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bstract

Mesoporous Co-MCM-41 molecular sieves with various Si/Co ratios: 25, 50, 75 and 100 were synthesised by direct incorporation of cobalt
nto the framework through hydrothermal method. The Co-MCM-41 was characterised by various physico-chemical techniques such as XRD,

2 adsorption isotherms and DR UV–vis spectroscopy. The efficiency of the catalyst was tested for the production of carbon nanotubes (CNTs)
sing acetylene as a carbon precursor at 750 ◦C. Using our optimized conditions for this system, Co-MCM-41 (100) catalytic template showed
he best results with particularly high selectivity for SWNT. TEM and SEM image shows the formation of well-graphitised single walled carbon

anotubes (SWNTs) with a diameter of 30 nm and it was further confirmed by Raman spectrum, where spectrum shows SWCNTs in the vicinity
f the D-band and G-band at 1302 and 1607 cm−1, respectively. The catalytic template maintains its crystallinity after successive reaction, which
uggests that Co-MCM-41 is a very stable template for producing SWNT under harsh conditions.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Carbon nanotubes (CNTs) [1] have been studied for sev-
ral years and now considered for applications in miscella-
eous devices [2–6]. Such devices make precise demands on
he properties of the tubes, as the length, diameter and elec-
ronic properties have a strong influence on the final performance
f the device. CNTs become one of the most active fields of
anoscience and nanotechnology due to their exceptional prop-
rties that make them suitable for many potential applications as
olymer reinforcements for composites or breakthrough materi-
ls for energy storage, electronics and catalysis. Of course, such a
romising material attracts the interest of industrial groups that
oresee a high economical impact in the near future. Indeed,

bibliometric analysis has shown that there is a considerable

hrust on patterning in the area of synthesis or processes for the
roduction of CNTs, mainly in the USA and Japan, and to a
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esser in Europe or Korea [7]. Currently, one of the main chal-
enges is the low cost, industrial scale production of nanotubes
hat might be achieved by exploiting chemical vapour deposition
CVD). This implies that the nanotubes (NTs) growth has to be
ontrolled and understood.

Although there are several models proposed, there is still no
eal consensus based on experimental data on the growth path-
ays and the large-scale patterns of growth of both multishell

nd single shell nanotubes. An overwhelming number of mod-
ls are based on theoretical simulations of atomistic build-up
n individual nanotubes [8]. Years of study on the growth of
atalyst-grown carbon fibres suggested that growth occurs via
recipitation of dissolved carbon from a moving catalytic par-
icle surface [9]. Growth terminates when the catalyst particle
ets poisoned by impurities or after the formation of stable metal
arbide. The reason put forward for the tubular nature of carbon
bres is that it is energetically favourable for the newly formed

urface of the growing fibre to precipitate as low energy basal
lanes of graphitic rather than as high-energy prismatic planes.

From the practical applications point of view, the high-yield
roduction of CNTs at low cost is an important issue. In gen-

mailto:pandurangan_a@yahoo.com
dx.doi.org/10.1016/j.molcata.2006.04.052
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ral, CNTs are synthesised by three different methods, i.e. arc
ischarge, laser ablation and chemical vapour deposition method
CVD). Both the arc and laser methods are hard to scale up the
roduction [10]. The CVD method seems to be the most promis-
ng one for practical applications because of the low investment,
ow reaction temperature and the availability of many inexpen-
ive hydrocarbon precursors. The catalytic deposition is the most
ractical method to create nanotubes on vast surfaces to control
he selectivity of CNTs with high-yield and it has the potential
o be scaled-up at relatively low cost [11,12]. Most methods,
owever, have a major disadvantage because they produce ran-
om sized SWNT requiring tedious postsynthesis separation and
lignment of SWNT having homogenous electronic properties
or desired application. This major impediment may be solved
y growth of SWNT inside the pores of a catalytic template with
parallel pore system of uniform pore size.

The possibility of growing SWNT in the pores of a template
atalyst (ALPO-5) was recently reported [13]. This zeolite has
n upper limit in channel size of 0.73 nm. An intriguing finding
rom this zeolite work is that interactions with the channel walls
uring nanotube formation were observed to lead for selection
f a particular nanotube formation [14,15]. In general, zeolites
re limited to micropores (less than 1.5 nm in diameter) and
he channel size cannot be varied without changing the struc-
ure and the chemical composition of the final material, which

akes zeolites inappropriate for the controlled templated growth
f SWNT. In contrast with zeolites, MCM-41 has thin walls of
morphous silica allowing the pore size to be varied from 2 to
0 nm and chemical properties can be manipulated. This can
e an ideal template material, allowing independent control of
oth composition and channel size and, thus, has potential for
elective growth of specific forms of metallic or semiconduct-
ng SWNT. There has been demonstration of nanotube growth
n/in a MCM-41 like material with impregnated Fe catalyst.
lthough this work demonstrated the feasibility of the idea, it
id not make use of the most interesting features made possi-
le by the MCM-41 material, namely the incorporation of the
etal into the framework at a specified pore size, thus enabling

ontrol the type of nanotube grown. Also incorporation of the
atalytic component in the framework has important implica-
ion for selectivity as it may stabilize the metal from reduction
r sintering a necessary condition according to Herrera et al.
11]. Recently metal substituted MCM-41 materials have been
ntroduced for the synthesis of SWNTs by Haller and co-workers
16,17] but achieved lower yield of SWNTs.

But here, we report that the results of our attempt of templated
rowth of SWNT with high yield. We choose MCM-41 as a tem-
late material and incorporated cobalt as a catalytic active com-
onent in the silica framework, resulting in isolated cobalt ions
n the pore walls. Co-MCM-41 synthesised under hydrothermal

ethod were thoroughly investigated by various characterisa-
ion techniques such as XRD, diffuse reflectance (DR) UV–vis
pectroscopy and N2 adsorption isotherms. This made it possible

o determine the chemical and structural properties of catalytic
emplate material used for the synthesis of SWNTs. The result
ndicates that the metal incorporating MCM-41 is rather stable
nd active catalyst with maximum yield of high quality CNTs.
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he morphological and crystalline structure of CNTs were char-
cterised by SEM, TEM and Raman spectroscopy.

. Experimental

.1. Materials

The synthesis of Co-MCM-41 materials was carried out by a
ydrothermal method using sodium metasilicate (Na2SiO3·
H2O), cobaltous nitrate (Co(NO3)2.6H2O), cetyltrimethylam-
onium bromide (C16H33(CH3)2N+Br−) and sulphuric acid

H2SO4). The AR grade chemicals used were purchased from
ldrich & Co., USA.

.2. Synthesis of Co-MCM-41

The Co-MCM-41 with various Si/Co ratios: 25, 50, 75
nd 100 were synthesised according to the previous report
18,19] using hydrothermal method with the gel composition
f SiO2:XCo(NO3)2:0.2CTAB:0.89H2SO4:120H2O, sodium
etasilicate and cobaltous nitrate were used as source for sili-

on and cobalt, respectively, whereas cetyltrimethylammonium
romide (CTAB) was used as structure-directing template.

Sodium metasilicate (21.21 g) was dissolved in 80 ml of water
nd the mixture was stirred for half an hour. Then the required
uantity of cobaltous nitrate, which was dissolved in 15 ml of
ater, was added and this was stirred for 1 h. Then 40 ml of 4N

ulphuric acid was added drop by drop until the gel formed. The
tirring was continued for 2 h. Exactly 7.28 g of cetyltrimethy-
ammonium bromide (CTAB), dissolved in 25 ml of water, was
dded and stirring was continued for a further 2 h. After that,
he gel was transferred to an autoclave that was kept in a hot air
ven at 145 ◦C for 48 h. Then the product obtained was filtered,
ashed several times with double distilled water and dried at
0 ◦C in oven for 2 h in presence of air. Then the sample was
alcined in a muffle furnace at 550 ◦C for 6 h to remove the
emplate.

.3. Characterisation of catalyst

The powder XRD patterns of the calcined mesoporous
o-MCM-41 molecular sieves were obtained with a stere-
scan diffractometer using nickel-filtered Cu K� radiation
λ = 0.154 nm) and a liquid nitrogen cooled germanium solid-
tate detector. The diffractrograms were recorded in the 2θ range
f 0–10◦ in the steps of 0.02◦ with a count time of 15 s at each
oint for MCM-41 molecular sieves.

Surface area, pore volume and pore size distribution were
easured by nitrogen adsorption at −196 ◦C using an ASAP-

010 porosimeter from micromeritics corporation GA. The sam-
les were degassed at 350 ◦C and 10−5 Torr overnight prior
o adsorption experiments. The pore size distribution (PSD)
as evaluated from the desorption isotherms using the Barrett,
oyner and Halenda (BJH) algorithm (ASAP-2010) available as
uilt-in software from micromeritics. Diffuse reflectance (DR)
pectra were recorded between 250 and 800 nm on an Schimadzu
V-240 spectrometer in the UV–vis region.
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.4. Synthesis of carbon nanotubes

The catalyst (about 100 mg) was sprayed over the quartz
oat and was placed in the central position of the quartz tube
laced inside the furnace. The catalyst was then activated by
assing nitrogen gas (99.9% purity) for 30 min at a flow rate
f 140 ml min−1. The temperature of the reaction was fixed at
50 ◦C. Acetylene gas (99.99% purity) was then passed at a rate
f 40 ml min−1 for 10 min through the reaction chamber while
he nitrogen gas flow rate was maintained at 140 ml min−1. Prior
o collecting samples from the tubes, the furnace was cooled
own to room temperature by maintaining a nitrogen flow. The
ample was collected as black powder from the quartz boat,
hich was submitted to a purification procedure for the elimi-
ation of inorganic materials. The purification method involves
he elimination of the silica support in an excess of HF at room
emperature. Then the solid was filtered, washed with distilled
ater and dried at 60 ◦C.

.5. Characterisation of carbon nanotubes

The overall morphology of CNTs was obtained by using a
canning Electron Microscope (Phillips X30 ESEM). The car-
on nanotubes are deposited over a conducting copper tape.
t was placed over a specimen holder by using a double-sided
arbon tape. The source material was gold sputtered in a sput-
ering machine to avoid charging while SEM imaging. This
rocess enhances the contrast of the images and provides bet-
er images. The images were obtained at different magnification
tarting from 10,000× to 3000×. Transmission electron micro-
cope (TEM) was performed with a CM200 Philips microscope
perating at 200 kV. The sample was grounded in a mortar and
uspended in ethanol, from which a drop was placed on a holey
arbon copper grid and examined in a CM200 Philips micro-
cope to characterise the carbon nanotubes. Raman spectroscopy
nalysis of CNTs has been achieved by BRUKER FT–Raman
pectroscopy (FRA 106) equipped with liquid nitrogen cooled
e diode detector A with an output power of 350 mW Nd:YAG

aser (wavelength = 1.06 �m) focused onto the sample.

. Results and discussion

.1. Characterisation of Co-MCM-41
.1.1. XRD
The XRD powder diffraction patterns of the calcined meso-

orous Co-MCM-41 catalysts are shown in Fig. 1 and the data
re presented in the Table 1. The pattern shows an intense

M
t
s

able 1
extural properties of the catalysts

atalyst Si/Co AAS d1 0 0 (nm) Unit cell-a0 (nm

o-MCM-41 (100) 100 108 3.78 4.38
o-MCM-41 (75) 75 82 3.78 4.37
o-MCM-41 (50) 50 57 3.72 4.28
o-MCM-41 (25) 25 35 3.74 4.31
ig. 1. X-ray diffraction pattern of Co-MCM-41: (a) Co-MCM-41 (25), (b)
o-MCM-41 (50), (c) Co-MCM-41 (75), (d) Co-MCM-41 (100).

iffraction peak ranges between 1.8–2.2 (2θ) due to [1 0 0] plane
onfirming the hexagonal mesophase of the materials [18,20].
hese results suggest that the MCM-41 mesoporous materials
ave good thermal stability after calcination.

.1.2. Nitrogen adsorption isotherms
BET surface area, pore size distribution and pore volume are

resented in Table 1. The results of both XRD and N2 physisorp-
ion are complementary with respect to probing the structural
ntegrity of MCM-41. XRD can be used to characterise the
exagonal structure of the catalyst while N2 physisorption gives
nformation about the extent of the uniformity of the mesopores.
he N2 adsorption–desorption isotherms and PSD of Co-MCM-
1 (Si/Co = 25, 50, 75 and 100) are shown in Fig. 2A and B,
espectively. The isotherms of all samples show a sharp inflec-
ion step at p/p0 of ≈0.3–0.4, characteristic of capillary conden-
ation of uniform mesoporous materials [21,22]. The isotherms
orresponding to p/p0 < 0.3 represents the monolayer adsorption
f N2 on the walls of the mesopore, while that with p/p0 > 0.4
epresents the multilayer adsorption on the outer surface of the
articles. The point at which the reflection begins is related to
apillary condensation within the uniform mesopores and their
iameter.

.1.3. DR UV–vis spectroscopy

To investigate the co-ordination environment of cobalt in the

CM-41 material, sample was analyzed by DR UV–vis spec-
roscopy. The DR UV–vis spectrum of Co-MCM-41 (Fig. 3)
hows the major groups of peak, which result from oxygen to

) Surface area (m2/g) Pore size (nm) Pore volume (cm3/g)

1039 2.664 0.9594
1034 2.651 0.9557

978 2.557 0.9425
952 2.449 0.9474
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Fig. 2. (A) Adsorption isotherms of Co-MCM-41: (a) Co-MCM-41 (100), (b)
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specimen preparation, they were pressed together to avoid
spilling of sample inside the SEM machine. The SEM topog-
raphy reveals the alignment of tube bundles in the sample. Also
the images demonstrate the high yield of CNTs with other form
o-MCM-41 (75), (c) Co-MCM-41 (50) and (d) Co-MCM-41 (25). (B) Pore
ize distribution in Co-MCM-41: (a) Co-MCM-41 (100), (b) Co-MCM-41 (75),
c) Co-MCM-41 (50) and (d) Co-MCM-41 (25).

etal charge transfer at 247 nm [23], mixed oxide of cobalt at
40 and 385 nm, and tetrahedrally coordinated Co2+ in the sil-
ca framework at 580, 650 and 684 nm. The absorption shoulder
etween 300 and 400 nm is assigned to electronic transition of
o3+ in a disordered tetrahedral environment [24,25].
.1.4. AAS analysis
The cobalt content in Co-MCM-41 for various Si/Co ratios

5, 50, 75 and 100 was recorded using AAS GBC 932 Plus. The
esults of Si/Co ratios of the materials are given in Table 1.

Fig. 3. DR UV–vis spectra of Co-MCM-41 (100).
F
m
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.2. Characterisation of carbon nanotubes

The products obtained from the pyrolytic decomposition of
cetylene over these catalysts have been characterised by SEM,
EM and Raman spectroscopy.

.2.1. Scanning electron microscopy (SEM)
SEM images were obtained for CNTs with Co-MCM-41

100) at different magnifications. The images show a cluster
f CNTs adhered together. The images obtained at 10,000× and
000× are shown in the Fig. 4a and b, respectively. The images
btained were consistent with images already reported in liter-
tures [26].

Individual CNTs were not resolved by the SEM images,
ecause all the images were taken at low resolution and while
ig. 4. SEM images of CNTs synthesised by Co-MCM-41 (100) at different
agnifications (a) 10,000× and (b) 6000×.
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Fig. 5. TEM image of carbon products formed over Co-MCM-41 (100).

f carbon deposits. This conclusion was further supported by
EM observation.

.2.2. Transmission electron spectroscopy
The TEM study on CNTs with metal particles shows the

ubular structure of CNTs in the sample. From the TEM images
Fig. 5), it was found that only a very small amount of amorphous
arbon and other species of carbon were present in the sample.
solated or small bundles of CNTs with clean tube walls were
bserved in the sample. The results revealed that the CNTs are
f uniform in the range of 25–30 nm. The length of the tube was
ound to be in the order of microns.

The TEM images obtained in this experiment were consistent
ith the images reported in the literature [27] and the presence
f CNTs was confirmed. In addition, the TEM images showed
he presence of metal particles over the tip of each CNTs, which
as used for deducing the growth mechanism of CNTs.
The growth of a CNT occurs in the presence of two forces,

viscous force due to the surrounding hot gas, which opposes
nd slows down the growth of the CNT, and an extrusive force
hat causes the growth and that in the steady-state stage of the
rowth is completely balanced by the viscous force. The great
ecrease in free energy in the assembling reaction that occurs at
he interface of the metal nanoparticles catalyst that causes the
xtrusive force for the growth of a CNT [28].

Catalytically decomposed carbon species of the hydrocar-
on are assumed to dissolve in the metal nanoparticles and,
fter reaching supersaturation, precipitate out in the form of a
ullerenes dome extending into a carbon cylinder with no dan-
ling bonds and hence, minimum energy.

When the metal–support interaction is strong, a CNT grows
p with the metal particle rooted at its base (base growth model).
hen the metal–support interaction is weak, the metal particle
s lifted up by the growing CNT and continues to promote CNT
rowth at its tip (tip growth model).

The TEM image (Fig. 6) shows the dispersion of metal par-
icles in CNTs. During the synthesis of the CNTs, the precursor

n
p
o
w

Fig. 6. TEM image of CNTs with metal particle at tip of the tube.

olecules would preferentially select the catalyst particles out-
ide the pores for decomposition rather than enter into the meso-
orous due to the difficulty of diffusion. It has been demonstrated
hat the binding sites are depending on the structure of the sup-
ort: the studies conducted over cobalt show that the most stable
nchoring sites vary sensibly between graphite and SWNT due to
ifferent curvature of the surfaces where the active species can be
eposited. Therefore, the possibility of peculiar metal–support
nteraction has to be taken into account. It is learned that the

etal particle, which is loosely bonded to the support will be
ifted by the carbon precursor molecule and the metal remains
t the tip of the developing nanotubes. From this, it is very clear
hat the growth mechanism carbon nanotubes can be attributed
o the “Tip Growth Model” [29].

In the present study, the growth mechanism is assumed to fol-
ow the tip growth mechanism, which is clearly observed from
he TEM result where metal particle is present at the tip of the
ube. In this case, initially the acetylene molecule approaches the

etal catalyst particle and undergoes decomposition at the con-
act of the metal and support. Thus, formed metastable carbon
iffuses through the metal particle, simultaneously lifting the
etal catalyst particle, as there exists a weak interaction between

he metal cobalt and the MCM-41 mesoporous molecular sieves.
hen the tube grows continuously by using the metastable car-
on, which is formed by the decomposition of the acetylene at
he tip of the tube. This carbon diffuses through the metal catalyst
article and forms the single walled carbon nanotubes (Fig. 6).
cetylene is considered a good carbon source for SWNT pro-
uction because it contains fewer number of carbon atoms per
olecule and greater activity in comparison to other hydrocar-

ons such as benzene [30]. Many of the SWNTs preparation
how the presence of amorphous carbon, which can be avoided
y reducing the proportion of the hydrocarbon (C2H2) in the

itrogen stream. Because of the high reactivity of acetylene,
revious investigator [31] have shown that a narrower range of
perating conditions exists for selective production of SWNT
hen compared to the CO disproportionation process.
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Table 2
Deposition of carbon over Co-MCM-41 (Si/Co = 25, 50, 75 and 100)

Catalyst Carbon deposition (%)

Co-MCM-41 (100) 26.6
Co-MCM-41 (75) 23.8
Co-MCM-41 (50) 21.2
Co-MCM-41 (25) 19.5
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onditions: temperature = 750 ◦C; flow rate = 40 ml/min of acetylene; reaction
ime = 10 min.

Studies of the effect of cobalt amount on the production of
NTs were carried out at 750 ◦C using a C2H2 flow rate of
0 ml/min for 10 min, the optimal experimental conditions for
igh selectivity of CNTs during acetylene decomposition over
o-MCM-41. The percentage of carbon deposited due to the
atalytic decomposition of acetylene was determined by the fol-
owing equation:

arbon deposit (%) = mtot − mcat

mcat
× 100

here mcat and mtot are the mass of the catalyst before and
fter the reaction, respectively. The data presented in the Table 2
stablished that the support plays an important role in determin-
ng the dispersion and hence the catalytic activity of the metals
n the production of CNTs by the decomposition of C2H2.

.2.3. Raman spectroscopy
In addition to TEM, Raman spectroscopy (Fig. 7) was

sed to characterize the product, in which a strong G-band
about 1607 cm−1) and a weak D-band (about 1302 cm−1) was
bserved, which indicates the defect and quality of CNTs. The
-band is associated with the amount of disordered carbon and
ccurs in the 1200–1400 cm−1 part of the spectrum [32]. The
-band reveals the intense tangential modes of CNTs and the
ood arrangement of the hexagonal lattice of graphite, which
ccurs in the high frequency region of 1500–1600 cm−1 [33].
owever, radial breathing mode (RBM) area in Raman spec-

ra (150–300 cm−1) changes from place to place. From the

BM signal in Fig. 6, the diameter of CNTs was estimated

o be typically 0.70–1.40 nm. Here the following correlation
34,35] between diameter ‘d’ (nm) and Raman shift ‘λ’ (cm−1),
= 248/λ was used to calculate the diameter of the CNTs. It has

Fig. 7. Raman spectra of CNTs synthesised by Co-MCM-41.

[
[

[

[
[

[

[

[

[

talysis A: Chemical 256 (2006) 193–199

een observed that the Raman peaks around 150–220 cm−1 are
ssigned to semiconductor SWNTs [36].

. Conclusion

Highly reproducible well-ordered mesoporous Co-MCM-41
olecular sieves were synthesised by hydrothermal method.
sing acetylene as a carbon precursor, the well-graphitised
NTs were synthesised at 750 ◦C. As observed by the TEM, the
NTs were formed outside the pores of the Co-MCM-41 with
iameters ranging up to 30 nm. Further, the TEM results suggest
hat SWNTs were formed based on tip growth mechanism. The
aman spectrum also confirmed the formation of CNTs due to
icinity of the D-band and G-band at 1302 and 1607 cm−1. The
atalytic template maintains its structure after successive reac-
ion, which suggests that Co-MCM-41 is a very stable template
or producing SWNT under harsh conditions. This work reveals
hat Co-MCM-41 (100) exhibits high selectivity for produc-
ion of CNTs under optimized conditions (temperature = 750 ◦C;
ow rate = 40 ml/min of C2H2; reaction time = 10 min) com-
ared to other ratios.
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