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Synthesis of carbon nanotubes over nickel–iron catalysts supported
on alumina under controlled conditions
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Carbon nanotubes (CNTs) were synthesized by catalytic decomposition of acetylene over Fe, Ni and Fe–Ni catalysts supported on
alumina. The growth of CNTs was carried out at various reaction conditions. The growth density and diameter of CNTs could be controlled
by varying the catalyst composition and the growth parameters. The growth density of CNTs increased with increasing the activation time
of catalysts in H2 atmosphere and/or decreasing acetylene concentration. At 600◦C, higher density of CNTs was observed at 60 min for
higher Fe containing catalyst, whereas at 90 min for higher Ni containing catalyst. The growth density of CNTs highly increased with
increasing reaction time from 30 to 60 min. For all the catalysts, the diameter of CNTs decreased with increasing growth time further
mainly due to hydrogen etching. Bimetallic catalysts produced narrower diameter CNTs than single metal catalysts. The growth of CNTs
followed the tip growth mode and the CNTs were multi-walled CNTs.
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1. Introduction

The extraordinary properties of carbon nanotubes (CNTs)
such as a metal, semiconductor and superconductor, and in
parallel the hydrogen storage capability of CNTs and carbon
nanofibers (CNFs) have produced much interest in searching
their easier and low-cost synthesis route [1–5]. Recently,
research interests have been focused on the catalytic syn-
thesis route where hydrocarbons such as CH4, C2H6, C2H4,
C2H2 and CO are used as the carbon source, and Fe, Ni, Co
and Fe–Ni are used as catalysts [6–15]. This synthesis route
shows numerous merits over other growth techniques such
as arc discharge process [16] and laser ablation method [17].
Besides the purity of product, the large amount of CNTs and
CNFs can be grown at moderate temperatures with low cost,
and the control of tube structure can be realized by regulat-
ing the growth parameters and catalyst composition as well
as by modifying the nanomorphology of the catalysts with
dispersion of metals on supports [6–14].

Supports like Al2O3 and SiO2 show profound effect on
the structural and morphological characteristics of metal par-
ticles, which determine physical properties of grown CNTs
and CNFs [6,8]. Recently, the catalytic activity of iron,
nickel and cobalt supported on Al2O3 and SiO2 has been
investigated to see the effect of the supports [6,9–11,14].
Compared with single metal supported catalysts, however,
it has been rarely reported that bimetallic catalysts were
employed to grow CNTs. Baker et al. [12,13] extensively
studied the activity of the unsupported Fe–Ni catalysts us-
ing C2H6/H2, CO/H2 and C2H4/CO/H2, and established that
the composition and nature of the bimetallic catalyst in con-
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junction with the carbon-containing gas and reaction con-
ditions have a dramatic impact on the production and the
crystalline perfection of the CNFs. Very recently, remark-
ably narrow tubular CNFs with various geometries and crys-
tallinities have been observed from the decomposition of
CO/H2 over various compositions of Fe–Ni particles sup-
ported on SiO2 [8]. The CNFs grown on supported and un-
supported Fe–Ni catalysts showed very different morpholo-
gies because of attaining different arrangement of graphite
platelets [8,12,13]. The findings using Fe–Ni/SiO2 cata-
lysts represented a unique development of catalytic method
to synthesize relatively large quantities of CNFs of con-
trolled size in tubular structure. In CH4/H2 gas medium, the
growth of huge amount of single-wall and multi-wall carbon
nanotubes (SWNTs and MWNTs) with a diameter range of
1.5–15 nm has been reported [9] in the mixture of CNTs–
Fe–Al2O3 composites. The above findings represent that,
by varying the catalyst, support, carbon source and reaction
conditions, high quality nanotubes can be synthesized for fu-
ture applications. In this context, the present study aims to
synthesize CNTs over Fe, Ni and Fe–Ni catalysts supported
on Al2O3 using C2H2 gas as carbon source and H2 as the
carrier gas. The study also includes the morphological and
structural characterization of the grown CNTs.

2. Experimental

We prepared three bimetallic catalysts with different
weight proportions of Fe : Ni : Al2O3 (30 : 10 : 60, 20 : 20 : 60,
10 : 30 : 60) and two metallic catalysts 40Fe(Ni) : 60Al2O3
using an impregnation method. High metal loading was
chosen in order to obtain longer catalytic activity. The
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size of the usedα-Al2O3 powder was 0.3µm. To prepare
the catalysts, aqueous solutions of Fe(NO3)3·9H2O and/or
Ni(NO3)2·6H2O were mixed each other with Al2O3 and
stirred for about 1 h at 60◦C. The impregnate was dried in
an oven at 100◦C for 12 h, calcined at 400◦C for 4 h and
reduced in 100 sccm hydrogen flow at 450◦C for 3 h. The
produced supported catalysts were stored in sealed vessels
and the nanotubes were synthesized over the catalysts.

The nanotube synthesis was carried out according to the
following procedure. Approximately 40 mg of a catalyst
sample was uniformly dispersed in the base area of a quartz
plate and placed in the central region of a horizontal quartz
tube reactor. There, the catalyst was activated at 900◦C in
100 sccm H2 flow to obtain the best active state, and then
the growth of carbon nanotubes was carried out. In or-
der to find out the optimum growth condition, CNTs were
grown at temperatures between 500 and 700◦C by flowing
10/100 sccm C2H2/H2 for different time periods. The ef-
fect of C2H2 concentration on the growth of nanotubes was
also investigated. The structure and morphology of the syn-
thesized nanotubes were determined by using scanning elec-

tron microscopy (SEM), transmission electron microscopy
(TEM) and FT-Raman spectroscopy.

3. Results and discussion

We have first attempted to optimize the catalyst activa-
tion condition for the best growth of CNTs. Figure 1 (a),
(b) and (c) shows the SEM images for the CNTs grown over
the 20Fe : 20Ni : 60Al2O3 catalyst at 600◦C for 60 min un-
der 10/100 sccm C2H2/H2 flow after activation periods of
5, 30 and 60 min, respectively. With increasing the activa-
tion time, the growth density of CNTs gradually increases,
whereas the nanotube diameter decreases dramatically. The
average diameter of the CNTs grown over 60 min activated
catalyst seems to be about 20 nm, which is almost three
times narrower than that grown over 30 min activated cat-
alyst. In order to obtain more detailed information on the
60 min grown CNTs, we measured the specific surface area
of the 60 min activated catalyst before and after the growth
of CNTs by the Brunauer–Emmett–Teller (BET) method
using N2 adsorption at liquid nitrogen temperature which

(a) (c)

(b) (d)

Figure 1. SEM images for the CNTs grown over 20Fe : 20Ni : 60Al2O3 catalyst for 60 min at 600◦C under 10/100 sccm C2H2/H2 flow after activating:
(a) 5, (b) 30 and (c) 60 min, and (d) HRTEM image of a CNT of (c).
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Peigney et al. [9] employed for their catalyst and grown
CNTs. The measured surface areas of the catalyst before
and after the growth of CNTs are 191.5 and 290.4 m2/g,
respectively. The increase in surface area about 98.9 m2/g
clearly indicates the growth of CNTs. The measured value
corresponds to the surface area of the grown CNTs. We cal-
culated the diameter of the grown CNTs by substituting the
surface area of the CNTs into the following equation:

D = 4/(dS),

whereD is the diameter of CNTs,d is the density of the
CNTs (2.26 g/cm3) andS is the surface area of the CNTs.
The calculated diameter is 17.9 nm. As CNTs are generates
from graphene sheet, for calculations the density of CNTs
is generally considered to be that of graphite [18,19] and
we also used this value. Figure 1(d) shows a high resolu-
tion transmission electron microscopy (HRTEM) image of
a CNT taken from figure 1(c). The tube consists of twenty
one graphite layers with a hollow center of 6.5 nm. The in-
terlayer spacing between the graphite platelets is 0.34 nm
and the diameter of the tube is 20 nm which approximately

coincides with the diameter estimated from the SEM image
and the diameter calculated from the surface area. The de-
crease in CNTs diameter with increasing activation time in-
dicates that longer activation time has a profound effect on
the growth of very narrow diameter tubes. The activation
process might cause the conversion of bulk metal oxides to
active metal [8,12] as well as the formation of smaller sized
metal crystallites, which may be responsible for the growth
of CNTs with narrow diameter because the size of metal par-
ticle is a decisive condition for the CNT growth [7,20].

Figure 2 (a), (b) and (c) shows the SEM images for
the CNTs grown over the 30Fe : 10Ni : 60Al2O3 catalyst
for 60 min at 500, 600 and 700◦C, respectively, under
10/100 sccm C2H2/H2 flow after activating the catalyst for
60 min. It is seen that the growth of CNTs is observed at
600 and 700◦C, whereas no tubes are grown at 500◦C. The
growth density at 600◦C is much higher than that at 700◦C.
Additionally, the diameter of the CNTs grown at 600◦C
is about three times narrower than that grown at 700◦C.
Most of the tubes grown at 600◦C seem to follow step-
wise growth, whereas those grown at 700◦C are smooth.
However, the above findings inform that it is possible to

(a) (c)

(b) (d)

Figure 2. SEM images for the CNTs grown over 60 min activated 30Fe : 10Ni : 60Al2O3 catalyst for 60 min under 10/100 sccm C2H2/H2 flow at: (a) 500,
(b) 600 and (c) 700◦C, and (d) TEM image of CNTs grown at 600◦C (b).
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(a)

(b)

Figure 3. SEM images for the CNTs grown over 60 min activated
30Fe : 10Ni : 60Al2O3 catalyst at 600◦C under 10/100 sccm C2H2/H2 flow

for: (a) 30 and (b) 90 min.

obtain high density CNTs with narrow diameters by select-
ing an appropriate reaction temperature. Figure 2(d) shows
the TEM image for the CNTs grown at 600◦C (figure 2(b)).
The hollow appearance represents the fibrous nature of the
grown CNTs and the average diameter of the tubes is about
30 nm, i.e., 10 nm higher than that of the tubes grown on the
20Fe : 20Ni : 60Al2O3 catalyst under the same experimental
condition.

The effect of reaction time on the growth of CNTs over
the 30Fe : 10Ni : 60Al2O3 catalyst was studied using the best
catalyst activation period of 60 min and growth temperature
of 600◦C under 10/100 sccm C2H2/H2 flow. Figure 3 (a)
and (b) shows the SEM images for the CNTs grown for 30
and 90 min, respectively. From figures 3 and 2(b), it may
be seen that the growth density and length of CNTs highly
increase with increasing the reaction time from 30 to 60 min
and then decrease remarkably when increasing the time fur-
ther up to 90 min. However, the density of CNTs at 90 min
growth time is higher than that at 30 min. The decrease of
CNT density after 90 min cannot be clearly explained at this
point. However, the observation indicates that the reaction
time has a remarkable effect on the growth of CNTs and the
best growth time is 60 min.

(a)

(b)

Figure 4. SEM images for the CNTs grown over 60 min activated
30Fe : 10Ni : 60Al2O3 catalyst for 60 min at 600◦C under: (a) 20/100 and

(b) 30/1000 sccm C2H2/H2 flow.

In order to understand the effect of acetylene concentra-
tion on the growth of CNTs, the tubes were grown for 60 min
at 600◦C under 20 and 30/100 sccm C2H2/H2 flow, respec-
tively, over the 30Fe : 10Ni : 60Al2O3 catalyst after activat-
ing the catalyst for 60 min. The observed SEM photographs
are shown in figure 4 (a) and (b) for 20 and 30 sccm C2H2,
respectively. From figures 4 and 2(b), it may be seen that
the tube density decreases with increasing C2H2 concentra-
tion. However, the quantity of straight tubes with uniform
diameters gradually increases with increasing C2H2 concen-
tration.

Consequently, the optimum growth condition of CNTs
was identified to be the sample activation period of 60 min,
reaction time of 60 min, growth temperature of 600◦C and
C2H2/H2 flow rate of 10/100 sccm. In order to obtain more
clear information for the effect of growth time on the den-
sity of CNTs, besides this optimum condition, CNTs were
thoroughly grown over all the catalysts after 60 min activa-
tion for 5, 30 and 90 min, respectively. The carbon yield
(%) is compiled in table 1 as a function of reaction time with
some reported data. The carbon yield was calculated by di-
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Table 1
Carbon yield (%) as a function of reaction time over the catalysts (present study) with available reported results.

Catalyst Gas Temp. Carbon yield (%)

medium (◦C) 5 min 30 min 60 min 90 min

40Ni : 60Al2O3 C2H2/H2 600 3.09 6.86 11.34 22.83
40Fe : 60Al2O3 C2H2/H2 600 4.48 8.69 16.11 26.55
20Fe : 20Ni : 60Al2O3 C2H2/H2 600 10.74 34.48 60.26 74.85
30Fe : 10Ni : 60Al2O3 C2H2/H2 600 14.21 46.89 94.19 134.65
10Fe : 30Ni : 60Al2O3 C2H2/H2 600 7.55 20.49 39.39 37.18
Fe : 4Ni : 95SiO2 [8] CO/H2 600 – – – 105.80
2.5Fe : 2.5Ni : 95SiO2 [8] CO/H2 600 – – – 60.20
4Fe : Ni : 95SiO2 [8] CO/H2 600 – – – 24.00
2.5Fe : 97.5SiO2 [14] CH4/N2 700 – 29.50 – –
Al1.9Fe0.1O3 [9] CH4/H2 1050 – – 2.77 –
Mg0.9Fe0.1Al2O4 [15] CH4/H2 1070 1.77 – – –
Mg0.4Fe0.2Al2O4 [15] CH4/H2 1070 6.16 – – –

Table 2
Diameter (d) of CNTs grown over different supported (A=Al2O3) catalysts at 600◦C under 10/100 sccm C2H2/H2

flow for 60 min.

Catalyst

40Ni : 60A 20Fe : 20Ni : 60A 30Fe : 20Ni : 60A 10Fe : 30Ni : 60A 40Fe : 60A

d (nm) 55–60 18–20 30 40–45 50–55

viding the increased weight of the catalyst before and after
the CNTs growth by the catalyst weight before the growth,
as employed by Hernadi et al. [14].

From table 1, it can be seen that for all the catalysts,
the carbon yield (%) gradually increases with increasing re-
action time except for the 10Fe : 30Ni : 60Al2O3 catalyst at
90 min. The carbon yields (%) for the bimetallic catalysts
are remarkably higher than those for the single metal cat-
alysts. Among the investigated catalysts, the catalytic ac-
tivity of the 40Ni : 60Al2O3 catalyst is the poorest, whereas
that of 30Fe : 10Ni : 60Al2O3 is the best. Compared to the
earlier reported data [8,9,14,15], the presently observed re-
sults indicate a good activity of the catalysts for the growth
of CNTs.

In order to obtain a correlation between the carbon yield
(%) and the density of CNTs, SEM measurements were
duly carried out. Figure 5 (a), (b) and (c) shows the SEM
images for the CNTs grown over 40Fe : 60Al2O3, 10Fe :
30Ni : 40Al2O3 and 40Ni : 60Al2O3 catalysts, respectively,
at the reaction period of 60 min. It can be seen that high den-
sity CNTs are grown over the catalyst surfaces. When com-
paring the findings regarding the density of CNTs grown for
60 min, as presented in figures 1, 2 and 5, it can be seen that
high density CNTs are grown over 30Fe : 10Ni : 60Al2O3
catalysts (figure 2(b)). This represents that the growth den-
sity of CNTs can be fairly well correlated with the car-
bon yield (%). Although it is clear that the carbon yield
(%) gradually increases with increasing reaction time (ta-
ble 1), the growth rate of CNTs (mg/min gcat) gradually
decreases with increasing time. The growth rate is the
highest during the 5 min growth time. For example, in
the case of 40Ni : 60Al2O3, the growth rate after 5 min is

6.18 mg/min gcat, whereas it decreases to 1.89 mg/min gcat

after 60 min growth. In the case of 30Fe : 10Ni : 40Al2O3,
this value decreases from 28.42 to 15.69 mg/min gcat for the
growth times of 5 and 60 min, respectively. However, the
CNTs growth rate over bimetallic catalysts is always higher
than over the single metal catalysts.

A close look at the CNTs grown over different catalysts
revealed that their diameters are very different. In order to
understand the variation of CNTs diameters, the diameters
were determined from the surface area measurement, TEM,
HRTEM and SEM images for the CNTs grown over different
catalysts and are summarized in table 2.

From table 2, it can be seen that the diameters of the
CNTs grown over bimetal catalysts are thoroughly smaller
than those grown on single metal catalysts. The narrowest
diameter tube was grown over the 20Fe : 20Ni : 60Al2O3 cat-
alyst. It indicates that the diameter of CNT can be controlled
using bimetal catalysts.

Figure 6 (a), (b) and (c) shows the SEM images for
CNTs grown for 90 min over 40Fe : 60Al2O3, 20Fe : 20Ni :
40Al2O3 and 10Fe : 30Ni : 40Al2O3 catalysts. It can be seen
that in most of the cases, the density of CNTs grown for
90 min is remarkably lower compared with that for 60 min,
as was observed for the 30Fe : 10Ni : 60Al2O3 catalyst (fig-
ures 2(b) and 3(b)). Particularly, in the case of a single me-
tal catalyst, the effect of 90 min reaction time on CNT den-
sity is severe. In the case of the 40Ni : 60Al2O3 catalyst, for
example, the growth density was very small (not shown).
At this 90 min growth stage, except the activity of the
10Fe : 30Ni : 40Al2O3 catalyst, there is no evidence showing
a correlation between the carbon yield (%) and the density of
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(a)

(b)

(c)

Figure 5. SEM images for the CNTs grown for 60 min at 600◦C un-
der 10/100 sccm C2H2/H2 flow after 60 min sample activation over:
(a) 40Fe : 60Al2O3, (b) 10Fe : 30Ni : 60Al2O3 and (c) 40Ni : 60Al2O3 cat-

alysts.

CNTs for all the catalysts. Two factors of the loss of CNTs
and gain of carbon yield (%) occurred at the same time.

It is well known that the dissociative chemisorption of
hydrocarbons occurs on a particular set of crystallographic

(a)

(b)

(c)

Figure 6. SEM images for the CNTs grown for 90 min at 600◦C un-
der 10/100 sccm C2H2/H2 flow after 60 min activation over: (a) 40Fe :
60Al2O3, (b) 20Fe : 20Ni : 60Al2O3 and (b) 10Fe : 30Ni : 60Al2O3 cata-

lysts.

faces of the catalyst particle and this step follows carbon
dissolution and diffusion through the particle and finally pre-
cipitation on a different set of faces to form a tubular struc-
ture [8]. If the crystallographic faces for the CNTs forma-
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tion are deactivated then only deposition of carbon can be
achieved. In the present case, we speculate that the increase
in carbon yield (%) during the period of 60–90 min occurs
probably due to a deactivation phenomenon. This type of
deactivation occurs when the formation of amorphous car-
bon predominates. It reduces the diffusion rate of carbon
source gas to the catalyst and produces remarkably when
CNT growth time becomes longer [11,21]. Anderson and
Rodriguez [8] have reported 58% amorphous carbon forma-
tion in the growth of CNFs over a Fe : 4Ni : 95SiO2 catalyst
for 90 min.

In the present case, the increase of CNT density up to
60 min growth time represents the better activity of the cat-
alysts (table 1). However, the decrease of CNT density and
diameter at 90 min indicates that there might be some other
factors that have high impacts on the growth of nanotubes.
The most probable effect might be hydrogen etching. Other
factor such as the loss of preferential sites of one metal
during extended period of reaction time cannot be consid-
ered because the effect should also have been observed in
case of single metal catalysts [8]. Recently, Choi et al. [22]
have investigated the hydrogen etching effect on the diam-
eter and length of CNTs grown over nickel thin films un-
der CH4/H2 media when increasing the reaction time. In
this case, the nanotube diameter decreased almost in a lin-
ear fashion with time, for example, from 70 to 20 nm when
extending the growth time from 50 to 100 min. For lower
hydrogen concentrations, however, the etching effect signif-
icantly decreased. Tsai et al. [23] have reported that highly
concentrated hydrogen plasma and highly negative bias volt-
age to the substrate effectively etches the randomly oriented
CNTs. In the present case, high hydrogen concentration
probably imparted severe etching effect. However, this etch-
ing behavior indicates that smaller diameters of CNTs can
be synthesized by controlling reaction time.

In order to confirm whether the density and diameter of
the nanotube decreased due to the hydrogen etching, alter-
native growth studies were carried out over the 30Fe : 10Ni :
60Al2O3 catalyst under 10/100 sccm C2H2/N2 flow for the
reaction periods of 60 and 90 min, respectively. The ob-
served SEM images for the grown nanotubes are shown in
figure 7 (a) and (b), respectively. The density of CNTs grown
for 60 min is much higher than that for 90 min, but the aver-
age diameter of CNTs increases with the growth time. The
average diameter seems to be equal to that of the large diam-
eter tubes grown for 60 min. It indicates that the hydrogen
etching effect was also important for the CNTs grown for
90 min. However, in this case, only smaller diameter tubes
were etched by the hydrogen produced during the decom-
position of acetylene as observed by quadrupole mass spec-
troscopy (QMS) [24]. The decrease of CNT density with
the growth time coincides with the findings in the case of
C2H2/H2 media.

Figure 8 (a) and (b) shows FT-Raman spectra of CNTs
grown over the 10Fe : 30Ni : 60Al2O3 catalyst for 60 and
90 min (figures 5(b) and 6(c)), respectively, at the exci-
tation wavelength of 1064 nm. The spectra clearly show

(a)

(b)

Figure 7. SEM images for the CNTs grown over 60 min activated
30Fe : 10Ni : 60Al2O3 catalyst at 600◦C under 10/100 sccm C2H2/N2 flow

for: (a) 60 and (b) 90 min.

Figure 8. FT-Raman spectra of CNTs grown over 10Fe : 30Ni : 60Al2O3
catalyst for: (a) 60 and (b) 90 min.

two strong peaks. Both the peaks at 1593 (figure 8(a)) and
1597 cm−1 (figure 8(b)) seem to appear due to the C–C
stretching Raman-active Eg modes, indicating the formation
of graphitized CNTs [22,25]. The peak at around 1284 cm−1
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is assigned as the Ag modes of defective carbonaceous par-
ticles. It indicates that amorphous carbonaceous particles
adhered to CNT walls [22]. It can be seen from the figures
that the Raman scattering intensities of Eg mode peaks are
comparable to the growth times, whereas that of Ag mode
remarkably decreases with increasing growth time. These
findings support that amorphous carbon particles adhered to
the CNT walls were etched by hydrogen and resulted in the
decrease of CNTs diameter as found in SEM images. In
comparison with the FT-Raman spectra reported for single-
wall carbon nanotubes (SWNTs) [25] and multi-wall car-
bon nanotubes (MWNTs) [21], the presently observed re-
sult coincides with that of MWNTs because the Eg mode
peak has no shoulder peaks and no peak for radial breath-
ing mode appears at around 180 cm−1. Moreover, the TEM
images of the CNTs grown over 30Fe : 10Ni : 60Al2O3 and
30Fe : 10Ni : 60Al2O3 catalysts (figures 1(d) and 2(d)) sup-
port the FT-Raman findings that MWNTs were grown in the
present study.

In the present study, which examined the effect of bimetal
catalysts on the growth of CNTs, probably the CNTs were
grown under the catalytic effect of both the metal particles.
However, the addition of iron andvice versa created dramat-
ically different behavior of CNT growth. In each case, the
metal particles can be seen at the tips of the nanotubes as
white spots on SEM images. It indicates that CNTs were
grown by the tip growth mode. The necessary carbon feed-
stock supplied from the catalytic decomposition of acety-
lene, which is dissolved in metals, oversaturated, diffused,
and precipitated on the rear surfaces of metal particles gen-
erating the CNTs as suggested in previous reports [24,26].

4. Conclusions

In conclusion we have established how to control the
growth density and diameter of CNTs by varying catalyst
composition as well as by adjusting the catalyst activation
time, reaction temperature, reaction time, and carbon source
gas concentration.
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