Catalysis Today 145 (2009) 76-84

journal homepage: www.elsevier.com/locate/cattod

Contents lists available at ScienceDirect

Catalysis Today

Macronized aligned carbon nanotubes for use as catalyst support and ceramic

nanoporous membrane template

Izabela Janowska *, Shabnam Hajiesmaili, Dominique Bégin, Valérie Keller, Nicolas Keller,

Marc-Jacques Ledoux, Cuong Pham-Huu

Laboratoire des Matériaux, Surfaces et Procédés pour la Catalyse (LMSPC), European Laboratory for Catalysis and Surface Sciences (ELCASS),

CNRS, Louis Pasteur University, 25 rue Becquerel, 67087 Strasbourg, France

ARTICLE INFO ABSTRACT

Article history:
Available online 5 August 2008

Keywords:

Aligned carbon nanotube array
Self-supported carbon nanotubes
Catalyst support

Ceramic nanoporous membrane
3-SiC

An aligned carbon nanotube carpet was synthesized by catalytic chemical vapor deposition (CCVD)
process at 800 °C with a mixture of ferrocene and toluene, using a removable quartz substrate as
macroscopic pre-form. The strong anchorage of the aligned nanotube array at the macroscopic host
surface allows the nano-macro-composite to be considered as a nano-ordered macroscopic material and
self-supported aligned nanotubes could be obtained by substrate removal. The carpet thickness could be
accurately controlled from few tenth micrometers to more than few millimeters by tuning the synthesis
duration. Such a nano-macro-composite could be used as high contact surface catalyst support with low
pressure drop. The aligned nanotube array was efficiently used as removable precursor template in the
design of (3-SiC ceramic nanoporous membranes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery in 1991 by lijima [1], carbon nanotubes
have received an increasing scientific interest because of their
exceptional physical properties [2-6]. The most promising route to
generate carbon nanotubes is the catalytic chemical vapour
deposition (CCVD), based on the low temperature decomposition
of a gaseous carbon source with or without hydrogen over a
catalyst [7-11]. For nanotechnology devices, the development of
synthesis methods to form macroscopic and organized carbon
nanotubes is required. Indeed, the ultimate goal of carbon
nanotube research is driven by the ability to design functional
macroscopic structures that can fully integrate the single nanotube
properties. Several works have been published during the last
decades dealing with the synthesis of carbon nanofibers anchored
at the surface of a macroscopic host structure [12-17]. These
composites display a huge advantage compared to traditional
catalyst supports, namely a high external surface area due to the
presence of nanomaterials at the topmost surface combined to an
easy handling owing to the macroscopic shaping. The macroscopic
shaping also reduces the problem of nanomaterial dispersing or
loss during handling and allows the direct use of nanoscale
materials within conventional catalytic reactors by drastically
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reducing the pressure drop compared to bulk nanoscopic materials
and avoiding restrictive moving-bed phenomena.

Parallely, aligned multi-walled carbon nanotubes produced by
CCVD methods have been received an increasing interest during
the last decade [18-21]. Pioneering works have been published by
both Maruyama'’s group [22,23], and Resasco’s group [24] on the
vertical growth of aligned single-walled carbon nanotubes on a
macroscopic flat substrate by direct decomposition of gaseous
hydrocarbons over a Co-Mo catalyst. Janowska et al. have recently
reported the growth of aligned carbon nanotubes on different
quartz substrates for direct use as catalyst support in liquid-phase
hydrogenation [25]. From these results, one should expect that the
scaling up and the macronization of carbon nanomaterials could
have been deeply investigated, resulting in well-controlled
structures, for opening a new era in term of industrial applications.
However, to date, the use of aligned carbon nanotube structures
remained mainly focused in fields such as electronic, filtration or
conductive polymer fabrication [26-29], while the catalysis field
remains very scarcely investigated [25].

Combining a macroscopic shaping and the high external surface
area exposed by the aligned carbon nanotube material (due to the
nanoscopic size of the tube) could allow the use of these materials
in the field of structured reactors, by favoring both heat and mass
transfers together with the easy recovery of both catalyst and
products at the end of the test. It is expected that specific
properties could be observed, especially in the heterogeneous
catalysis field, compared to those usually shown by powder, grain
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or extrudate traditional catalysts. The main advantage of using
these materials relies on their high external surface area which
could strongly increase the contact surface between the reactants
and the active sites. Previous results have shown that active phase
located inside the carbon nanotube cavity exhibits an extremely
high activity compared to that observed on traditional grain size
catalysts [30-32]. Since future progresses in catalysis closely
depend partly on the development of new catalytic materials with
smart characteristics, technology is therefore constantly pushing
towards smaller materials with improved properties, i.e. activity
and especially selectivity for minimizing by-products and the cost-
incentive waste disposal. High selectivity also allows the post-
reaction separation steps to be reduced for significantly decreasing
the process costs.

Another field that can benefit from the use of nanomaterial
devices, concerned the separation technology [33-35] and among
such processes, the filtration area especially. Filtration of airborne
particulate matter is essential in many instances, including air
purifiers, respiratory protection device and clean rooms. Within
the filtration area, the detoxificating filtration of contaminated or
polluted water could also be improved by using nanomaterials.
Nanofilters should have controlled geometric shapes, with both
tailorable density and size for meeting the requirements of high-
technology applications. In summary, high efficiency filtration
device should be designed with appropriate large-scale macro-
nized structures incorporating nanoscale tailored sub-units.
Finally, filters need to be robust and should withstand repeated
regeneration steps for reducing the waste disposal costs, one of the
most environmental concern today.

Here we report on the synthesis of macroscopic devices with
different sizes and shapes containing well-aligned carbon nano-
tubes obtained by the CCVD method carried out using a quartz
substrate as macroscopic host structure. SiC ceramic nanoporous
membrane was also prepared, using the aligned carbon nanotube
carpet as precursor replica template, to illustrate a possible
application of the nano-macro-composites. Indeed, typical filters
are an assembly of 10 wm mean diameter fibers, this diameter
being a parameter that strongly affects the efficiency of usual filter
devices. It is expected that filter materials with smaller diameter
nanoscale 1D-structures, such as nanotubes or nanochannels,
should display unique properties owing to their small dimensions.

2. Experimental
2.1. Synthesis of the aligned carbon nanotube array coating

The aligned carbon nanotube pattern was synthesized via the
CCVD method, using a mixture of Fe(CsHs), ferrocene - FeCpy-
acting as catalyst, and toluene acting as carbon source within an
argon stream. The ferrocene concentration in the toluene solution
was 20 g L~!. The liquid FeCp,-C;Hs mixture was feed into the
reaction zone through a high speed nozzle and further vaporized
leading to the formation of a mist which was carried out into the
reaction zone by a 1.5Lmin~! argon flow. The synthesis was
carried out at 800 °C. For preparing a structured photocatalytic
reactor, a cylindrical quartz reactor (46 mm diameter, 200 mm
length and 1 mm wall thickness), acting as pre-formed host
channelling guide, was located within the reaction zone, whereas
its outer surface was protected from the carbon nanotube growth
by a sheet of graphite. In order to remove detrimental grease
traces, the reactor was cleaned before synthesis by HCl acidic
treatment followed by sonication in an ethanolic solution for
30 min. Generally, the growth duration was fixed at ca. 2-4 h
depending on the needed final thickness of the aligned carbon
nanotubes carpet.

2.2. Characterization techniques

X-ray diffraction (XRD) measurements were carried out on a
D8-advance diffractometer equipped with a Vantec detector, in a 6/
260 mode and using the Ko radiation of Cu at 1.5406 A.

The specific surface area measurements were performed on a
ASAP2010 Micromeritics using N, as adsorbant at liquid N
temperature. Before the N, adsorption, the material was outgassed
at 200 °C for 1 hin order to desorb the impurities or moisture from
its surface. The surface areas were calculated by applying the B.E.T.
and t-plot methods.

Scanning electron microscopy (SEM) was carried out on a Jeol
JSM-6700F working at 3 kV voltage, equipped with a CCD camera.
The sample was previously coated with gold and then deposited on
a standard aluminum holder for observation.

The microstructure of the carbon nanotube was investigated by
transmission electron microscopy (TEM) on a Topcon 002B
microscope working with an accelerated voltage of 200 kV and a
point-to-point resolution of 0.17 nm. The sample was sonically
dispersed in an ethanol solution during 5 min and a drop of the
solution was deposited onto a copper grid covered by a holey
carbon membrane for observation.

The XPS measurements were performed at MULTILAB 2000
(TERMO) spectrometer equipped with Al Ka anode
(hv=1486.6 eV). The C 1s peak at 284.2 eV was used to correct
from charging effects. All the spectra were decomposed assuming
several contributions, each of them having a Doniach-Sunjic shape
and a Shirley background subtraction.

3. Results and discussion
3.1. Aligned carbon nanotube carpet

After the synthesis, the inner surface of the quartz tube was
covered by a dense and homogeneous layer of aligned carbon
nanotubes. The thickness of the carbon nanotube pattern could be
accurately controlled by adjusting the synthesis duration, ie.
1200 pm thickness for 2 h of synthesis and 250 pm for 0.5 h of
synthesis. Fig. 1 shows SEM micrographs of the pattern of aligned
carbon nanotubes grown on the quartz substrate for 0.5h of
synthesis. Low magnification images (Fig. 1A and B) clearly show
the preferential orientation of the nanotubes perpendicularly with
respect to the quartz substrate surface. The SEM observation also
highlighted the extreme selectivity of the synthesis, since no
nanoparticles were observed among the formed carbon products.
High magnification SEM micrograph (Fig. 1C) indicates the
relatively homogeneous diameter of the as-synthesized nanotubes
with a high aspect ratio (length-to-diameter ratio). Representative
high-resolution SEM micrograph (Fig. 1D) shows that the as-
synthesized CNT have an average diameter of ca. 80 nm. Although
the origin of the patterned growth mechanism was different and
remained partly unclear up to now, similar results have already
been reported by several groups [19,27,36]. It was noteworthy that
the carbon nanotube array was relatively dense with a spacing of
about 100 nm between neighbouring carbon nanotubes.

Careful SEM observation of the top of the carbon nanotube
forest showed the absence of any iron particles attached at the tube
tip. The observed results were in good agreement with those
reported by Resasco during the growth of vertical single-walled
carbon nanotube array on silica substrate, who described a root-
growth mechanism in which the iron catalyst remained attached
to the substrate surface and the nanotubes were slowly lift-off with
aligned morphology [24]. The authors have also pointed out the
significative influence of the catalyst concentration on the final
morphology of the nanotubes, i.e. too low or too high catalyst
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Fig. 1. SEM micrographs of the pattern of aligned carbon nanotubes grown on the quartz substrate after 30 min of synthesis. (A) Low magnification SEM micrograph showing
the carbon nanotube carpet with thickness of ca. 250 wm. (B and C) Medium magnification SEM micrographs showing the regular structure of the aligned carbon nanotubes
along the growth direction. (D) High magnification SEM micrograph of the carbon nanotubes in the carpet.

contents led to the formation of a 2D carbon nanotube disordered
grass, whereas vertical nanotubes were perfectly grown with a
medium catalyst amount.

The thickness of the carbon nanotube carpet could also be
accurately controlled by adjusting the synthesis duration. Such a
control was extremely advantageous especially in the case of the
building of nanoporous filters for which the filter thickness could
play an important role on the final performance of the device.
Examples highlighting the thickness control are presented in Fig. 2.
The diameter of the carbon nanotubes was hardly changed
regardless the synthesis duration.
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Fig. 2. SEM micrographs evidencing aligned carbon nanotube carpets with two
different thicknesses obtained by tuning the reaction durations: (left) thickness of
600 pm, 1 h of synthesis; (right) thickness of 1200 wm, 3 h of synthesis.

The aligned carbon nanotube carpet was further treated in an
acidic solution, HNO3 30 vol.%, at 80 °C for overnight in order to
remove from the sample the remaining iron-based catalyst. The
sample was washed several times with distilled water until the pH
reached a neutral value.

Low magnification TEM micrograph confirms the parallel
orientation of the carbon nanotubes despite both grinding and
sonication performed during the sample preparation for the TEM
observation (Fig. 3A). TEM results also confirmed the homoge-
neous outer diameter of the formed carbon nanotubes, ca. 80 nm,
with a length greater than several hundred micrometers leading to
an aspect ratio greater than 5000. From high-resolution TEM
image, one could also see that the tubes have open ends (Fig. 3B). It
was noteworthy that the obtained tubes have a relatively narrow
mean channel, i.e. 10 nm. TEM analysis also evidenced the absence
of any iron catalyst particles on the outer surface of the tubes.
Small-size iron particles were scarcely observed inside the tube
channel, as already reported by Park and Keane [37] and by
Anderson and Rodriguez [38]. This location resulted from the
sucking of the starting iron catalyst inside the tube channel during
its growth according to the results reported by Ermakova et al. [39].
High magnification TEM observation (not reported) shows that the
residual iron-based catalyst was completely encapsulated under
several graphene layers which render it inactive for the catalytic
reaction.

High-resolution TEM observation also evidenced the low
topological defect density compared to what is usually observed
with tubes classically grown on supported catalysts [40]. An
example of such a difference is presented in Fig. 4. This difference
could be attributed to the higher synthesis temperature, i.e. 680 °C
in the case of supported catalysts and 800 °C in the present work. It
was expected that at a higher synthesis temperature, the
pentagone (negative curvature) or heptagone (positive curvature)
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Fig. 3. Low (A) and high magnification (B) TEM micrographs of the aligned carbon nanotube network on quartz surface substrate.

insertion into the hexagone network was significantly lowered,
thus, reducing the topoligical defects along the tube axis. The
nature of the catalyst involved in the two synthesis processes, i.e. a
homogeneous gas-phase feeding in the present work vs. solid
anchored catalyst particles in the classical CCVD method, could
also be responsible for such a difference.

The Raman spectrum recorded on the carbon nanotubes after
acidic treatment exhibited a broad D band at 1342 cm~! and the
more intensive, narrower G band at 1608 cm™~!. These bands were
attributed to the lattice defects, inducing a breaking of the 2D
translational symmetry [41]. The D band is characteristic of sp?
disordered carbon while the G band reflects the ordered carbon
structure or in other words, the graphitization of the material.

The acidic treatment carried out in order to remove the residual
iron catalyst from the carbon nanotube sample also introduced
oxygenated functional groups at the tube surface, i.e. carboxylic
acid, phenolic, acid anhydride, lactone or quinoic [42,43]. Indeed,
all carbon forms are metastable against exposure to oxygen-
containing gases or oxidizing agents such as nitric acid, sulfuric
acid, etc. Introducing oxygen-containing groups at the carbon
nanotube surface carbon - oxygenated function - significantly
increased the solid interaction with polar molecules and rendered
its more hydrophilic. The extent of hydrophilic interactions is
closely linked to both density and chemical nature of the carbon-
oxygenated functions. Such a hydrophilic character is expected to
play an important role for the anchorage of foreign elements onto
the carbon nanotube surface for subsequent catalytic applications.

The post-synthesis acidic treatment allowed the oxygen-to-
carbon surface atomic ratio to be increased from a factor 10, in
good agreement with the literature [44]. It was noteworthy that
these oxygenated groups could be easily removed in a controlled
way by heat treatment of the sample in flowing inert gas. Fig. 5A
shows the oxygen-to-carbon surface atomic ratio determined by
XPS as a function of the thermal treatment carried out on carbon
nanotubes in flowing argon. The heat treatment allows one to
control in a precise manner the location of the active phase with
respect to the carbon nanotube surface depending on the
downstream application. Indeed, on such heat treated material
the deposition of the active phase via an aqueous solution only
occurred inside the channel as aqueous liquid was steadily sucked
inside the tube channel by capillarity forces while the hydrophobic
character of the heat treated tube prevents any outer surface
wetting. A controlled and exclusive deposition of iron oxide
nanoparticles with respect to the carbon nanotube channel is
presented in Fig. 5B. Work is on going to get more insight about the
nature of the iron-carbon interface and the possible electronic
interaction with the carbon nanotube inner wall.

The aligned carbon nanotube carpet was strongly anchored at
the quartz substrate surface and almost no matter loss was
observed after sonication of the sample in an ethanolic solution for
30 min. However, it is noteworthy that the carbon nanotubes array
can also be grow on an amorphous silica, SiO,, layer deposited on a
host substrate. The strong anchorage of the carbon phase on the
SiO, substrate surface was tentatively attributed to the penetra-
tion of the formed carbon nanotubes inside the SiO, matrix top-
most layers of the macroscopic host structure. During the course of
the synthesis, the fine and uniform droplets of FeCp, and C;Hg
molecules fragment when entering into the high-temperature part
of the reactor, leading to the formation of iron clusters along with
C, or CH, species and hydrogen in the gas phase. Due to the high
temperature, these clusters, Fe and C, and CH,, get sintering in a
gas phase leading to the formation of fragments with larger size
and further condensing on the quartz substrate with the
concomitant formation of deposited nanoparticles playing a role
of seed for the further growth process. Due to the relatively high
reaction temperature, the metal nanoparticles strongly reacted
with the quartz substrate or hydroxyl groups leading to an
interface with high mechanical strength. The exposed metal (or
solid solution between metal and dissolved carbon) further reacted
with the surrounding C, or CH, species which initiated the first
layer of carbon nanotubes. The continuous feeding of both metal
and carbon species allowed the growth process to be maintained,
leading to the formation of carbon nanotubes with increasing
length. Due to the close location of the metal carpet at the
beginning of the synthesis, the alignment could be imposed by
steric hindrance leading to the final formation of well-aligned
carbon nanotube array from the macroscopic host substrate. The
carbon nanotubes with macroscopic shaping could be synthesized
with different shapes, i.e. plate, cylinder, etc., and with different
substrate sizes depending on the targeted downstream applica-
tions. The host structure could be also varied on a large range, i.e.
quartz, stainless steel, graphite, etc., which significantly widens the
range of applications and especially those involving aggressive
media.

The specific surface area of the carbon nanotubes was ranged
between 60 and 100 m? g1, in line with that usually reported in
the literature [41,45,46]. It was noteworthy that the surface area of
the carbon nanotubes was mainly derived from the nanoscopic size
of the material and not from a porosity network like in traditional
supports.

Depending on the target application, self-supported carbon
nanotube carpets could be obtained by dissolving the quartz host
substrate in a HF solution. Examples of such nano-macro 1D
carbon composites with different size and shape are presented in
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Fig. 4. TEM micrographs of the carbon nanotubes (A) synthesized by a classical
CCVD method, i.e. on a fixed-bed supported catalyst, and (B and C) obtained in the
presence of a mixture of ferrocene and toluene, ie. gaseous catalyst. The low
topological defect density and the high graphitisation were attributed to the
relatively high synthesis temperature.

Fig. 6. The macronized nanotube structure obtained was found to
have a very high mechanical strength and could be handled easily
without damage. Sonication of the macronized nanotubes in an
ethanolic solution for hours resulted in no matter loss, indicating
the high mechanical stability of the nanotube assembly. The high
mechanical strength observed could result from the wetting and
drying processes performed for cleaning the nanotubes after
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Fig. 5. (A) Surface atomic ratio of oxygen to carbon as a function of the treatment
temperature determined by XPS semi-quantitative estimation using the usual
Scofield coefficients. (B) Iron oxide nanoparticles exclusively located inside the
carbon nanotube channel after heat treatment at high temperature to remove the
oxygenated functional groups from the surface.

synthesis, either during the post-synthesis acid treatment or
during the rinsing with water. Wetting and drying would induce
the tube gathering by the van der Waals forces. Indeed, removal of
water during the drying process causes the inter-tube distance to
decrease by the action of liquid bridging [47,48]. The evidence of
the action of capillarity forces induced by water was provided by
the compaction of bucky paper that occured after the drying
process of filtered bucky paper. The removal of the water inside the
material can induce a strong isotropic contraction of the block due
to the decrease of the inter-tube distance as a function of water
evaporation. The same phenomenon could be also obtained by
replacing water by other solvents, i.e. sulfuric acid [49]. When a
plane quartz host substrate was used, it was noteworthy that the
final self-supported aligned carbon nanotube sheet remained
relatively plane after drying, indicating the almost absence of
moisture gradient throughout the sample thickness (Fig. 6B). This
allows the final macrostructure to be totally designed by targeting
the geometry of the host substrate.

3.2. Liquid-phase hydrogenation
Selective hydrogenation of organic compounds is a crucial

process in the manufacture of petrochemicals and fine chemicals.
The metals generally used as catalyst in such reactions are
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Fig. 6. Macrostructures of self-supported aligned carbon nanotubes obtained after dissolving the quartz growth substrate in a HF solution: (A) ring and (B) plate.

palladium and platinum, pure or doped with foreign elements,
supported on high specific surface area activated charcoal. The
hydrogenation of cinnamaldehyde is a parallel and consecutive
reduction of different functional groups in the same starting
substrate, ie. C=C and C=0 hydrogenation leading to the
formation of the hydrocinnamaldehyde and the unsaturated
alcohol, respectively [50-52]. The hydrogenation activity obtained
on the aligned carbon nanotubes supported palladium (5 wt.%)/
aligned CNTs catalyst as a function of the experiment time is
presented in Fig. 7A. The carbon nanotubes were directly grown on
the interior surface of a cylindrical quartz reactor (Fig. 7B) which
was subsequently employed as stirrer and thus, no catalyst
deterioration occurred during the course of the reaction. For
comparison, the hydrogenation activity of the Pd supported on
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Fig. 7. (Top) Liquid-phase hydrogenation of cinnamaldehyde on the Pd (5 wt.%)/
aligned carbon nanotube ([]: Pd/A-CNTs) and Pd (5 wt.%)/bulk CNT (M: Pd/CNTs)
catalysts at 80 °Cin a batch mode. Reaction conditions: 25 mL of cinnamaldehyde in
500 mL of dioxane solvent, H, flow rate =50 mL min~', stirring rate = 250 rpm,
atmospheric pressure. (Down) Optical micrograph of the quartz reactor holding
aligned CNT in the inner surface.

fluffy carbon nanotubes was also reported in the same figure
(Fig. 7A). The fluffy CNT supported Pd catalyst exhibits a higher
hydrogenation activity compared to that observed on the aligned
CNT-based catalyst. Such a difference in terms of hydrogenation
activity was attributed to the higher facility of liquid products to
access to the metal particles located on the outer surface of the
nanotubes. In the case of aligned carbon nanotubes, the relatively
small inter-tube distance make the liquid circulation more difficult
and thus, leading to a lower reactivity under similar reaction
conditions. It is noteworthy that the density of the carbon
nanotubes array can be partly controlled by adjusting the catalyst
concentration. Such work is on going with the aim of building new
nanoscopic system with lower resistance to liquid diffusion.
However, this result showed a first step towards an efficient and
realistic use of CNTs for liquid-phase applications, by means of
stable non-fluffy CNTs with macroscopic shape control.

According to previous results obtained on palladium decorating
carbon nanotubes, the C=C bond hydrogenation was the fastest
reaction, leading to the formation of hydrocinnamaldehyde. The
main secondary reaction, i.e. the total hydrogenation to cinnamy-
lalcohol, also occurred but was several times slower, leading to an
extremely high selectivity to hydrocinnamaldehyde of >90%.
Apparently, the adsorption occurs on the palladium surface mainly
through the C=C bond, in good agreement with the literature
results [53].

Similar results have also been reported in the case of bulk
carbon nanofibers and nanotubes with random orientation [54-
56]. Although they clearly pointed out the clear superiority of the
fluffy non-aligned carbon nanotube versus the high surface area
activated charcoal catalyst in terms of selectivity, the use of such
bulk nanomaterial catalysts remained prohibited by the tedious
catalyst recovery step, due to the nanoscopic size of the support
which requires a high performance filtration. In the present case,
the extremely easy catalyst-product separation, due to the
macroscopic shape of the nanodesigned catalyst, thus led to
phase-out the post-reaction filtration step which is a time/energy
consuming and waste generating step.

3.3. Ceramic nanoporous membrane

Fibrous filters are the most common type of filter media and are
usually made from cellulose, glass, or polymer fibers. All these
filters suffer from a low mechanical resistance and a low oxidative
resistance to allow them to work at high temperature or under
harsh conditions. The problem linked to the filter regeneration also
calls for the development of a new type of filters with higher
performances. The fibrous aerosol filter efficiency is titeny
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Fig. 8. XRD patterns of the aligned carbon nanotube carpet and of the self-supported
nanoporous [3-SiC material.

depending on the fiber surface, the inertial impaction of a particle
on a fiber, and the Brownian diffusion of particles in the filter pores.
It is expected that filters with smaller size fibers could exhibit
higher filtration performance compared to the traditional ones.
Since carbon filters are still suffer for progressive oxidative
degradation, it is thus of interest to develop a new generation of
filters with higher stability, i.e. ceramic nanoporous filters.

For this specific application, the aligned carbon nanotube carpet
could be seen as a morphological template precursor for
synthesizing nanoporous SiC with a controlled and structured
nanoporosity. Before infiltration the carbon nanotubes carpet was
treated in an aqua regia solution for overnight at 80 °C in order to
remove as much as possible the residual iron catalyst inside the
solid matrix. ATG analysis on the acidic treated sample indicates
that the residual iron-based compounds inside the sample after
acidic treatment was ca. 0.2 wt.%. This iron phase was attributed to
the iron nanoparticles encapsulated by graphene layers inside the
tube channel. The synthesis process was to infiltrate the carbon
nanotube carpet with a polymer ceramic leading to the formation
of a nanoporous ceramic membrane after a subsequent heat
treatment and calcination in order to remove the nanocarbon
template. The final SiC membrane was treated with an acidic
solution in order to remove the residual iron-based compounds
inside the channel. The process used the known chemical inertness
of bulk SiC towards oxidation to perform the selective removal of
the aligned nanocarbon template. Nanoporous SiC with macro-
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Fig. 10. Nitrogen adsorption-desorption isotherms and pore size distribution of the
{3-SiC ceramic nanoporous material.

scopic shaping was synthesized by infiltration of the aligned
carbon nanotube carpet with a solution of allylhydridopolycarbo-
silane (AHPCS, SMP-10, Starfire Systems, Inc.), with a viscosity of
45-120 cP and a density of 0.998 g cm 3. The SMP-10 polymeric
solution, acting as SiC precursor, was diluted in tetrahydrofurane
(THF, Aldrich) to yield solution with a concentration of 25 wt.%. A
piece of aligned carbon nanotubes anchored on a quartz substrate
(4cm x 4cm) was fixed on a spin coater holder and further
infiltrated by of SMP-10/THF solution. The infiltrated composite
was dried and cured at 180 °C for 24 h under vacuum, before to
undergo a second and similar infiltration cycle in order to ensure
the complete filling of the inter-tube space, taking into account a
yield to SiC of 80% from the starting polymer precursor after
thermal treatment at 1000 °C (data from Starfire Syst. Inc.). The
cured sample was further carburized in flowing nitrogen at 1000 °C
for 2 h (heating rate of 1 °C min~!). The carburized composite was
subsequently calcined in air at 700 °C for 1 hin order to remove the
remaining unreacted carbon nanotubes. The removal of non-
transformed aligned carbon nanotubes by burning was the key-
step of the process, since it created a one dimensional anisotropic
nanoporous network with a mean diameter of ca. 40-60 nm. Fig. 8
shows the XRD patterns of the aligned carbon nanotube carpet
precursor and of the nanoporous [3-SiC material obtained after the
nanotube carpet template removal. Before the SiC formation, the
low intensity diffraction peaks corresponding to the carbon
nanotube carpet was observed. By contrast, the XRD pattern of
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Fig. 9. SEM micrographs with different magnifications of the SiC ceramic nanoporous filter after air calcination to remove the aligned carbon nanotube carpet template. The
void channels could be considered as a negative replica of the carbon nanotube morphology.
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the resulting nanoporous SiC material only showed the diffraction
lines corresponding to [3-SiC in the fcc structure, no traces of other
compounds such as residual carbon, SiO, or Si were detected,
meaning that such species if present were either in very small
crystalline amounts or in a superficial amorphous form, not
accurately detected by XRD.

Finally, the quartz substrate was dissolved in a HF solution at
room temperature and the self-supported SiC nanoporous material
was obtained. The void channels could be considered as a negative
replica of the carbon nanotube morphology. The SEM micrographs
of Fig. 9 evidenced the 1D nanoporous network of such a SiC
ceramic nanomembrane, resulting directly from the burning of the
remaining unreacted aligned carbon nanotubes. Fig. 10 shows the
nitrogen adsorption-desorption isotherm and the pore size
distribution of the (3-SiC nanoporous material, evidencing the
creation of a new porosity. The material had a specific surface area
of 117 m? g~ ! with no microporosity and a pore size distribution
centered around 10-20 nm and ranging up to about 100 nm. This
was in agreement with the generation of surface area and porosity
by channels resulting from the oxidation of the carbon nanotube
template, with mean diameter in the 40-60 nm range. Work is on
going to get more insight about the relationship between the
average diameter of the aligned carbon nanotube precursor and
the mean pore size of the created nanochannels, since (i) part of the
carbon nanotube walls could react with SMP-10 to form the
carbide leading to mean nanochannel with bigger diameter than
the starting carbon nanotube and (ii) some slight sintering could
occur, leading to close some small size channels and to enlarge
other ones.

4. Conclusion

In summary, aligned carbon nanotubes with various macro-
scopic shapes could be efficiently synthesized through a CCVD
process with a mixture of ferrocene and toluene at mild
temperature, ca. 800 °C. The strong anchorage of the carbon
nanomaterial at the macroscopic host surface allows the nano-
macro-composite to be efficiently used as catalyst support for
several reactions. The carbon nanotube carpet thickness could be
accurately controlled from few tenth micrometers to more than
few millimeters by tuning the synthesis duration, depending on
the requirements to meet in downstream applications. In addition,
the surface hydrophilicity-hydrophobicity could be also precisely
tuned by submitting the sample either to an acidic or thermal
treatment. The acidic treatment introduced oxygenated functional
groups at the carbon surface and thus increased the hydrophilicity,
whereas the thermal treatment turned it to a more hydrophobic
character.

The carbon nanotube array could be efficiently used as
removable precursor template in the design of (3-SiC ceramic
nanoporous membranes, for applications in the filtration field
under harsh conditions. The fine control of the filter channel
renders it promising for use in the filtration of fine particulate
matter such as viruses from water or in airborne conditions. Work
is on going on such highly challenging fields and will be presented
in the near future.
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