proper-
ties on the hydrocarbon chemistry on its surface. While
basic sites catalyze the aromatization and reduce the
complexity of the hydrocarbon fragments adsorbed on
the support surface, acidic sites are quickly poisoned
by the generation of large and unsaturated hydrocar-
bons. In the newmechanism, CNT growth stems on the
surface of the support and continues on the nanopar-

ticles where fragments are assembled to build the CNT
structure. The kinetic of the CNT growth depends
dramatically on the structure of the hydrocarbons
generated on the support surface and is enhanced
when fragments with a high degree of aromatization
and low complexity are formed. On the basis of these
results, the role ofwater in the super growthCVDprocess
is discussed. Water molecules modify the acidity of the
support surface (from Lewis to Brønsted), which influ-
ences the hydrocarbon chemistry in favor of the produc-
tion of aromatic precursors of CNTs. However, basic
supports aremore selective than supports with Brønsted
acidic sites. Finally, we mention that MgO, a strongly
basic oxide, was the first oxide-based substrate used for
the growth of graphene materials,41 corroborating
further the importance of basic substrates in the synth-
esis of graphitic nanomaterials by CCVD.

METHODS
Catalyst Deposition. A Si wafer with 500 nm of thermal oxide

was used as substrate. Ten nanometer thick film of alumina and
titaniawas deposited by e-beamevaporation and RF sputtering,
respectively. Al2O3 (99.99%) and TiO2 (99.5%) were purchased
from Umicore. Fe thin films were subsequently deposited also
by e-beam evaporation. Fe2Co thin films were grown by the RF
magnetron sputtering technique from a Fe2CoO4 pellet. The
depositionwas carried out in a vacuumchamber at a pressure of
6 � 10�3 Torr. High purity argon (99.9999%) was used as the
sputtering gas. All Fe2Co depositions were done at an RF power
of 35 W. During the Fe and Fe2Co film deposition, the substrate
was kept at room temperature.

Chemical Treatment of the Catalyst. Acid�base properties of the
Al2O3 and TiO2 buffer layer were modified by chemical treat-
ment. The substrates (corresponding to about 10 cm2 of the Si
wafer) were immersed into 100mL solutions with a pH adjusted
between 4 and 12 by addition of HCl or NH4OH purchased from
Sigma-Aldrich. The chemical treatments were carried out at
60 �C for 12 h. The samples were subsequently dried and rinsed
by immersing the catalyst in distilled water for a few seconds.

Carbon Nanotube Growth. CNT carpets were grown by catalytic
chemical vapor deposition. As obtained after chemical treat-
ment, substrates placed on a quartz boat are introduced into a
quartz tube furnace heated at 750 �C. In a standard growth
process performed at the same temperature, the samples are
first kept in Ar (80 sccm, purity 99.9999%) and H2 (80 sccm,
purity 99.995%) for 10 min, after which the growth proceeds for
30min. After the growth, the reactor is cleaned by an additional
10 min treatment under Ar (80 sccm). The samples are then
cooled to room temperature under Ar by pushing out the quartz
boat from the heated zone.When ethylene is used as the carbon
source in the CVD process, the atmosphere is composed of
ethylene (50�200 sccm, purity 99.95%), Ar, and H2 (80 sccm,
purity 99.995%). In the case of oxidative dehydrogenation
chemistry, an equimolar mixture of acetylene C2H2 (99.6%)
and CO2 (99.998%) is introduced into a horizontally mounted
quartz tube furnace at 750 �C. The growth proceeds for 30 min
by introducing simultaneously acetylene (16 sccm), CO2

(16 sccm), and Ar (750 sccm). After the growth, the reactor is
cleaned by a 10 min treatment under Ar (750 sccm), and the
samples are cooled to room temperature by a similar process
described above.

Fourier Transformed Infrared (FTIR) of Pyridine. Pyridine adsorp-
tion is performed on alumina previously heat treated at 750 �C
for 10min in awater-free atmosphere under Ar (80 sccm) andH2

(80 sccm). Pyridine adsorption is performed also on alumina

treated inwater assisted conditions (see ref 38). In addition to Ar
(80 sccm) and H2 (80 sccm), H2O is introduced for 30 min by
bubbling argon (20 sccm) in liquid water kept at a constant
temperature of 19 �C. The atmosphere is dried at 750 �C by
flushing the quartz chamber with pure argon. Samples are
subsequently cooled to room temperature under dry Ar. Vapors
of pyridine are then introduced into the chamber at room
temperature. The samples are not exposed to air between the
heat treatment and the pyridine adsorption. Samples were
analyzed by FTIR spectroscopy using a PerkinElmer FTIR Spec-
trum GX spectrometer. The spectrometer was flushed with dry
nitrogen before and during the measurements. For each spec-
trum, 16 scans were taken at room temperature from 3000 to
600 cm�1.
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