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The catalytic chemical vapour deposition (CCVD) of carbon nanotubes onto Fe-doped alumina catalysts,
with varying iron concentrations and reaction times is described. Methane was used as a carbon source,
and nanostructural growth was afforded at 1000 °C. Characterization of alumina-supported iron
catalysts was done using N, adsorption-desorption measurement and X-ray diffraction. Scanning

CvD electron microscopy (SEM), transmission electron microscopy (TEM), thermogravimetric analysis (TGA)

Carbon nanotubes
Carbon nanoribbons
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Supported catalysts
Fe/Al,03

and Raman spectroscopy were used for characterization of resultant carbon nanotubes (CNTs). The SEM
images indicate that diameter and length of as-produced CNTs depends on both iron content of the
catalyst and reaction time; with lower iron concentrations, longer and thinner nanotubes were obtained.
The yield of products was investigated by TGA, and showed that increasing the catalyst iron content and

reaction time directly affect the amount of formed product.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by lijima [1],
they have attracted a lot of interest due to their remarkable
physical and chemical properties [2]. These properties make CNTs
suitable for applications in hydrogen storage devices [3,4], field
emission tips [5], nanotweezers [6], chemical sensors [7], etc. A
variety of methods have been developed for the synthesis of CNTs;
for example, arc discharge [8,9], laser ablation [10] and catalytic
chemical vapour deposition (CCVD) [11,12]. The latter one, CCVD,
in comparison with the other methods, is a simple and economic
technique for synthesizing CNTs at moderate temperature [13]. In
the CCVD method, a feedstock carbon source (such as methane,
ethane, CO and ROH) is heated to 700-1000 °C over a transition
metal catalyst to promote carbon nanotube growth [14]. Usually,
this process employs iron, cobalt, or nickel-supported catalysts
[15] prepared by impregnation [16], co-precipitation [17], or sol-
gel [18]. High surface area and isolated channels are desirable
properties in silica and alumina as catalyst supports, preventing
coalescence of metal particles during synthesis [13].

Alumina-supported metal catalysts for the synthesis of CNTs
have been widely reported. The high-yield synthesis of CNTs was
reported by using C;Hg as a carbon feedstock over Fe/Al,O3 catalyst
[19]. The simultaneous production of CNTs and hydrogen were
investigated from decomposition of ethanol in presence of Fe/
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Al,03 [20]. Wang et al. developed a nano-agglomerate fluidized-
bed reactor in which the continuous decomposition of ethylene gas
on an Fe/alumina catalyst at 700 °C produces a few kilograms of
multi-walled carbon nanotubes per hour with a reported purity of
70% [21]. Dikonimos Makris et al. reported CNT synthesis using
commercial alumina-supported nickel catalysts. They have opti-
mized the reaction parameters as following: 30 min of reaction
time, 600 °C of growth temperature, 100 mbar of pressure and
10:70 ratio between hydrogen and methane in the reaction
feedstock [22]. In other research in this field, Nagaraju et al.
reported that a best yield of MWNTs is obtained on hydrated
alumina prepared from aluminium isopropoxide and containing a
mixture of Fe and Co on it [23]. Also, a kinetic study in the synthesis
of multi-walled carbon nanotubes using bi-metallic alumina-
supported catalysts was done by Pirard et al. They have reported
that in best model rate determining step is the elimination of the
first atom of hydrogen from the adsorbed ethylene [24].

Herein, we report the CCVD synthesis of CNTs using an Fe/Al,05
catalyst, and methane as a carbon source. We will focus on the
influence of the Fe concentration of the alumina-supported catalyst
and reaction time on the resultant morphology and yield of CNTs.

2. Experimental
2.1. Materials

Iron(Ill) nitrate nonahydrate (Merck), methanol (Merck),
methane (99.99%) and alumina (Djajarm-Iran, specific surface
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Table 1

Prepared catalysts with corresponding concentration of iron(Ill) nitrate
solutions.

Catalysts Concentration of Fe solutions (M)
Fegp2—alumina 0.02

Feg.os—alumina 0.05

Fegg7—alumina 0.07

Feg 1po—alumina 0.10

area: 55m?/g and pore diameter: 9nm) were used as
received.

2.2. Synthesis of catalysts

Catalysts were prepared according to Ref. [25] with slight
modification. A series of iron(IIl) nitrate solutions (0.02, 0.05, 0.07
and 0.10 M) were prepared in methanol. In a typical procedure,
alumina powder (1.0 g) was stirred with 0.02 M iron(lll) nitrate
solution (30 mL) for 2 h at room temperature. After stirring, the
solvent was removed in a rotary evaporator. Finally, the resultant
solid was dried at 150 °C overnight to yield a brown solid that was
ground into a finely divided powder using a mortar and pestle.
Table 1 shows all prepared catalysts.

2.3. Synthesis of CNTs

In a typical synthesis [25], the catalyst powder was placed into a
quartz tube fitted within a horizontal furnace and the temperature
was increased to 1000 °C under argon gas. After temperature
equilibration was reached, methane gas (CH,4 to Ar ratio of 90:10)
was introduced into the quartz tube for a certain reaction time (30,
60, 90, and 120 min). Herein, we refer to the grown CNTs as C,NT,,
(where: x represents the catalyst concentration (in mol/L), and y
represents reaction time).

2.4. Characterization methods

N, adsorption-desorption isotherms were measured using
BELSORP-minill at liquid nitrogen temperature (77 K). All samples
were degassed at 300 °C for 3 h under inert gas flow prior analysis.
The specific surface area were evaluated using the Brunauer-
Emmett-Teller (BET) method, and pore size distributions were
calculated using the Barret-Joyner-Halenda (BJH) model on the
desorption branch. X-ray powder diffraction (XRD) patterns were
obtained on a Philips X’PERT diffractometer using Cu Ko radiation
at 40 kV and 40 mA. Scanning electron microscopy (SEM) was
carried out on a LEO 1455VP microscope. Transmission electron
microscopy (TEM) was performed on a LEO 912AB under an
accelerated voltage of 120 kV. Samples were dispersed in ethanol
using an ultrasonic bath, and a drop placed on a lacey carbon-
coated copper grid for analysis. Thermogravimetric analysis (TGA)
was carried out in PerkinElmer Pyris Diamond instrument from
ambient temperature to 1000 °C, using a ramp rate of 10 °C/min.
Micro-Raman spectra were recorded using a Renishaw system
1000 spectrometer, equipped with Leica DMLM microscope, a
25 mW diode laser (782 nm), and a Peltier-cooled CCD detector.

3. Results and discussion
3.1. Catalysts characterization

N, adsorption-desorption isotherms of catalysts are given in
Fig. 1. As it seen in Fig. 1, the shape of isotherms is similar to type IV

standard isotherms and show mesoporosity in the alumina and iron-
doped alumina. The height of isotherms decrease with increasing the
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Fig. 1. N, adsorption-desorption isotherms of (a) alumina, (b) Fegg,—alumina, (c)
Fegos—alumina, (d) Fepo7—alumina and (e) Feg j0—alumina.
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Fig. 2. BJH pore size distributions of (a) alumina, (b) Fegg—alumina, (c) Fegos—
alumina, (d) Feg7—alumina and (e) Feg jo—alumina.

iron content of catalysts and the shape of them deform. This can be
related to the insertion of iron in the structure of alumina.

The BJH pore size distributions of alumina and catalysts are given
inFig. 2. Asitseenin BJH pore size distribution of alumina (a), there is
abroad peak in the curve that this is representative for the existence
of one type pore with wide distribution in the alumina structure. For
the iron-doped alumina catalysts (b-e), there are two major narrow
peaks that shift to smaller diameters. It can be concluded that there

Table 2
Specific surface area (Sger) and pore diameters of alumina and catalysts obtained
using BET and BJH methods, respectively.

Samples Sger (M?/g) Pore diameter (nm)
Alumina 52.3 9.20
Feg.o2—alumina 63.8 7.04
Fegos—alumina 72.9 3.72
Fegg7—alumina 80.5 3.72
Fep.10—alumina 84.3 3.72
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are more than one type of pores in these systems. According to the
pore size distribution of alumina, it can be assumed that due to the
insertion of iron in the alumina structure, the structure of pores in
the alumina is deformed and new pores are formed.

Increased specific surface areas and decreased pore diameters
with iron content increasing (Table 2) can be utilized to confirm
above opinion. For further discussion, it can be assumed that after
iron insertion into the alumina structure, Fe sites agglomerate and
form new pores inside primary pores. Consequently, specific
surface area is increasing due to the formation of new surfaces
inside the primary pores and pore diameter is decreasing due to
the formation of Fe agglomerates.

The XRD patterns of alumina, Feggy—alumina, and Fegg;—
alumina are shown in Fig. 3. The shapes of patterns in these
samples are similar. It can be concluded that insertion of iron did
not affect the basic structure of alumina and it is approximately
retained. The intensity of peaks is decreased with iron content
increasing. It can be assumed that substitutional doping of Fe in the
lattice results in more disorder, and less overall crystallinity.

3.2. Carbon nanotubes characterization

Morphological assessment of the as-grown CNTs was done by
SEM. Fig. 4 shows SEM images of C;NTgo samples with different
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Fig. 3. XRD patterns of (a) alumina, (b) Fego,—alumina and (c) Fepg7-alumina.

concentrations of iron on the alumina-supported catalysts, for a
60 min reaction time. It is seen that the lengths and diameters of
CNTs depends on the iron content of the catalyst. In particular,
longer and thinner CNTs are observed for lower concentrations of

Fig. 5. (a) SEM and (b) TEM images of synthesized carbon nanoribbons with a 0.05 M [Fe] catalyst for a reaction time of 120 min.
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Fig. 6. Histograms of measured length for the synthesized carbon nanotubes using [Fe] catalyst concentrations of (a) 0.02 M, (b) 0.05 M, (c) 0.07 M and (d) 0.10 M for a
reaction time of 60 min.
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Fig. 7. Histograms of measured diameter for the synthesized carbon nanotubes using [Fe] catalyst concentrations of (a) 0.02 M, (b) 0.05 M, (c) 0.07 M and (d) 0.10 M for a
reaction time of 60 min.



104 P. Zarabadi-Poor et al./Catalysis Today 150 (2010) 100-106

Fig. 8. SEM images of synthesized carbon nanotubes using a 0.02 M [Fe] catalyst for reaction times of (a) 30, (b) 60, (¢) 90 and (d) 120 min.

iron—i.e., diameters of C,NTgo increase from 50 to 200 nm with
increasing iron concentration. These results support the prevailing
mechanistic theory of vapour-liquid-solid (VLS) for nanostruc-
tural carbon growth. That is, with lower iron concentrations,
smaller Fe nanoparticles are formed on the alumina catalyst, which
gives rise to smaller diameter nanotubes.
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In addition to length/diameter effects, Fig. 4 also shows that
increasing Fe concentrations gives rise to more complicated
morphologies of resultant CNTs. Fig. 5 shows SEM and TEM
images of formed carbon nanoribbons obtained in the CggsNT{20
process. This type of nanostructure was observed for higher iron
concentrations, observed for [Fe] of 0.05-0.10 M.

(b) 7

6

5

Count

2 3 4
Nanotube length (um)

(o]

0 10 15 20 25 30 35
Nanotube length (um)

Fig. 9. Histograms of measured length for the synthesized carbon nanotubes using a 0.02 M [Fe] catalyst for reaction times of (a) 30, (b) 60, (c) 90 and (d) 120 min.
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Fig. 10. Histograms of measured diameter for the synthesized carbon nanotubes using a 0.02 M [Fe] catalyst for reaction times of (a) 30, (b) 60, (c) 90 and (d) 120 min.

This suggests that as the iron concentration increases, the larger
crystal facets of the alumina-supported Fe nanoparticle catalyst
sites become more influential in directing the precipitation of
carbon units from the supersaturated molten Fe nanoparticle
catalyst sites, yielding a flattened nanostructure rather than a
tubular array. We are continuing our investigations to probe the
mechanistic details of this interesting morphology in more detail.

Figs. 6 and 7 show the histograms of measured length and
diameter for as-grown C,NTgo samples, respectively. As it seen in
Fig. 6, most of the CNTs have a length of 1-2 wm. About the outer
diameter of CNTs (Fig. 7), in Cg92NTgo and Cg o5sTNgo most of them
have a diameter of 50-60 nm. For the Cg¢7;TNgo sample, CNTs are
grouped in two major groups with a diameter of 100-110 and 150-
160 nm. Most of CNTs in the Cg 10NTgo sample have a diameter of
above 150 nm. It can be concluded that iron content increasing in
catalysts did not affect the length of as-synthesized CNTs but
effectively increased the diameter of them. It can be supposed that
size of agglomerated Fe sites is increased with iron content
increasing. Thus, diameter of grown CNTs over these sites is
increased.

Fig. 8 shows SEM images of Cy02NT, from different reaction
times. It is observed that the yield and diameter of CNTs are both
enhanced with increasing reaction times, with the onset of CNT
growth for Cy 02NT,, occurring at ca. 30 min. This provides feedback
regarding the required nucleation threshold time required to
supersaturate the catalytic Fe nanoparticles. We are currently
evaluating the relationship of the growth onset temperature with
Fe concentrations.

The corresponding histograms of measured length and
diameter for the samples in Fig. 8 are given in Figs. 9 and 10,
respectively. For the Cgo2NT30, Co02NTgo, and CopoaNTeg samples,
length for the most of the CNTs is ca. 1 um. Most of CNTs in
Co.02NT120 have a length of 15-20 pm. It can be resulted from long
reaction time. As it seen in Fig. 10, for all four samples that
diameter of CNTs is ca. 40-60 nm. According to the constant Fe

content in these samples, it can be assumed that the size of Fe
agglomerates is constant. Therefore, grown CNTs over these sites
have similar diameter.

The microstructure of CNTs was investigated with Raman
spectroscopy. The Raman spectra (Fig. 11) of samples have two
characteristic features of CNTs at about 1590 cm™! (G band) and
1340 cm™! (D band). The G band is related to vibration of sp? carbon-
carbon bonds in the graphitic sheets of CNTs. The D band is referred to
Ag mode of CNTs, representing impurities and defects in the sidewall
structure of CNTs. Raman spectra indicate that multi-walled CNTs
have been grown in our system rather than single-walled CNTs
(SWNTs), which would give rise to a much sharper G band. This
indicates that the use of Fe-doped alumina as a growth catalyst does
not afford small enough Fe nanoparticles (i.e., diameters <5 nm)
required to yield SWNTs. Fig. 12 shows the TG/DTG curves of as-
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Fig. 11. Typical Raman spectrum of as-produced carbon nanotubes.
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Fig. 12. TG/DTG curves of synthesized carbon nanotubes using (a) 0.02, (b) 0.05, (c) 0.07 and (d) 0.10 M [Fe] catalysts for a reaction time of 60 min.

Table 3
Percentage of carbon deposition onto different catalysts with
varying iron content obtained using TG/DTG curves.

Catalyst Carbon deposition (%)
Fep.0x—alumina 12
Fegps—alumina 16
Feg.07—alumina 18
Feo.10—alumina 21

grown CNTs. A small mass loss between 25 and 400 °Cis attributed to
elimination of physisorbed water and loss of surface hydroxyl groups
on the alumina support. The absence of mass loss below 400 °C
indicates that there is little/no amorphous carbon present in the as-
grown CNTs. The major weight loss in TGA curves (above 400 °C) can
be utilized for estimating the amount of CNT formation. Amount of
carbon deposition was obtained by subtracting of the values for mass
percent on horizontal axis of diagrams at T < 400 °C and T > 500 °C.
As seen in Table 3, the amount of CNT directly depends on the iron
content in alumina. Increased mass loss for Cgg2NTgg, CoosNTeo,
Co.07NTep, and Cq 10NTgo samples is consistent with SEM observations
(Fig. 4) regarding the yield of AP-CNTs.

4. Conclusions

In summary, catalytic decomposition of methane over Fe-doped
alumina catalysts with different iron content at 1000 °C was used
to synthesize CNTs. Catalysts were characterized using N,
adsorption-desorption measurement and XRD. Characterization
of CNTs was performed using a suite of SEM, TEM, Raman
spectroscopy and TGA techniques. We have concluded that multi-
walled CNTs with good length and narrow diameter can be
obtained with low iron concentrations in the supported catalysts
during CCVD. In addition to effecting overall diameters and
lengths, morphological control is also affected by varying the iron
concentration of the catalyst; with increasing Fe concentrations,
there is a higher propensity to grow carbon nanoribbons rather
than nanotubular structures.
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