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1. Introduction

Some years ago a scientist, Sumio lijima, who was working in NEC laboratories in Japan as
an electron microscopist has discovered a new class of carbon allotropes which attracted a
lot of interests among material science investigators. Briefly, after some investigation on the
produced soot on walls of arc discharge reactor he examined the precipitated soot on
cathode and has found really interesting graphitic structures. The taken transmission
electron microscopy (TEM) images revealed a tubular graphitic structure that has fascinated
the scientist due its extraordinary physical and chemical properties (lijima, 1991).

Fig. 1. TEM micrographs of carbon nanotubes consisting (a) five, (b) two, (c) seven graphitic
sheets (Iijima, 1991)

After 1991, considerable attention of scientists to carbon nanotubes (CNTs) caused
remarkable increase of publication around carbon nanotube related subjects of interests (Fig.
2). Increasing the number of publications from 77 in 1995 to 5619 in 2010 and total number
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60 Carbon Nanotubes - Growth and Applications

of 37112 publications until the end of 2010, all shows that there are some interesting points
in carbon nanotubes which led to this enormous attention of researchers. Basically, unique
electronic, optoelectronic, and mechanical properties of carbon nanotubes (Saito &
Dresselhaus, 1998) are among the most important reasons for this huge attention to them.
These properties make CNTs suitable for a lot of applications such as electronic devices
(Fuhrer et al., 2000), chemical sensors (Kong et al., 2000), hydrogen storage (Dillon et al.,
1997), mechanical devices (Frank et al, 1998), field emission tips (Fan et al.,, 1999),
nanotweezers (Kim & Lieber, 1999), and so on.
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Fig. 2. The annual number of published papers on carbon nanotubes since their discovery
until the end of 2010. Data were taken from www.scopus.com using carbon nanotubes* as
keyword for article title.

Accordingly, application of carbon nanotubes in aforementioned and other devices needs
production of CNTs. Up to know, several synthetic approaches such as arc discharge (lijima,
1991; lijima & Ichihashi, 1993; Tans et al., 1997), laser ablation (Guo et al., 1995; Thess et al.,
1996), chemical vapor deposition (CVD) (Jose-Yacaman et al., 1993), were introduced to
produce carbon nanotubes. Based on the related scientific literature, each of these methods
has its charasteristics, advantageous and disadvantageous which define the applicability of
mentioned methods. Among these methods, CVD has been shown to be of more industrial
interest due to its lower reaction temperature in comparison with arc discharge and laser
ablation (Morgan & Mokaya, 2008) and also possibility for industrial scale up (Geng et al.,
2002; Somanathan et al., 2006). Indeed, catalytic CVD synthesis of CNTs can be
accomplished via two general approaches, fluidized bed method (Garcia-Garcia et al., 2008;
Wei et al., 2008) or fixed solid supported metal catalysts (Zarabadi-Poor et al., 2010).
Therefore, these procedures need supporting of metals on solid supports to catalyze the
carbon nanotubes preparation. Alumina (Zarabadi-Poor et al.,, 2010), nanoporous silica
(Somanathan et al., 2006), MgO (Steplewska & Borowiak-Palen, 2010), and silicon (Mizuno
et al., 2005) are among the most studied substrates.
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Synthesis of Carbon Nanotubes Using Metal-Modified Nanoporous Silicas 61

In this chapter, the application of metal-modified nanoporous silicas for CNT growth in a
CVD reactor will be reviewed. Herein, different nanoporous silicas which were used for
production of carbon nanotubes considering different metals and catalyst preparation
methods are the main subjects of following discussions.

2. Nanoporous silicas

In 1992, researchers of Mobil introduced a family of ordered nanoporous materials named
M41S (Beck et al., 1992; Kresge et al., 1992). Then attraction of other scientists to this
materials caused discovery of other types of nanoporous materials such as SBA-15 (Zhao et
al., 1998), LUS-1 (Bonneviot et al., 2003),FSM-16 (Inagaki et al., 1993), KIT-1 (Ryoo et al.,
1996), MSU (Bagshaw et al.,, 1995), and HSM (Tanev & Pinnavaia, 1995)which were
synthesized within highly acidic to strongly basic pH range using cationic, anionic, neutral
and nonionic structure directing agents. Among these materials, MCM-41, LUS-1 and SBA-
15 are most studied ones in our previous researches such as studies on metal modification
(Badiei & Bonneviot, 1998; Béland et al., 1998), pre-concentration of metals (Ganjali et al.,
2006; Javanbakht et al., 2009b; Javanbakht et al., 2010), modification with 8-
hydroxyquinoline (Badiei et al., 2011b; Badiei et al., 2011a), carbon paste electrodes (Ganjali
et al., 2010; Javanbakht et al., 2007a; Javanbakht et al., 2007b; Javanbakht et al., 2009a), solid
phase micro extraction (Hashemi et al.,, 2009) and hydroxylation catalysts (Arab et al.).
Therefore, these materials are the major subject in the coming discussions about catalytic
synthesis of CNTs.

One of most important application of solid supports such as nanoporous silicas is related to
the heterogenization of transition metals (Cornils & Herrmann, 1996). Briefly, several
methods have been used in this manner such as adsorption or encapsulation of homogenous
catalyst (Coronado et al., 2000; Goettmann et al., 2006; Kuil et al., 2006; Zhu et al., 2004),
covalent immobilization (Pagar et al., 2006), modification of supported metal catalysts
(Marchetti et al., 2004) and etc. To the best of our knowledge, iron, cobalt and nickel are the
most studied metals in catalytic production of carbon nanotubes and therefore they will be
reviewed in following sections.

3. Synthesis of CNTs using Fe-modified nhanoporous silicas

Several reports have been published on the synthesis of CNTs using iron-modified
nanoporous silicas up to now. Duxiao et al. (Duxiao et al., 2001) investigated the CVD
synthesis of carbon nanotubes on hexagonal nanoporous silica (HMS). They used acetylene
as carbon precursor and showed that in the case of HMS the formation of CNTs started at
the internal surface of Fe-HSM. In 2005, Lu et al. (Lu et al., 2005) addressed a rare report on
the synthesis of carbon nanotubes. It was remarkable because it is related to the synthesis of
amorphous carbon nanotubes via CVD procedure and using SBA-15 as the solid support for
the iron based catalysts. They have employed impregnation method for introduction of iron
species using Fe(acac)s as iron precursor into the structure of SBA-15 nanoporous silica. The
main purpose of using SBA-15 as the solid support in the as mentioned published letter is
the porous structure of SBA-15. They believe that it can lead the formation of metal catalysts
with well-controlled particle size. They concluded from the formation of carbon nanotubes
on the outer side (Fig. 3) of channels that particle migration happened during the CVD
process and proposed “top growth mechanism” herein. Also, they mentioned that the outer
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62 Carbon Nanotubes - Growth and Applications

diameter of CNTs (about 20nm) is much higher than pore diameter of SBA-15 (about 7nm)
which caused by the thickness of nanotubes.

Fig. 3. TEM micrographs of a) Fe-SBA-15 and b) grown CNTs on the outer surface of catalyst
(Lu et al., 2005)

Wang and his co-workers presented the synthesis of CNTs using Fe-SBA-15 catalysts (Wang
et al., 2005a; Wang et al., 2005b). They, (Wang et al., 2005a), have synthesized Fe-SBA-15 via
direct synthesis approach. Iron species were introduced into the structure through addition
of iron nitrate nonahydrate during the synthesis of SBA-15 besides the increasing of pH to 7.
According to their research, synthesis of multi-walled carbon nanotubes (MWNTs) by CVD
decomposition of acetylene on the Fe-SBA-15 produced straight, uniform, open and highly
graphitized CNTs. Increasing the amount of iron in the catalysts caused obtaining CNTs
with larger diameters and as a conclusion the best CNTs can be obtained using catalysts
with 3.5% iron content. A typical high resolution transmission electron microscopy
(HRTEM) image of this sample is given in Fig. 4.

k IR s ﬁr

Fig. 4. HRTEM image of carbon nanotube prepared using catalyst with 3.5% iron
(Wang et al., 2005a)

The same research group (Wang et al., 2005b), have tried to obtain Fe-SBA-15 with higher
thermal stability. The synthesis procedure for the catalysts is similar to their previous works
(Wang et al.,2005a). Their efforts to obtain more thermal stable catalysts have been
accomplished by calcination of catalysts in the temperature ranging from 550 to 950 °C.
Synthesis of carbon nanotubes were again done via similar procedure to the first article.
They have concluded that the obtained CNTs are more uniformed with outer and inner
diameters about 35nm and 15nm, respectively. In the other research Barreca et al. (Barreca et
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al., 2007) used the advantages of direct synthesis approach for preparation of catalysts. They
have used P85 triblock copolymer to synthesize hexagonal nanoporous silica under acidic
condition. The iron phthalocyanine was used as iron precursor to incorporate the iron
nanoparticles into the nanoporous structure. The acid treatment was applied to eliminate
the Fe;Os particles from the outer surface of nanoporous silicas. In the acid washed catalysts,
MWNTs with narrow diameter distribution (5 and 15 nm) were obtained. On the other
hand, unwashed catalysts produced CNTs on the outer surface with a broad diameter
distribution ranging from 20 to 90nm. Also, higher metal content in both catalysts caused
higher CNT density. The most recent report on the synthesis of carbon nanotubes using
iron-modified nanoporous silica has been published by Gokulakrishnan and co-workers
(Somanathan et al., 2011). KIT-6 type nanoporous silica was synthesized following typical
routes through using P123 structure directing agent under acidic condition. Iron species
were incorporated into the structure by impregnation of KIT-6 with iron nitrate solution.
They have mentioned that 1-3% iron was loaded into KIT-6 which caused decreasing the
specific area from 745 m2.g-! (for KIT-6) to 653, 551, and 377 m2.g-'for 1%Fe, 2%Fe and 3%Fe,
respectively. The CNT synthesis was carried using acetylene as carbon source at 800 °C. The
best yield was obtained by 2% Fe loaded catalyst (91%). The 1% Fe catalysts did not show
significant activity through the synthesis of CNTs. It was expected to obtain higher
production yield when using catalyst with higher iron contents than 2% but it has not been
observed. The observed yield for 3% Fe catalyst was reported 79% which is attributed to the
agglomeration of iron particles. It has been concluded from TEM micrographs which 10 nm
graphene layers consists of 29 graphene sheets. As a main conclusion the Fe-modified KIT-6
has been introduced as a potential for large scale production of multi-walled carbon
nanotubes.

4. Synthesis of CNTs using Co-modified nanoporous silicas

To the best of our knowledge, MCM-41 is the major solid support in the most of the
researches on the synthesis of CNTs using Co metal as the active site.

Lim et al. (Lim et al., 2003) utilized direct synthesis method to incorporate Co species into
the structure of MCM-41. Quaternary ammonium surfactants, CnHzn+1(CH3)sNBr, with
n= 10, 12, 14, 16, and 18 were used as structure directing agents in this research.
Investigation of Co atoms status inside the Co-MCM-41 materials revealed that about 30-40
atoms uniformly exist in each pore as well as they present as a mixture of tetrahedral and
distorted tetrahedral structures like Co03Os. The crystallization time (20-160 hr) and
temperature (100 and 150 °C) were monitored in order to obtain optimums for both MCM-
41 and Co-MCM-41. It has been mentioned that for MCM-41 4 days and 100 °C are optimum
synthetic conditions, however, for Co-MCM-41 6 days and 100 °C produce better products.
In the next step, C16 Co-MCM-41 has been selected for further catalytic activity evaluation
on the synthesis of single-walled carbon nanotubes (SWNTs). It exhibited good results in
this manner with 90% selectivity over SWNT and 4 wt% over carbon deposition. TEM
micrograph and corresponding Raman spectra (Fig. 5) shows the successful synthesis of
CNTs. Gary L. Haller’s research group continued the aforementioned research by following
works. They have investigated the effect of catalyst pre-reduction, nanotube growth
temperatures (Chen, 2004b), CO pressure, and reaction time (Chen, 2004a) using Co-MCM-
41 catalysts. Chen et al. used C16 Co-MCM-41 with 1 wt% cobalt as catalyst (Lim et al.,
2003). As pointed out in (Chen, 2004b), single-walled carbon nanotubes were synthesized by
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64 Carbon Nanotubes - Growth and Applications

CO disproportionation under following conditions: reaction time, 60 min; reaction
temperature, 650-900 °C; and CO pressure, 6 atm. Basically, the influence of catalyst pre-
reduction condition and growth temperature on the selectivity and uniformity of SWNT
were observed. In order to investigate the effect of pretreatment on the catalyst, two
techniques were applied: in-situ X-ray Absorption Near-Edge Structure (XANES) for
investigation of cobalt state during pretreatment, and ex-situ Extended X-ray Absorption
Fine Structure (EXAFS) to monitor the formation of cobalt clusters during SWNT growth.
The aim of this research, obtaining SWNTs with narrow diameter distribution have been
accomplished by applying optimized condition; pre-reducing of catalysts at 500-600 °C and
growing SWNTs at 750 -800 °C. Figure 6 indicates the correlation between quality and yield
of synthesized carbon nanotubes which shows the optimum synthesis condition. The Ip/Ig
ratio in Figure 6a indicates the ratio between two major peaks in Raman spectrum of CNTs.
D-band appears around 1340 cm! and is related to disordered graphite. High frequency G-
band appears around 1580 cm? and is attributed to splitting of the Eag stretching mode of
graphite.
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Fig. 5. Raman spectrum and TEM image of CNT synthesized using C16 Co-MCM-41
(Lim et al., 2003)

In the second article (Chen, 2004a), Chen et al. applied the optimized pretreatment and
reaction temperature (500 and 800 °C, respectively) to monitor the effect of CO pressure and
reaction time on disproportional decomposition of CO in SWNT synthesis. They have
chosen 2-6 atm. range for CO partial pressure and 5-120 min. for reaction time. It has been
concluded that following processes affects both selectivity and diameter uniformity of
SWNTs under applied synthetic conditions: 1) reduction of cobalt, 2) nucleation of the
reduced cobalt atoms into clusters and 3) initiation and growth of the SWNTs.
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Fig. 6. Correlation diagram between synthesis temperatures (°C), quality index (Ip/Ig), and
total carbon loading (%) (Chen, 2004b)

TEM images of synthesized CNTs under different CO pressures are given in Fig. 7.
According to these images, it is obvious that higher CO pressures causes better uniformity
of synthesized CNTs. Therefore, synthesis of SWNTs under different CO partial pressures
revealed two remarkable results. Applying low CO pressures in the synthesis provides
SWNTs with broad diameter distribution. It has been explained that in such circumstances
reduction of cobalt species and growth of SWNTs are slow (Chen, 2004a). Therefore, cobalt
clusters, which are the sites of SWNT formation, are allowed to grow into larger sizes. On
the other hand, synthesis of SWNTs under high pressure of CO provides SWNTs with
uniform and narrow diameter distribution. Considering the aforementioned discussion
about low pressure of CO, it is reasonable.

Fig. 7. TEM micrographs synthesized CNTs under CO pressure of a) 2 and b) 6 atm
(Chen, 2004a)
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After above remarkable researches (Yang et al., 2004), Garry Haller and co-workers have
carried out a comprehensive statistical research to recognize how different variable parameters
affect the synthesis of Co-MCM-41 catalysts in order to obtain aligned SWNTs. The independent
variables which have been considered in this article are: alkyl chain length, initial cobalt
concentration, surfactant silica ratio, TMA silica ratio, water silica ratio, pore diameter, metal composition
and structural order. Considering these variables, several material synthesis have been designed,
ID: Co01-Co28, which has produced a scatter plot matrix for analyzing the effect of main
synthesis variables. It has been raised to a normalized model which is helpful in quantitative
measurement of interaction between different variables considering corresponding correlation
coefficients. The most important correlation coefficients are given in Table 1.

Correlation coefficient | Considered variables
Metal composition in Co-MCM-41 and initial Co concentration
0.9974 i ) .
in the synthesis solution
0.9261 Pore size and alkyl chain length of surfactant
0.5756 Structural order and alkyl chain length of surfactant

Table 1. Correlation coefficients between different variables in Yang et al. paper
(Yang et al., 2004)

It has been concluded that the presented model can be used to produce samples with
varying pore size and constant cobalt content while having a high degree of structural
order.

As it has mentioned above regarding Chen et al.’s articles (Chen, 2004b; a), the size of cobalt
clusters has a strong effect on the properties of resulting carbon nanotubes. Ciuparu et al.’s
paper (Ciuparu et al.,, 2004) presents a deeper investigation on the mechanism of cobalt
cluster size control. The interesting result of this work is the effect of hydrogen pretreatment
of catalyst which facilitates the synthesis of SWNTs with small diameters.

Another statistical analysis following Haller research group works addresses investigation
of C10 Co-MCM-41 catalyst in order to obtain SWNTs with smaller diameters (Yang et al.,
2005). This work is similar to their previous published article (Yang et al., 2004). Herein,
Yang et al. defined experimental parameters as follows: surfactant to silica ratio, pH, TMASi to
Si ratio, Co concentration, water to Si ratio, slope of isotherm capillary condensation step and ratio of
peak intensity of (110) to (100) of X-ray diffraction pattern. Considering the first five variables
(independent variables) synthesis condition for 27 samples have been designed and carried
out. It has been concluded that the most significant effects on the structural order of C10 Co-
MCM-41 samples rise from the first three variables. The other independent variables may
negatively affect the structural order of mentioned catalyst. Raman spectra of synthesized
SWNTs using C10 Co-MCM-41 and C16 Co-MCM-41 are shown in Fig. 8. Appearing the
small peak at 301 cm! reveals the successful synthesis of SWNTs with C10 Co-MCM-41 (3
wt% cobalt) with 0.77 nm diameter.

The effect of cobalt content on the synthesis of SWNTs via CO disproportion on Co-MCM-41
catalysis was presented in L. D. Pfefferle co-workers paper (Chen et al., 2006). Chen et al.
synthesized Co-MCM-41 samples with Co concentration ranging from 0.5 to 4 %. The lowest
concentration of Co leads to obtain few Co clusters which are large enough to initiate the
growth of single-walled carbon nanotubes. While using Co concentration higher than 3 %
causes the formation of large cobalt clusters and consequently production of undesired
products.
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Fig. 8. Raman spectra of synthesized SWNTs using C10 Co-MCM-41 and C16 Co-MCM-41
(Yang et al., 2005)

The last article which has been reviewed here is a report on the application of Co-MCM-41
materials for the synthesis of SWNTs via CVD method. Somanathan et al. (Somanathan et
al., 2006) incorporated Co species into the structure of MCM-41 through direct synthesis
approach with different Si/Co ratios ranging from 25 to 100. SWNTs were synthesized at
750 °C using acetylene as carbon source with 40 ml.min! flow rate for 10 min. They have
concluded that Co-MCM-41 is very stable under severe reaction condition as well as the
obtaining high selectivity toward SWNT using Co-MCM-41 with Si/Co =100 (Fig. 8). The
proposed growth mechanism is mentioned top-growth considering different evidences such
as TEM image (Fig. 10).

Fig. 9. TEM image of CNTs synthesized using Co-MCM-41 (100) (Somanathan et al., 2006)

www.intechopen.com



68 Carbon Nanotubes - Growth and Applications

Fig. 10. TEM micrographs with cobalt particles at the tip of nanotubes
(Somanathan et al., 2006)

5. Synthesis of CNTs using Ni-modified nanoporous silicas

Herein, some other articles which address application of Ni-MCM-41 in the synthesis of
carbon nanotubes are presented.

Chen et al. besides their researches on the Co-MCM-41 catalysts also have carried out
research on the Ni-MCM-41 materials. In some of their works (Chen et al., 2005), Ni (1 wt%)
have been incorporated into the structure of MCM-41 based on their previous report (Lim et
al., 2003). The SWNT synthesis approach is also similar. It has been concluded that using Ni-
MCM-41 in comparison with Co-MCM-41 produces SWNTs with broader diameter
distribution and lower carbon deposition. This has been related to the tendency of Ni to CO
which causes faster reduction of nickel particles and migration of nickel clusters. Chen et al
also proposed, Ni-MCM-41 catalyst, while using other carbon sources can improve the
properties of SWNTs. Then, Chen et al. tried to investigate the effect of various carbon
sources on the synthesis of SWNTs using Ni-MCM-41 (Chen et al., 2007). Synthesis of
SWNTs using Ni-MCM-41 using CO, ethanol and methane under similar conditions
revealed that CO produced SWNTs with narrower diameter distribution than ethanol. On
the other hand, using methane as the carbon precursor was not a successful experiment
under same conditions to produce CNTs .

Somanathan et al. also followed their previous works on Co-MCM-41 catalysts by reporting
synthesis of SWNTs over Ni-MCM-41 nanoporous materials (Somanathan & Pandurangan,
2006). Herein, Ni-MCM-41 materials were synthesized through similar methods mentioned
in their work on Co-MCM-41 (Somanathan et al., 2006). Performing experiments using
catalysts with different Si/Ni ratios and reaction conditions provided optimum synthesis
circumstances. It has been mentioned that using Ni-MCM-41 with Si/Ni=100 at 750 °C for
10 min at N> and acetylene flow rates of 140 and 60 ml.min"! gives the highest carbon yield
(71.01%). Presence of metal particles at the tip of grown carbon nanotubes brought authors
to the “tip-growth” mechanism occurring in these experiments.
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6. Concluding remarks and future directions

Basically, reviewing mentioned articles here has shown that using metal-modified
nanoporous silica as catalysts for the synthesis of CNTs was interesting for scientists to
improve the synthetic approaches in order to obtain CNTs with desired properties and
conditions. Although there are a lot of published works in this manner, taking a look at
these researches reveals that still there are a lot of points which need to being studied for
further development on the synthesis procedures of CNTs.

Briefly, industries need different class of carbon nanotubes such as single-walled,
multiwalled, with junction and so on. Therefore, future studies should be done in order to
improve the current methods. These researches should consider two major points, 1)
obtaining CNTs with desired properties, 2) decreasing the cost of production. In this
manner, studying the effect of different methods for introducing metal species into the
structure of nanoporous silicas, effect of calcination of the metal-modified nanoporous
silicas, influence of different carbon precursors, combination of two metals and etc. were
subject of some few previous reports and can be the interesting subject of research for
upcoming works.
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