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Abstract:
Chemical vapor deposition was employed to synthesize carbon nanotubes with Ni-loaded MCM-41 and MCM-
48 as catalysts and acetylene as precursor at 750°C. Mesoporous Ni MCM-41 and Ni MCM-48 molecular 
sieves were synthesized by a hydrothermal method and were characterized by XRD and N2 adsorption isotherm. 
The catalytically synthesized carbon materials were characterized with Raman spectroscopy, N2 adsorption 
isotherm, SEM and TEM. The experimental results indicated that the deposited carbon materials by acetylene 
decomposition were slightly more in the Ni MCM-41 framework than in Ni MCM-48. Furthermore, the 
diameter distribution of the well-ordered grown multi wall carbon nanotubes has direct relation with their 
silicate frameworks.
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1. INTRODUCTION

Carbon nanotubes (CNTs) have high mechanical 
strength, thermal conductivity and unique electronic 
properties. Several efforts have been made to control 
the metallic particles for CNTs growth with controllable 
diameter and well-oriented structures. The key point to 
the control the growth of CNTs is to control the similar 
metal clusters in catalysts, avoiding the aggregation 
of these clusters into large particles during the high 
temperature reaction [1]. In recent years, some papers 
have been published on the synthesis of carbon 
nanotubes in microporous molecular sieve zeolites as 
the catalyst supports [2-7].

Zeolites are crystalline microporous materials 
which are widely used as catalysts in oil refining, 

petrochemistry and organic synthesis. Also they have 
been used as adsorbents and ion-exchange media 
[6,7]. Recently, there has been growing interests 
in the synthesis of new molecular sieves extending 
the pore diameter to the mesoporous region. The 
mesoporous molecular sieves are obtained with 
various structures and pore diameters that can be 
controlled over a wide range (1.6-50 nm) [6,8]. It is 
well known that different catalyst supports would 
strongly influence the catalytic properties due to the 
different interactions between the catalyst particles 
and supports. Mesoporous molecular sieves such as 
MCM-41 and MCM-48 materials are the kinds of new 
catalyst supports with many interesting properties 
[7]. Therefore, they have seldom been used to date 
in the synthesis of CNTs on metal loaded M41S and 
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some arguments on this aspect have appeared. The 
aim of the present work was to study the synthesis of 
multi wall carbon nanotubes (MWNTs) on the nickel 
loaded mesoporous MCM-41 and MCM-48 catalysts. 
Moreover, the pore size distributions of synthesized 
CNTs were related to the silicate support framework 
of synthesized catalysts.

2. EXPERIMENTAL  

2.1. Preparation of Ni loaded mesoporous 
silicates

Sodium meta silicate, cetyl trimethyl ammonium 
bromide (CTAB) and nickel nitrate were respectively 
used as the sources of silica, structure directing 
agent and nickel. The Ni-loaded MCM-41 was 
synthesized as follows: First, 20.2 g of CTAB was 
dissolved in 120 ml of distilled water with stirring 
and slightly warming. In addition nickel nitrate was 
dissolved in 120 ml distilled water and 49.3 g of 
sodium meta silicate was added to this solution until 
a colloidal solution with molar ratio of Si/Ni=20 
was prepared. Next, this solution was stirred and 
slightly warmed for 30 minutes in order to prepare 
a homogenous solution. When the homogenous 
solution was prepared, the solution of CTAB in 
the distilled water was added to that solution and 
stirred again for 30 minutes to prepare the initial 
reacting mixture. After that the reacting mixture was 
transferred into the autoclave and heated at 100°C 
for 72 hours, then, 400 ml of 70% ethanol and 10 ml 
of 37% HCl were added to the sample and stirred 
slightly for 30 minutes. After that the crystalline 
materials were separated by filtration and washed 
with distilled water and dried at 120°C for 4 hours.

In addition, in order to synthesize the Ni-loaded 
MCM-48, 14 g of CTAB was dissolved in 120 ml of 
distilled water by stirring and slight warming. Also 
42 g of sodium meta silicate was dissolved in 120 
ml of distilled water and the homogenous solution 
of nickel nitrate and sodium meta silicate with a 
molar ratio Si/Ni = 20 was prepared as previously 
mentioned. After that, for preparation of the initial 
reacting mixture, the solution of CTAB in distilled 
water was added to the homogenous solution and 

stirred again for 30 minutes, and then, the final 
mixture was transferred into the autoclave and 
was crystallized at 100°C for 72 hours. When the 
crystallization period was completed, the autoclave 
was cooled and the crystalline Ni MCM-48 materials 
were discharged and treated with the similar method 
which was used for Ni MCM-41. 

The final active Ni MCM-41 and Ni MCM-48 catalysts 
were obtained by removing the occluded surfactant, 
which fills the pores by calcinating the samples at 550 
°C in air for 6 hours. After the calcination process, 
some white materials were obtained. 

2.2. Preparation of CNTs 

The catalytic reactions for the synthesis of CNTs 
were carried out using the synthesized Ni MCM-
41 and Ni MCM-48 as the catalysts. The Chemical 
vapor deposition (CVD) technique was carried out 
in a horizontal furnace consisting of a quartz tube 
with a diameter of 45 mm and 1 m in length. The 
furnace provided controllable heating up to 1200°C 
with a non-gradient temperature zone (reaction 
zone) of 30 cm in length. At first,1  g of the catalyst 
was placed in a quartz boat that was placed into 
a quartz tube. Then, the catalyst was purged in a 
hydrogen stream at a flow rate of 300 ml/min for 
30 min in order to reduce the catalyst. After that, 
the reaction was carried out using acetylene as the 
carbon source with a flow rate of 30 ml/min and 
hydrogen as carrier gas with a flow rate of 300 ml/
min at 750°C for 30 min. 750 °C was found to be 
the suitable temperature to achieve the high yield of 
carbon deposition. Finally, the furnace was cooled 
at room temperature under a hydrogen atmosphere 
and black materials formed as the final product after 
completion of the reaction.

2.3. Purification of synthesized carbon nanotubes

The synthesized materials were purified as follows. 
In order to obtain pure carbon nanotubes, silicate 
components were removed by dissolving in 47% 
HF solution, and this stage was carried out for about 
10 min. HF-treated samples were washed several 
times with distilled water, and the washing process 
continued until neutral materials were obtained. 
Then, to remove residual metallic nickel particles, 
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CNTs were treated with a 2 M HCl solution for 
120 min. After that, the washing step was repeated 
as mentioned above for the HF treatment process, 
and treated CNTs were dried at 100°C. Finally, in 
order to eliminate amorphous carbons, all of the 
synthesized materials (CNTs and CNTs/Ni M41S) 
were placed in the furnace at 400°C for 120 min.

2.4. Characterization of the synthesized materials

The powder XRD patterns of the calcined 
mesoporous Ni MCM-41 and Ni MCM-48 
molecular sieves were obtained with a Philips 
PW1848 diffractometer using nickel-filtered Cu 
Kα radiation (λ = 0.154 nm). The diffractograms 
were recorded in the 2θ range of 0–10° in the 
steps of 0.02° with a count time of 15 sec at each 
point. The surface area, pore volume and pore size 
distribution were measured by nitrogen adsorption 
at 77 K using an ASAP-2010 porosimeter from the 
Micromeritics Corporation GA. The samples were 
degassed at 350 °C and 1.33-0.67 kPa overnight 
prior to the adsorption experiments. The pore 
size distribution (PSD) was evaluated from the 
adsorption isotherms using the Barrett, Joyner and 
Halenda (BJH) algorithm (ASAP-2010) available 
as a built-in software from Micromeritics. Spectra 
were collected with a Renishaw Ramanscope in the 
backscattering configuration using 514.5 nm laser 
wavelengths. Scanning Electron Microscopy (SEM) 
images using a Camscan MV2300 Microscope with 
an operating voltage of 15 kV and Transmission 
Electron Microscopy (TEM) images using a JEOL 
1200 EXІІ microscope with an operating voltage of 
100 kV were obtained in the present work to verify 
the desired structure of the synthesized nanotubes. 

3. RESULTS  AND  DISCUSSION

The X-ray diffractograms of the calcined Ni MCM-
41 and Ni MCM-48 are shown in Figures 1 and 2. 

The powder XRD patterns of the prepared Ni MCM-
41silica sample (Figure 1) exhibit reflections [100], 
[110] and [200] planes in a small-angle range of 
2θ=2−8° [9], which is characteristic of the hexagonal 
ordered structure and suggests that the MCM-41 
mesoporous materials have good thermal stability 
after calcination. The calcined material shows strong 
signal between 1.8 and 2.8° (2θ), due to the [100] 
reflection plane and weak signals between 3.8° and 
4.8° (2θ), and due to the higher order [110] and [200] 
reflections indicate the formation of well-ordered 
mesoporous materials [10]. It also shows that our 
materials are well organized even after calcination.

The powder XRD patterns of the prepared Ni MCM-
48 silica sample (Figure 2) also exhibit reflections 
[211] and [220] planes. The well-defined XRD 
pattern shows the typical h k l reflections that can 
be indexed to cubic MCM-48 [6,11].

The activity of the synthesized catalysts of Ni MCM-
41 and Ni MCM-48 molecular sieves was evaluated 
by measuring the deposition of carbon using equation 
1 [12]. Results are presented in the Table 1.

 100)((%) ×
−

=
Cat

CatT

M
MMyeildCarbon       (1)

Where MCat is the weight of the catalyst taken before 
CNT growth, MT is the weight of the catalyst and 
CNT grown on the catalyst.

In both catalysts carbon atoms can deposit on the 
metal surface. Carbon would diffuse on the metal 
surface that is situated in the crystalline structure 
of the M41S catalysts. As presented in Table 
1, Ni is an effective catalyst that can be used for 
carbon nanotubes synthesis. The amount of carbon 
deposited on the Ni MCM-41 is greater than that 
deposited on Ni MCM-48. Paying attention to the 
structure of MCM-41 whose crystallites build up 
from hexagonally arranged tubes (p6mm), provides 
easier access to the Ni in MCM-41 structure for 
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Table1. Carbon deposition yield on the various Ni M41S catalysts   

Catalyst MCat (g) MT (g) Carbon yield (%) 
Ni MCM-41 1 1.42 42
Ni MCM-48 1 1.38 38
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Table 1: Carbon deposition yield on various Ni M41S catalysts  
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carbon atoms than the Ni in the MCM-48 structure 
with a cubic arrangement of mesopores building up 
a quasi three-dimensional pore system (cubic Ia3d) 
[9].

 16

Figure 1

Figure 1. XRD pattern of Ni MCM-41.
Figure 1: XRD pattern of Ni MCM-41.
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Figure 2

Figure 2. XRD pattern of Ni MCM-48.Figure 2: XRD pattern of Ni MCM-48.

In addition the presence of MWNTs in the sample 
prepared by the CVD method was confirmed by 
Raman spectroscopy. Because of the absence of the 
radial breathing mode (RBM) peak in the spectra, 
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Figure 3

Figure 3(a)

Figure 3(b)

Figure 3. Raman spectrum of MWNTs grown over (a) Ni MCM-41(b) Ni MCM-48.
Figure 3: Raman spectrum of MWNTs grown 

over (a) Ni MCM-41(b) Ni MCM-48.
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Table 2. N2 adsorption data of Ni M41S catalysts  

Catalyst BET Surface 
Area (m2/g)

Average Pore 
Diameter- by BET 

(nm) 

BJH Adsorption 
Average Pore 
Diameter (nm) 

BJH Adsorption 
Cumulative Pore 
Volume of Pores 

(cm3/g) 
Ni MCM-41 908.76 2.88 2.64 0.77 
Ni MCM-48 1098.46 3.16 3.46 1.06 

Figures caption 

Figure 1. XRD pattern of Ni MCM-41.
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the most portions of the produced CNTs were 
MWNTs.

The first-order Raman spectrum typically between 
1000 and 2000 cm−1 is composed of two intense 
peaks, at about 1350 and 1600cm−1. Figure 3(a) 
shows two major peaks at 1585 and 1340 cm-1 which 
corresponds to G-band and D-band, respectively, 
for the MWNTs grown on Ni MCM-41. Similarly, 
Figure 3(b) shows two peaks at 1597 and 1360 
cm-1 for the MWNTs formed over the Ni MCM-
48. The G-band observed at 1585 and 1597 cm-1 
has been assigned to the Raman allowed phonon 
E2g (stretching) mode of graphite. The strongest 

peak of the G-band in the spectrum indicates the 
formation of good arrangements of the hexagonal 
lattice of graphite. The band at 1340 and 1360 cm-1 
corresponds to the D-band. The relatively weak 
D-band in the spectra reveals the high purity and is 
assigned to the A1g phonon [13]. The intensity ratio 
of the G band to the D band (IG/ID) can express the 
graphitization of carbon nanotubes [14,15]. High 

 19

Figure 4

Figure 4(a) 

Figure 4(b)

Figure 4. SEM image of CNTs grew on (a) Ni MCM-41 and (b) Ni MCM-48. Figure 4: SEM image of CNTs grew on (a) Ni 
MCM-41 and (b) Ni MCM-48.
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Figure 5

Figure 5(a) 

                 

         Figure 5(b)

Figure 5. TEM image of CNTs grew on (a) Ni MCM-41 and (b) Ni MCM-48. 

                                                            

Figure 5: TEM image of CNTs grew on (a) Ni 
MCM-41 and (b) Ni MCM-48.
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IG/ID value represents good graphitic structure of 
CNTs.

SEM images were obtained from CNTs with Ni 
MCM-41 and Ni MCM-48 at a magnification 
of 50,000×. The images show a cluster of CNTs 
adhered together. The images obtained from CNTs 
grown on Ni MCM-41 and Ni MCM-48 are shown 
in Figures 4(a) and 4(b), respectively. Individual 
CNTs were not resolved by the SEM images, but the 
CNTs appearing as the filaments are clearly seen. 

These images also indicate the formation of carbon 
nanotubes on the outer surface of the mesoporous 
materials.

The TEM images of individual MWNTs grown on 
Ni MCM-41 and Ni MCM-48 are shown in Figures 
5(a) and 5(b), respectively. 

The TEM images of MWNTs show the tubular 
structure of MWNTs in the sample, and it was 
found that only a very small amount of amorphous 
carbon and other forms of carbon are presented 
in the sample. Also, Isolated MWNTs with clean 
tube walls are observed in the sample. The results 
revealed that the MWNTs are uniform in the range 
of 25–40 nm for the MWNTs grown over Ni MCM-
41and 25-30 nm for MWNTs grown over Ni MCM-
48.The length of the tube was found to be in the 
micron range.

TEM image shows that MWNTs grew in a narrow-
diameter range over Ni MCM-48.  Similar diameter 
and the good alignment of MWNTs in both cases are 
due to the fact that the tubes follow the structure of 
their substrate framework. As can be seen MWNTs’ 
growth follows a based-growth model because Ni 
clusters have strong interactions with M41S and are 
embedded in the nano-catalyst structure.    

Table 2 presents the BET surface area, average pore 
size diameter and pore volume of the catalysts.

The results from table 2 show that all of the measured 
values by the N2 adsorption method of Ni MCM-48 
are greater than Ni MCM-41, which is in agreement 
with reports in the literature [16]. 

The results of both XRD and N2 physisorption are 
complementary with respect to probing the structural 
integrity of Ni MCM-41 and Ni MCM-48. XRD 
analysis demonstrates the hexagonal structure of the 
Ni MCM-41 and the cubic structure of Ni MCM-
48, while N2 physisorption gives information about 
the extent of the uniformity of the mesopores. The 
N2 adsorption–desorption isotherms and PSD of Ni 
MCM-41 and Ni MCM-48 are respectively shown 
in Figures 6(a) and 6(b) and Figures 7(a) and 7(b). 
The isotherms of all samples show a sharp inflection 
step at p/p0 of ≈0.3–0.4, characteristic of capillary 
condensation of uniform mesoporous materials. The 
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Figure 6

Figure 6(a) 

Figure 6(b)

Figure 6. N2 adsorption–desorption isotherms of (a) Ni MCM-41 and (b) Ni MCM-48 

                                                                   

Figure 6: N2 adsorption–desorption isotherms of 
(a) Ni MCM-41 and (b) Ni MCM-48

(a)

(b)
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isotherms corresponding to p/p0 < 0.3 represents 
the monolayer adsorption of N2 on the walls of the 
mesopores, while those with p/p0 > 0.4 represent 
the multilayer adsorption on the outer surface of the 
particles. The point at which the reflection begins is 
related to capillary condensation within the uniform 
mesopores and their diameter [17,18].

On the other hand, the purified MWNTs that 

Figure 7: Pore size distribution of (a) Ni MCM-41, (b) Ni MCM-48, (c) Purified MWNTs 
grew on Ni MCM-41 and (d) purified MWNTs grew on Ni MCM-48.   
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Figure 7

Figure 7(a) Figure 7(b)

Figure 7(c) Figure 7(d)

Figure 7. Pore size distribution of (a) Ni MCM-41, (b) Ni MCM-48, (c) Purified MWNTs grew 

on Ni MCM-41 and (d) purified MWNTs grew on Ni MCM-48. 

have been grown on Ni M41S catalysts were 
characterized by N2 adsorption, and PSD curves of 
these samples are shown in Figures 7(c) and 7(d). 
These results indicate that pore size distribution 
of grown MWNTs on Ni M41S catalysts follow 
the pore size distribution of their templates. By 
comparison of Figure 7(a) and Figure 7(c), it is clear 
that PSD of purified MWNTs and their Ni MCM41 
templates have a large narrow peak between 2-3 nm 

(a)

(c) (d)

(b)
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and represent similar behavior. This similarity is 
also observed in the case of MWNTs grown on Ni 
MCM-48.

Thus by paying attention to the loading of the 
metal particles during the production process of the 
mesoporous silicates, the generation of metal particles 
for CNTs growth with controllable diameter and 
well-oriented structures was achieved. Controlling 
the similar metal clusters in the ordered sites of 
crystalline catalysts was the key point of achieving 
controlled growth of CNTs. This method was effective 
for avoiding aggregation of metal particles into large 
clusters during the high-temperature reaction. This 
controllable growth of MWNTs causes similarity 
between the PSDs of the well-ordered grown MWNTs 
and their silicate framework.

4. CONCLUSIONS

Well-structured mesoporous molecular sieves 
(MCM-41 and MCM-48) were prepared and 
Ni particles were loaded on them during the 
preparation process. With these molecular sieves as 
the catalysts and acetylene as the carbon precursor, 
well-graphitized MWNTs were synthesized at 
750°C. The CNTs were formed out of the pores of 
the M41S materials and the maximum yield was 
greater than 40 wt% of the catalyst. The frameworks 
of the M41S host materials did not collapse after 
the synthesis process. By paying attention to the 
loading of the metal particles during the production 
process of the mesoporous silicates, generation of 
metal particles for CNTs growth with controllable 
diameter and well-oriented structures was achieved. 
The experimental results indicate that the diameter 
distribution of the well-ordered grown MWNTs has 
direct relation with their silicate framework. 
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