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High-quality multi-walled carbon nanotubes (MWCNTs) were efficiently synthesized on the CaCO3

supported Fe-Co catalyst with catalytic chemical vapor deposition method using acetylene as carbon
source. The relationship between the catalyst structure and the carbon nanotube growth was systematically
studied by using multiple techniques including SEM, TEM, TGA, Raman spectroscopy, and XRD. It
was found that the MWCNT product demonstrates two groups in the outer diameter distribution, which
is associated with the partial decomposition of CaCO3. This thermal decomposition was found to have
as a result the coexistence of two catalytic systems throughout the entire synthesis process: Fe-Co/
CaCO3 and Fe-Co/CaO. It was also found that the smaller diameter nanotubes grow on the Fe-Co/CaO
system, while Fe-Co/CaCO3 produces larger diameter tubes.

1. Introduction

Carbon nanotubes (CNTs) are highly interesting materials
because of their intricate chemical and physical properties
and their wide range of possible applications. These range
from physical applications such as composite fibers1 or field
effect transistors,2 chemical applications such as hydrogen
storage,3 to possible biomedical applications.4 Over the past
decade, different production techniques have been developed,
and the most commonly used approaches are arc discharge,5,6

laser ablation,7,8 and chemical vapor deposition.9,10 Among
these techniques, the catalytic chemical vapor deposition
(CCVD) method attracts a lot of interest by making possible
the large-scale and high-quality production of carbon nano-
tubes at a relatively low cost. Additionally, with the CCVD

method, the growth of carbon nanotubes can be controlled
by adjusting the reaction conditions and choosing proper
catalysts.

In the CCVD method, carbon nanotubes are produced from
the thermal decomposition of the carbon-containing mol-
ecules on desirable metal catalysts (commonly Fe, Co, and
Ni). Many efforts have been put forth to optimize catalyst
formulations and operating conditions.11,12 The catalyst
composition controlled by the preparation method affects the
efficiency and selectivity of the catalytic reaction toward the
synthesis of desired CNTs. Considering the strong correlation
between the diameter of the nanotubes and the size of the
catalytic metal particles, the high dispersity of the catalyti-
cally active metal ingredient on the support seems to be a
critical point in the synthesis of carbon nanotubes by the
CCVD method.13

In this contribution, we produced multi-walled carbon
nanotubes (MWCNTs) on a calcium carbonate supported
Fe-Co catalyst by using acetylene as a carbon source. The
utilization of CaCO3 as a support has many advantages over
conventional supports like SiO2 and Al2O3. The removal of
the support and the catalysts of the catalytic system Fe-
Co/CaCO3 can be easily performed just by acid treatment,
washing with distilled water, and filtration, which greatly
reduces the purification cost. It was found that the partial
decomposition of CaCO3 supports under the reaction condi-
tions results in two groups in the outer diameter distributions
of MWCNTs. The effect of the catalyst’s thermal behavior
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on the characteristics of the nanotubes (diameter and crystal-
linity) was also investigated.

2. Experimental Design

The Fe-Co/CaCO3 catalyst was prepared as previously explained
by Couteau et al.14 The stoichiometric composition of the catalyst
was Fe/Co/CaCO3 ) 2.5:2.5:95 wt %. First, the weighted amount
of metal salts Fe(NO3)3‚9H2O and Co(CH3COO)2‚4H2O were
dissolved into distilled water with agitation, and CaCO3 was added
to the solution after the metal salts were completely dissolved. The
pH value of the mixture solution was adjusted to about 7.5 by a
dipping ammonia solution, to avoid the release of CO2 occurring
when carbonates contact acids.15 Then, the water was evaporated
with a steam bath under continuous agitation, and the catalyst was
further dried at about 130°C overnight.

Carbon nanotubes were synthesized on the Fe-Co/CaCO3

catalyst with the CCVD approach using acetylene as a carbon
source.16 About 100 mg of the catalyst was uniformly spread into
a thin layer on a graphite susceptor and placed in the center of a
quartz tube with an inner diameter of 1 in., which was positioned
horizontally inside a resistive tube furnace. Heating was applied
after purging the system with nitrogen at 200 mL/min for 10 min,
and acetylene was introduced at 3.3 mL/min for about 30 min when
the temperature reached around 720°C. These flow rates correspond
to a linear velocity of the gas mixture inside the reactor of 40 cm/
min. Therefore, it takes approximately 14 s for the acetylene/
nitrogen mixture to travel from one side of the catalyst bed to the
other (length of 9 cm). The as-produced CNTs were purified in
one easy step using a diluted hydrochloric acid solution and
sonication.

To understand the relationship between catalyst structure and
carbon nanotube growth, the catalyst and CNTs were characterized
by using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), thermogravimetric analysis (TGA), Raman
scattering spectroscopy, and X-ray diffraction.

The morphologies of catalysts before and after 5 min of the
growth reaction were monitored with a JEOL 6400F high-resolution
scanning electron microscope. TEM pictures of the carbon nano-
tubes were obtained using a FEI Tecnai F30 transmission electron
microscope. For this analysis, carbon nanotubes were dispersed in
2-propanol and ultrasonicated for 10 min. A few drops of the
suspension were deposited on the TEM grid, then dried and
evacuated before analysis.

Thermogravimetric analysis was used to study the thermal
behavior of the catalyst system and to determine the overall purity
of CNTs. Thermogravimetric analysis was performed under air flow
of 150 mL/min using Mettler Toledo TGA/ SDTA 851e.

Raman scattering studies of the catalyst and CNTs were
performed at room temperature using Horiba Jobin Yvon LabRam
HR800 equipped with a charge-coupled detector, a spectrometer
with a grating of 600 lines/mm and a He-Ne laser (633 nm) and
Ar+ (514 nm) as excitation sources. The laser beam intensity
measured at the sample was kept at 5 mW. The microscope focused
the incident beam to a spot size of<0.01 mm2, and the back-
scattered light was collected 180° from the direction of incidence.
Raman shifts were calibrated with a silicon wafer at a peak of 521
cm-1.

An X-ray diffraction (XRD) technique was used for phase
identification, quantitative phase analysis, and crystallite size
estimation of catalyst. The X-ray power diffraction profiles of the
catalyst system were recorded in theθ-2θ mode on the Ultima III
multipurpose diffraction system (Rigaku Corporation). The mono-
chromatic Cu KR radiation line and scintillation counter were used
as excitation source and detector, respectively. The experiments
were carried out in Bragg-Brentano geometry. Quantitative analysis
was performed with whole pattern fitting and Rietveld refinement.

3. Results and Discussion

In Figure 1 , the SEM images of the Fe-Co/CaCO3

catalyst are shown before and after 5 min of reaction. The
virgin catalyst shows the presence of particles with flat
surfaces having dimensions between 200 and 5000 nm.
However, after 5 min of reaction, the catalyst was found to
have a rougher surface because of the CO2 release from the
CaCO3 support. The CaCO3 support thermally decomposes
into CaO at temperatures higher than 680°C. These
observations were consistent with the results of the following
thermal, spectroscopic, and structural diffraction analysis.
The BET surface areas were measured by krypton adsorption
for both the virgin catalyst and the one collected after the
thermal treatment and were found to be 6.2 and 7.3 m2/g,
respectively.

The TEM images and the diameter distribution histograms
for over 200 carbon nanotubes are shown in Figure 2a,b.
The MWCNTs were produced on the Fe-Co/CaCO3 catalyst
with acetylene as a carbon source at 720°C, and the yield
was found to be around 80%. The outer diameter distribution
of these MWCNTs presents two groups, 8-35 and 40-60
nm. Approximately, 85% of the nanotubes has outer diam-
eters from 8 to 35 nm, while the rest of them were in the
range of 40-60 nm (Figure 2c). From the TEM analysis, it
was observed that on the outer surface of the large diameter
nanotubes, there is a layer of amorphous carbon (∼2 wt %),
which was also observed in the TGA analysis. The presence
of the amorphous carbon cannot be detected on the outer
surface of the thinner nanotubes (8-35 nm).

Thermogravimetric analysis was performed to characterize
the thermal behavior of the catalyst and the MWCNTs at
air flow of 150 mL/min. Figure 3a shows the thermal
behavior such as the weight loss profile and the decomposi-
tion rate of the Fe-Co/CaCO3 catalyst, which was heated
from room temperature to 850°C at a rate of 5°C/min. The
TGA curve provides information about the thermal stability
of the catalyst, and the first derivative of this curve
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Figure 1. SEM images of the catalyst Fe-Co/CaCO3 (a) virgin and (b)
after the thermal decomposition of CaCO3 into CaO and CO2. It is possible
that there was a redistribution of the metal catalyst particles on the surface
of the oxide support due to the thermal treatment.
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determines the maximum decomposition temperature of the
sample. The initial mass of the Fe-Co/CaCO3 sample was
3.826 mg, and the maximum rate of decomposition occurred
at approximately 700°C. The first weight loss peak (I) at
around 130°C corresponds to the evaporation of water that
was present in the catalyst. The second set of peaks (II) in
the weight loss profile of Fe-Co/CaCO3 at 230 and 343°C
is due to the acetate and nitrate exhaustion from the catalyst.
The last peak (III) around 700°C is attributed to the release
of CO2 due to the thermal decomposition of the CaCO3

support, which was found to occur between 680 and 850
°C. The weight loss profile showed that after the thermal
decomposition, the mass of the catalyst decreased by
approximately 45 wt %.

In a separate experiment, the weight loss profile of the
Fe-Co/CaCO3 catalyst was analyzed as a function of time
using a similar temperature method as the growth process.
The catalyst sample was heated from room temperature to
720°C at a heating rate of 140°C/min. This rate was chosen
so that the time to reach the target temperature (720°C) was
about the same as the synthesis reaction that was performed
to grow the nanotubes. It takes about 5 min to reach the
reaction temperature during the synthesis. The reaction
temperature was kept constant at 720°C for 30 min just
like in the synthesis of the carbon nanotubes. For the first 5
min, the weight loss was a result of water presence in the
catalyst. After 5 min at around 720°C, Fe-Co/CaCO3 started
to thermally decompose. The experimental results are shown
in Figure 3b.

Thermogravimetric analysis is also a useful technique for
characterizing the purity of carbon nanotubes. The weight
loss profile in Figure 4 was obtained by heating the purified
MWCNTs from room temperature to 850°C at a rate of
5 °C/min. The first weight loss peak around 240°C in the
oxidation profile of MWCNTs is attributed to the oxidation
of the amorphous carbon in the carbon nanotubes. For the
nanotubes obtained after 30 min of the reaction, the amount
of amorphous carbon was very small, less than 2% in total
weight. The normalized TGA curve and its first derivative
of the purified MWCNTs indicated a significant mass drop
around 550°C, which corresponds to the weight loss in the
combustion of the MWCNTs. The quantitative analysis
revealed that after the single-step purification, the purity of
the MWCNT product was better than 95%.

To understand the structural change of the catalyst during
the reaction under the presence of acetylene, we investigated
the X-ray diffraction patterns of the virgin catalyst and the
same catalyst collected after 5 min of the reaction. Figure 5
displays the powder diffraction profiles for the virgin Fe-
Co/CaCO3 catalyst and the one after 5 min of reaction. The
crystalline structure and its composition can be easily
identified by comparing the standard references and the
whole pattern fitting with Rietveld refinement. The predomi-
nant phases present in the virgin sample are CaCO3 (space
group: R3hc, trigonal (167),a ) 4.9896 Å,c ) 17.0610 Å,
and d ) 3.04, 2.29, 2.10, 1.19, 1.88, 2.50, 3.86, and 1.60
Å), CoO2, and Fe2O3. No mixed Fe-Co-Ca oxide phase
was found, which indicates the absence of a reaction between

Figure 2. (a) TEM image of the MWCNTs obtained over a Fe-Co/CaCO3 catalyst demonstrates carbon nanotubes with two different diameters. (b) TEM
image of MWCNTs with large outer diameters. (c) Statistic diagram of MWCNTs with different diameters obtained from Fe-Co/CaCO3 catalyst with acetylene
as a carbon source. (d) Diameter histogram of the nanotubes grown on the Fe-Co/CaCO3 catalyst calcinated at reaction temperatures for 30 min before
acetylene was introduced. A shift of the nanotube diameters toward smaller values was observed due to the decomposition of CaCO3 into CaO. (e) Outer
diameter histogram of the carbon nanotubes grown on the CaO supported catalyst (Fe/Co/CaO) 4.3:4.3:91.4 wt %).
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Fe, Co, and CaCO3 precursor salts, or the Fe and Co species
might exist in a highly amorphous form. However, the XRD
profile of the thermally treated catalyst shows additional
peaks that are attributed to the most intense inflections of
Ca2Fe2O5 (space group:Pnma (62), a ) 5.4242 Å, b )
14.754 Å,c ) 5.5983 Å, andd ) 7.38, 3.69, 2.68, 1.84,
1.95, 2.80, 2.71, and 20.8 Å) and CoO (space group:Fm3hm,
cubic (225),a ) 4.2500 Å, andd ) 2.13, 2.46, 1.51, 0.95,
1.28, 1.23, 0.98, and 1.07 Å). The significant increase in
the intensities of Ca(OH)2 diffraction peaks is due to the
thermal decomposition of CaCO3 into CaO (space group:
Fm3m (225),a ) 4.8106 Å, andd ) 2.41, 1.70, 2.78, 1.45,
1.39, 1.08, 0.8, and 0.98 Å) during the synthesis reaction.

CaO can absorb water easily in air and convert into Ca-
(OH)2 since the sample was exposed to air during the
structural and spectroscopic analysis. This explains the
presence of strong diffraction patterns corresponding to the
Ca(OH)2 phase. The coexistence of CaCO3 and CaO (or Ca-
(OH)2) in the catalyst after 5 min of the reaction suggests
that the decomposition of the CaCO3 support in our reaction
is not complete after the first few minutes. The crystal
percentages of the compositions in the catalyst after 5 min
of the reaction are CaCO3 (39.9 wt %), Ca(OH)2 (46.9 wt
%), CoO (4.9 wt %), and Ca2Fe2O5 (8.3 wt %), as shown in
Figure 6. The weak diffraction peaks from the spinel Fe2-
CoO4 are also observed, which is believed to be the precursor
of the active species, FeCo alloy, for the multi-walled carbon
nanotube growth, as reported by Magrez et al.15 The
crystalline sizes estimated from the diffraction peak widths
(using the Scherrer equation) are 81.3 nm (CaCO3), 13.5 nm
(Ca(OH)2), and 19.5 nm (CoO). This explains the variation
in diameter of the nanotubes, as seen in Table 1. The Rietveld
structural data presented in Figure 6 agree nicely with the
thermal decomposition behavior of the catalyst (Figure 3).

The TGA results revealed that about 85% of CaCO3

decomposed during the reaction process. Additionally, about

Figure 3. (a) Weight loss profile and burnoff rate of the Fe-Co/CaCO3

catalyst. The peaks marked with arrows are due to the evaporation of water
(I) and the acetate and nitrate exhaustion (II) and thermal decomposition
of the CaCO3 support (III), respectively. (b) Weight loss profile and
temperature curve of Fe-Co/CaCO3 vs time.

Figure 4. Weight loss profile and oxidation rate of MWCNTs obtained
from Fe-Co/CaCO3 catalyst. The arrow indicates the combustion of
amorphous carbon.

Figure 5. X-ray powder diffraction patterns for the virgin Fe-Co/CaCO3

catalyst and that after 5 min of reaction.

Figure 6. Rietveld analysis of the Fe-Co/CaCO3 catalyst composition after
5 min into the reaction.

Table 1. Crystallite Size of Catalyst That Was Removed from
Reactor after 5 Min into Reaction

phase CaCO3 CoO Ca(OH)2 Ca2Fe2O5

crystallite size (nm) 81.3 19.5 13.5 34.6
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80% of crystalline Ca(OH)2 formed from CaO while exposed
to air (H2O) was discovered in Rietveld refinement analysis.
Combining the TGA and XRD results, one can conclude that
during the reaction, about 85% of CaCO3 decomposed and
converted into small sized crystalline CaO. The statistic
analysis of TEM images of the MWCNT production revealed
the two different outer diameter distributions, 85% of small
diameter tubes and 15% of large diameter tubes. This might
suggest that these two diameter distribution groups are
associated with the decomposition of CaCO3 during the
reaction and that the smaller diameter tubes might grow on
the small catalyst particle of CaO. At a temperature of
700°C, CaCO3 would be expected to decompose within 20
min; however, under our experimental conditions, it is
possible that the decomposition was not complete,8 leading
to the coexistence of two catalyst systems (i.e., Fe-Co/
CaCO3 and Fe-Co/CaO). As compared with the CaCO3

support, the newly generated CaO support presents a rougher
surface (as seen in the SEM), which is expected to influence
the distribution of catalyst particles on the support. Acetylene
molecules decompose and begin to rearrange (nucleate) until
a given configuration, and carbon surface concentrations are
reached, which favor the formation of the nanotube. We
propose calling this configuration the embryo. When this
embryo (nucleation) is formed, the subsequent incorporation
of carbon and CNT formation would proceed at a fast rate,
perhaps controlled only by mass transfer.17 As a result, one
can expect that the nanotubes grown on Fe-Co/CaO have
smaller diameters than those on Fe-Co/CaCO3. This would
explain the two domains of the outer diameter of the carbon
nanotubes.

To confirm the hypothesis regarding the coexistence of
the two catalyst systems, in a separate experiment, the Fe-
Co/CaCO3 catalyst was first thermally decomposed for 30
min at the reaction temperature (720°C) before acetylene
was introduced into the reactor. Since CaCO3 is expected to
decompose, the nanotubes grown in this situation should have
mostly grown on the CaO supported catalyst. The histogram
of the outer diameter values of these nanotubes is presented
in Figure 2d. It can be observed that most of the nanotubes
have outer diameters in the range of 5-35 nm with the
maximum at around 18 nm. A few nanotubes with outer
diameters of around 55 nm can still be observed, probably
formed on the remaining (undecomposed) CaCO3 supported
catalyst. This experiment confirms the supposition that the
catalyst on the newly formed CaO support generates thinner
nanotubes. To find independent proof for this phenomenon,
the Fe-Co catalyst was directly dispersed onto the CaO
surface by dissolving the corresponding salts into ethanol
solution. Considering about 45% mass loss of the CaCO3

support, which translated the Fe and Co species to higher
loading on the newly generated CaO support, the new
composition was calculated to be Fe/Co/CaO) 4.3:4.3:91.4
wt %. This new catalyst was tested under the same reaction
conditions as stated previously. The nanotubes grown on this
catalyst have a more homogeneous outer diameter distribu-
tion as shown in Figure 2e. It clearly demonstrates that the

thermal decomposition of CaCO3 into CaO during the
reaction leads to the growth of nanotubes with smaller
diameters.

The previous findings are also in agreement with the
results provided by Raman spectroscopy. The Raman scat-
tering from the virgin and thermally treated catalyst is shown
in Figure 7 along with standard references. Since the total
metal loading of the catalyst is only 5 wt %, the major Raman
peaks correspond to the CaCO3 support. The Raman scat-
tering spectrum from CaCO3 powder shows five peaks, one
assigned to A1g mode (1083 cm-1) and four assigned to Eg
modes (156, 282, 710, and 1432 cm-1), in agreement with
the previous papers.18,19 The defect induced Raman peaks
in CaO ranging from 150 to 600 cm-1 correspond to lattice
vibrational bands of F and F+ centers.20 The sharp and intense
peak at 1048 cm-1 corresponds to the localized vibrational
mode of the H2- ion in CaO. The rest of the weak Raman
peaks (523, 746, 961, 1057, 1351, 1422, 1467, and 2940
cm-1) might be given by the spinel-like Ca2Fe2O5 and/or
Fe2CoO4 since it was found in the previous XRD profile.
The Raman spectroscopy results are in good agreement with
the structural data presented in Figure 5. Both the spectro-
scopic and the structural analysis data indicate the thermal
instability and the structural and morphologic changes of the
catalytic system. Ultimately, the coexistence of the two
catalysts will influence the variation in the nanotube proper-
ties.

The Raman scattering spectra from the MWCNTs grown
on Fe-Co/CaCO3 shown in Figure 8 were collected with
two different laser excitation energies (633 and 514 nm).
The larger nanotube diameters and the wider diameter
distributions inherently present in the MWCNTs make it
unlikely to be able to observe the nanoscale phenomena
found in single-walled carbon nanotubes. The characteristic
bands for MWCNTs are the D band, G band, and 2D band.
The D band is present between 1305 and 1330 cm-1 and is

(17) Resasco, D. E.; Herrera, J. E.; Balzano, L.J. Nanosci. Nanotechnol.
2004, 4, 1.
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(20) Ke, S. C.Phys. ReV. B 2000, 62 (7), 4194.

Figure 7. Raman scattering spectra from the Fe-Co/CaCO3 catalysts and
standard references. The stars mark the possible scatterings from the spinel-
like Fe2CoO4.
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associated with defects and impurities in the carbon nano-
tubes. Furthermore, the frequency of the D band shifts
upward as the laser excitation energy increases. Another
characteristic band is the G band, which is present between
1500 and 1605 cm-1, and it corresponds to the stretching
mode of the carbon-carbon bond in the graphite plane. The
G band position is relatively constant for the MWCNT
material excited at different energies. The relative intensity
of the D and G bands (ID/IG) decreases with increasing
excitation energies. These observations are in agreement with
the observations of Antunes et al.21 The last important mode
observed in the Raman spectrum of CNTs is the 2D band.
This mode is a second-order harmonic of the D band, which
is often present between 2450 and 2650 cm-1. The 2D band
is also highly dispersive and is usually associated with the
degree of crystallinity of the carbon nanotubes. The presence
of the G band and the dispersive behavior of the D band,
together with fairly low value of half-height peak width (<40
cm-1), indicate a high degree of graphitization of the

MWCNTs grown on the Fe-Co/CaCO3 catalyst. The relative
intensity between the G and the D bands (ID/IG) was found
to be 0.81 for the 633 nm laser and 1.52 for the 514 nm
laser, respectively. Also, the ratios between the 2D and the
G band intensities were found to be 0.63 for the 633 nm
laser and 0.65 for the 514 nm excitation. These values
indicate an inter-planar distance of 0.342 nm between the
graphite layers, as shown by Yoshida et al.22

4. Conclusion

As previously shown,14,16 this study also found that the
CaCO3 supported Fe-Co catalyst is very effective for the
multi-walled carbon nanotube synthesis with the CCVD
method using acetylene as a carbon source. The decomposi-
tion temperature of CaCO3 into CaO and CO2 is very close
to the MWCNT growth temperature. This leads to the
coexistence of two catalytic systems, Fe-Co/CaCO3 and Fe-
Co/CaO, throughout the entire synthesis period of MWCNTs.
The difference in the specific surface areas between CaO
and CaCO3 results in the two different sizes of the metal
clusters; as a consequence, the MWCNT product demon-
strates two groups in the outer diameter distribution. On the
basis of TGA, Raman scattering, and XRD analysis, we
found that the smaller diameter nanotubes grow on the Fe-
Co/CaO system while Fe-Co/CaCO3 produces the large
diameter tubes. High-purity MWCNTs can be achieved by
a single-step acid washing, which makes the Fe-Co/CaCO3

catalyst a very promising industrial product to produce high-
quality MWCNT on a large scale and at a low cost.
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Figure 8. Raman scattering spectra of the MWCNTs produced on the Fe-
Co/CaCO3 catalyst with acetylene as a carbon source.
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