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Abstract: By simple impregnation and hydrothermal treatment, MgO supported iron catalysts were obtained and used for carbon nanotube 
(CNT) growth from chemical vapor deposition with methane as the carbon source. Single/double/multi-walled CNTs (S/D/MWCNTs) were 
selectively synthesized on the Fe/MgO catalyst with different iron loadings. When the iron loading was low (0.5%), the iron atom distrib-
uted on the MgO support was sintered to iron nanoparticles with a size of 0.8–1.2 nm under the growth conditions. This catalyst promoted 
the formation of SWCNTs, which was attributed to the surface diffusion of carbon atoms on it. The selectivity for SWCNTs in the as-grown 
product from the 0.5%Fe/MgO catalyst was 90%, and the carbon mass yield was 19 times that of the active phase. When the iron loading 
was increased to 3%, larger iron catalyst particles of about 2.0 nm were formed. On this catalyst, there was more bulk diffusion of carbon, 
and DWCNTs became the main products due to the combination of both surface and bulk diffusion. With the iron loading was further in-
creasing, iron particles from 1 to 8 nm were formed, which promoted the growth of MWCNTs together with S/DWCNTs. With increasing 
iron amount on the porous MgO support, the diameter, wall number, and proportion of semiconducting CNTs also increased. This provides 
a controllable way to selectively grow S/D/MWCNTs on a large scale in a fluidized bed to meet critical needs for CNTs in applications. 
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Carbon nanotubes (CNTs) have excellent electrical, thermal 
conductivity, and mechanical properties, and many potential 
applications in catalysis, composites, batteries, field emission 
displays, sensors, etc. [1–5]. The properties and applications 
can be different with different wall numbers and diameters. The 
first need in these applications is to produce high purity CNTs 
with a specific wall number on a large scale. The controlling of 
the wall number of CNTs has been a key issue for scientists and 
engineers. Chemical vapor deposition (CVD) has become the 
most important method to prepare single/double/multi-walled 
carbon nanotubes (S/D/MWCNTs). Metal catalysts, such as 
iron, nickel, and cobalt, are needed to crack hydrocarbons at 
the high temperature for CNT growth. The catalysts can be 
loaded on porous supports, substrates [6,7], or be formed in situ 
during CNT growth [8–11]. To meet the needs of large scale 
and high quality production at low cost, a fluidized bed is an 
ideal reactor for CNT growth [12]. A supported catalyst is 

needed in the process. At the moment, MWCNTs with a con-
trolled diameter can be obtained on the ton scale [12]. However, 
the production of high quality S/DWCNTs on a large scale is 
still in progress. The active phase selection, catalyst prepara-
tion, and parameters for CNT synthesis have to be carefully 
considered and finely controlled. Among these factors, the 
catalyst is considered the key factor. Dal et al. [13] reported 
that SWCNTs can be obtained by the disproportionation of 
carbon monoxide at 1200 °C, with molybdenum particles as the 
catalyst. Later, Nikolaev et al. [14] found that Fe particles for 
SWCNT growth can be formed in situ by the thermal decom-
position of iron pentacarbonyl in a flow of carbon monoxide at 
high pressure at 800–1200 °C. The high-pressure carbon 
monoxide process was developed soon after this [14]. Later, 
various groups found that SWCNTs or DWCNTs can be ob-
tained on supported catalysts. At present, Fe, FeMo, and CoMo 
particles have been used as the active phase, and MgO, Al2O3, 
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SiO2, and CaO as the supports. The synthesis of S/D/MWCNTs 
has been reported on Fe/Al2O3 [15,16], Fe/SiO2 [17], Fe/MgO 
[18–25], Fe/Mo/Al2O3 [26,27], Fe/Mo/MgO [28–31], and 
Co/Mo/MgO [32,33] catalysts. The understanding of the se-
lective growth of S/D/MWCNTs on a supported catalyst is a 
key issue. For CNT growth without a sulfur containing additive 
in the CVD process, the diameter of the CNT is closely related 
to the size of the catalysts. For a supported catalyst, the metal 
will get sintered into nanoparticles at the high temperature 
needed for CNT growth. The amount of metal on a fluidizable 
porous support should be delicately controlled for the highly 
selective synthesis of CNTs with a controlled wall number and 
diameter. 

In the present work, MgO-supported Fe was used as the 
model catalyst to investigate the effect of iron loading on the 
formation of S/D/MWCNTs. Scanning electron microscopy 
(SEM), high-resolution transmission electron microscopy 
(TEM), Raman spectroscopy, and thermogravimetric analysis 
(TGA) were used to characterize the products to study the 
growth mechanism of the selective growth of CNTs. This pro-
vides a high quality catalyst and general understanding for the 
large scale selective synthesis of CNTs in a fluidized bed re-
actor. 

1  Experimental 

1.1  Porous Fe/MgO catalyst preparation 

The porous MgO-supported Fe catalyst was prepared by a 
typical impregnation method. The porous magnesium oxide 
powder (BET surface area 25.9 m2/g) was suspended in dis-
tilled water to form a uniform suspension by strong stirring at 
80 °C. Fe(NO3)3·9H2O, purchased from Beijing Yili Reactant 
Company, was also dispersed in deionized water. Then the 
solution of iron nitrate was added dropwise slowly into the 
suspension with stirring. The molar ratio of the salt in the 
solution to the magnesium oxide was controlled by the amount 
of the solution added into the MgO suspension. After sonica-
tion for 10 min, hydrothermal treatments were performed at a 
temperature of 200 °C for 2 h. Then the solution was cooled to 
room temperature. After drying the suspension and grinding 
the solid, the catalyst of Fe/porous MgO for CNT production 
was obtained. The Fe amounts on the different catalysts were 
controlled at 0.5%, 1.0%, 3.0%, 5.0%, and 15.0%. 

1.2  CNT growth via chemical vapor deposition 

To synthesize the CNTs, approximately 100 mg of the 
catalyst was sprayed uniformly into a quartz boat, which was 
then inserted into the center of a quartz tube (i.d. 35 mm, length 
1200 mm). The quartz tube, mounted in an electrical tube 
furnace, was heated to 900 °C in the air atmosphere. Subse-

quently, argon was fed at a flow rate of 600 ml/min for 60 min. 
A mixture of methane (80 ml/min) and carrier gas was intro-
duced into the quartz tube and maintained at the reaction 
temperature for 15 min before the furnace was cooled to room 
temperature under Ar protection. 

1.3  Characterization 

The morphology of the CNTs was characterized by SEM 
(JSM 7401F at 3.0 kV). The sample for TEM was prepared by 
the sonication of about 5.0 mg of the as-grown products in 
ethanol and several drops were dropped onto a TEM grid. The 
quality of the sample was characterized by TEM (JEM 2010 at 
120.0 kV). Raman experiments were performed on a Raman 
spectrophotometer (Renishaw RM2000) at ambient condition. 
The spectra were recorded using He-Ne laser excitation lines of 
514 and 633 nm with a spot size of about 20 m2 on the CNTs 
kept at ambient temperature. The carbon content was obtained 
by TGA (Q500, heated at 20 °C/min). 

2  Results and discussion 

2.1  Morphology of the as grown products 

Typical SEM images of the products are shown in Fig. 1. 
The as-grown products were agglomerates with an average size 
of ca 15 m, which consisted of CNTs and MgO particles (Fig. 
1(a)). In the high magnification SEM images shown in Fig. 
1(b), fibrous CNTs can be found among the catalyst particles. 
The CNTs grown on 0.5%Fe/MgO were in the holes of the 
MgO catalyst, but the amount was limited. Furthermore, the 
diameter of the CNTs was small. With increasing iron loading, 
more CNTs were found on the surface and in the pores of the 
catalysts (Fig. 1(c)–(e)). The diameter of the CNT bundles 
became large. CNTs entangled into a woven-structure on the 
surface of the catalyst were found when the loading was in-
creased to 5% (Fig. 1(e)). However, when the loading was 
increased to 15%, the density of CNTs decreased (Fig. 1(f)). 

2.2  Structure of the as-grown products 

In order to macroscopically characterize the structural dif-
ference of the as-grown CNTs on the 0.5%–15%Fe/MgO 
catalysts, Raman spectra were used (Fig. 2). The presence of 
the radial breath modes (RBM) in the low wavenumber region 
(100–300 cm–1) indicates the existence of SWCNT or DWCNT 
in the products. The Kataura plot is attached to the top of the 
figure [34], in which solid circles represent metallic SWCNTs, 
and hollow circles and squares show semi-conductive 
SWCNTs [35,36]. It was noticed that when the incident laser 
energy changed, the resonance RBM peak positions also 
changed. With 514 nm laser as the incident beam, there were 
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peaks at 134, 165, 184, 222, and 266 cm 1, which were due to 
metallic, semi-conductive, semi-conductive, metallic, and 
semi-conductive nanotubes, respectively. But the amount of 
CNTs of a specific diameter was different. 

As shown in Fig. 2(a), the peak at 134 cm–1 increased, while 
the peak at 184 and 266 cm–1 clearly decreased. This indicated 
that with increasing iron loading on the MgO supports, the 
diameter of as-grown CNT increased. Furthermore, the peaks 
at 134, 165, and 184 cm–1 were the main RBM peaks for the 
products grown on a highly loaded catalyst, indicating that the 
relative amount of semiconductor CNT increased. From the 
Raman spectra of the as-grown CNTs with the 633 nm laser as 
the incident beam, the peak at the higher wavenumber de-
creased, which indicated that the amount of small diameter 
CNTs decreased. Furthermore, the area ratio of the peaks at 140 
and 191 cm–1 still increased, indicating the higher proportion of 
semiconducting CNTs [35,36]. However, it was noticed that 
both metallic and semiconductor CNTs could be found from 

each catalyst. Thus, there is still a long way to go to achieve the 
selective growth of metallic or semiconductor CNTs. 

In addition, typical D and G peaks from the CNTs are shown 
in Fig. 2(b). The intensity ratio of the D to G peak is propor-
tional to the degree of graphite crystallinity. The values for all 
the samples were less than 0.19, indicating that the SWCNTs or 
DWCNTs had a high degree of crystallinity [33,37]. The in-
tensity ratio of the D to G peaks is different with a different 
incident beam energy, but the trends were similar. However, the 
trends revealed less information on the defect density because 
the products were a mixture of SWCNTs, DWCNTs, MWCNTs, 
and carbon sphere encapsulated particles. Furthermore, the 
Breit-Wigner-Fano (BWF) peak at around 1500 cm–1, which is 
a characteristic Raman mode of metallic nanotubes [22], de-
creased gradually. This indicated that the content of metallic 
CNTs decreased in the as-grown products with a high iron 
loading, which is consistent with the RBM peak analysis. 

Fig. 3(a) shows a typical TEM image of the as-grown CNTs 
products on the Fe/MgO catalyst. The CNTs, especially 
SWCNTs, were clustered into CNT bundles due to the strong 
van der Waals force. The CNT bundles had a diameter of 3–15 
nm. The high resolution TEM images of CNTs grown on 
Fe/MgO catalysts with different iron loadings are shown in 
Figs. 3(b)–(f). With increasing iron content, both the wall 
number and the diameter of the CNTs increased. 

The distribution of the wall number is given in Fig. 4. When 
the iron content was 0.5%, about 90% CNTs had a single wall, 
and the mean diameter was 1.87 nm. When the iron content 
was increased to 1.0%, the content of SWCNTs decreased to 
65%, while DWCNTs and three-walled CNTs clearly increased 
and the mean diameter increased to 2.02 nm. DWCNTs with a 
selectivity of 75% could be obtained when the iron loading was 
3.0%. When the iron amount was increased to 15.0%, both the 
wall number and diameter distribution of CNTs in the as-grown 
products increased (Fig. 3(f), Fig. 4, and Fig. 5). MWCNTs 
were the main products while SWCNTs and DWCNTs still 
existed, so the RBM peak was still present as shown in Fig. 
2(a). 

The yield of CNTs can be obtained from a TGA test. The 
weight loss during TGA is shown in Fig. 6. With increasing 
iron content, the carbon content clearly increased, indicating 
that more carbon was deposited on the Fe/MgO catalyst. On the 
assumption that only CNTs were deposited on the catalyst, and 
the Fe particles were oxidized to Fe2O3 during TGA, we de-
fined the carbon yield on the basis of the active site. Thus, the 
carbon yield was the mass ratio of the CNTs grown to the iron 
catalyst. It can be used to evaluate the active sites for CNT 
growth on the iron catalyst. When the iron loading was 0.5%, 
only 5% carbon was deposited on the catalyst. However, the 
mass of carbon produced was 19 times that of the active phase, 
which was obviously higher than that on the 5.0%Fe/MgO and 
15.0%Fe/MgO catalysts. The carbon yield exhibited an oppo-
site trend to the carbon content. 

Fig. 1. SEM images of as-grown CNTs from methane over Fe/MgO 
catalysts at 900 °C. (a) Agglomerated structure of the CNTs; (b) 
0.5%Fe/MgO; (c) 1.0%Fe/MgO; (d) 3.0%Fe/MgO; (e) 5.0%Fe/MgO; 
(f) 15.0%Fe/MgO. 
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2.3  Growth mechanism 

Based on the above evidence, it was concluded that 
S/D/MWCNTs were selectively synthesized on Fe/MgO cata-
lysts with different loadings. The growth mechanism for selec- 
tive growth can be explained by the vapor-liquid-solid (VLS) 
model [38]. During catalyst impregnation and hydrothermal 
treating, the iron atoms were dispersed on the MgO carrier. 
After calcination and the introduction of methane, the iron 
atoms began to sinter into iron particles. Then methane can be 
adsorbed and catalytically decomposed into carbon and hy-
drogen on the surface of the iron particles. This is followed by 
the diffusion of carbon into the metal particles until the bulk 
became saturated; when supersaturation occurred, precipitation 
of carbon nanotubes occurred from the metal surface under 
proper conditions. There is a strong metal support interaction 
between Fe and MgO [21,22]. Fe can dissolve in MgO and 
disperse uniformly after a hydrothermal process [24]. At higher 
temperatures, iron will precipitate from the MgO and forms 
small particles, especially in the presence of hydrogen [21–23]. 
If the iron amount was 0.5%, the iron formed small Fe iron 
particles with a size of about 0.8–1.2 nm (Fig. 7(a)). Since the 
size of the iron particle was small, the dominating surface 
diffusion on the catalyst particle resulted in the formation of 
SWCNT [13,14,17]. When the iron loading was increased to 
3.0%, the iron atoms were sintered into large iron particles with 

 

Fig. 2. Raman spectra of as-grown CNTs from methane on Fe/MgO catalyst at 900 °C. (a) RBMs of the as-grown product excited with 514 and 
633 nm lasers (The Kataura plot is attached to the top of the figure [34], in which solid circles represent metallic SWNTs, squares are from Weis-
man [35] and hollow circles are from Maruyama [36]. The diameter was calculated by RBM = 223.8/dt.; (b) D and G peaks of the as-grown prod-
uct excited with 514 nm and 633 nm lasers. 

 

Fig. 3. TEM images of as-grown CNTs from methane on Fe/MgO 
catalysts at 900 °C. (a) Agglomerated structure of CNTs; (b) 0.5%Fe/
MgO; (c) 1.0%Fe/MgO; (d) 3.0%Fe/MgO; (e) 5.0%Fe/MgO; (f) 
15.0%Fe/MgO. 
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a size of 2.0 nm (Fig. 7(b)). Both surface and bulk diffusion, 
which contributed to the outer and inner layer of DWCNT 
formation, respectively, took place on a single particle. Thus, 
DWCNTs were the main products for the CNTs grown on the 
3%Fe/MgO catalyst. When the catalyst loading was increased 
further, the size of the catalyst particle had a large range of 1-8 
nm. According to the VLS model, the diameter distribution of 
the as-grown CNTs on these particles was relatively broad as 
shown in Fig. 5. For the large particles, the bulk diffusion of 

carbon dominated in the synthesis of CNTs. Due to the low 
activity of the large iron catalyst, carbon atoms can accumulate 
at the surface of the catalyst and encapsulate the iron catalyst 
into a tubular structure (Fig. 7(c)). Thus, the carbon yield de-
creased due to the low efficiency of CNT growth on the large 
iron catalyst particles (Fig. 6). 

Fig. 4. Wall number distribution of the as-grown CNTs from meth-
ane on the various Fe/MgO catalysts at 900 °C. 

Fig. 5. Diameter of the as-grown CNTs from methane on the various 
Fe/MgO catalysts at 900 °C. 

Fig. 6. Weight loss in the TGA test and carbon yield versus iron
loading for CNTs grown on the Fe/MgO catalysts. 

 

Fig. 7. Catalyst particle on the 0.5%Fe/MgO (a), 3.0%Fe/MgO (b), 
and 15.0%Fe/MgO (c) catalysts. 
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3  Conclusions 

S/D/MWCNTs were selectively synthesized using Fe/MgO 
catalysts with different iron loading. When the iron loading 
was low, iron atoms distributed on the MgO catalyst sintered 
into iron particles with a size of 0.8–1.2 nm, and SWCNTs 
were formed on these by the surface diffusion of carbon atoms. 
The selectivity for SWCNTs on 0.5%Fe/MgO was over 90%. 
The mass of carbon produced was 19 times that of the active 
phase on this catalyst. When the iron loading was increased to 
3%, larger iron catalyst particles with a size of ca. 2 nm were 
formed. Due to the added presence of the bulk diffusion of 
carbon, DWCNTs were the main products for the combination 
of surface and bulk diffusion. When the iron loading was fur-
ther increased, iron particles with a size distribution of 1–8 nm 
were formed. MWCNTs together with S/DWCNTs were syn-
thesized on these. The diameter distribution, wall number and 
proportion of semiconducting CNTs increased with the amount 
of iron supported on MgO. The selective synthesis of metallic 
or semiconducting CNTs is still a challenge. Since the porous 
Fe/MgO catalyst in this work can be easily fluidized, we have 
provided an approach for the large scale selective synthesis of 
S/D/MWCNTs for further potential applications. 
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