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Synthesis of thin-walled carbon nanotubes from methane
by changing the Ni/Mo ratio in a Ni/Mo/MgO catalyst
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Abstract:  Thin-walled carbon nanotubes (CNTs) were prepared from methane decomposition using Ni/Mo/MgO as catalysts loaded
with 1% mole fraction of Ni and smaller proportion of Mo. The relationship between CNT diameter and Ni/Mo ratio was studied by
SEM, TEM, XRD and Raman spectroscopy. The particle size and the active phase of the catalyst could be modulated by the Ni/Mo ratio.
With decreasing Ni/Mo ratio, a NiMo alloy was first formed, and then an isolated Mo phase was formed on the catalyst, as characterized
by TEM and XRD. The NiMo alloy, with very small size, was responsible for the growth of thin-walled CNTs , whereas, the Mo phase
was related to the formation of large-diameter thick-walled CNTs. The thin-walled CNTs with outer diameter of 3.0 nm and inner di-
ameter of 1.3 nm could be obtained with high selectivity, a narrow diameter distribution, and high purity by controlling the Ni/Mo ratio
at 6. Raman spectra confirmed the formation of thin-walled CNTs with few defects. The formation of thin-walled CNTs was mainly at-
tributed to a rapid surface diffusion and precipitation of carbon on the small metal alloy crystallites.

Key Words: Carbon Nanotubes; Chemical vapor deposition; Ni/Mo/MgO

1 Introduction

Carbon nanotubes (CNTs), with excellent electrical and
mechanical properties, have potential applications in conduc-
tive and high-strength composite, sensor, field emission dis-
play, hydrogen storage, nanoscale devices etc™™. Among
those applications, the reinforced effect of CNTs in polymer or
ceramic material composites has been the most attractive one,
owing to a very large market for these functional materials. It
has been proved that single walled CNTs (SWCNTSs) have
good performance in super-reinforced composite materials™.
However, due to difficulty in synthesis of SWCNTs in large
scale and at low cost, it has not been possible to achieve ex-
citing results in this area. Fortunately, Branimir Lukic recently
reported the similar high mechanical strength of thin multi-
walled CNTs to that of SWCNTs®, offering possibilities to
achieve an excellent reinforced effect by CNTs. Another re-
search showed that the smaller the diameter of the CNTSs, the
better the field emission due to their large field enhancement
factor”). These results will stimulate a controlled synthesis of
thin-walled and small diameter CNTSs.

To synthesize thin-walled and small diameter CNTSs,
catalyst should be prepared having very small crystallites,
sintering of which should be inhibited during growth of CNTs.
Metals supported on inorganic materials including Al,Os, SiO,
or MgO etc have always been used as catalysts, owing to an
effective dispersion of metal crystallites in nanometer scale on

Received date: 11 October 2008; Revised date: 30 November 2008

*Corresponding author. E-mail: weifei@flotu.org; gianwz@mail.tsinghua.edu.cn.

supports. For example, thin-walled CNTs can be achieved by
using Co—Mo, Co-V, and Co-Fe catalysts supported either on
zeolite or corundum alumina or by Fe/Mo/MgO catalyst®. As
recently reported, 2-5-walled CNTs with high purities (over
90%) were prepared from CH, over Mo/Ni/MgO catalysts at 1
073 KPI,

These successful examples confirmed the effectiveness
of bimetallic catalyst in the synthesis of thin-walled CNTSs,
such as Fe/Mo™, Ni/MoP®**2 Co/Mo™™, Fe/Co™ catalysts.
For the potential catalytic action of Ni/Mo/MgO for
thin-walled CNTs synthesis®™, Li et al™ prepared
Ni/Mo/MgO catalyst with combustion method, which has a
8000% vyield of per gram catalyst for multi-walled CNTs.
Shimizu et al™ obtained cone-shaped CNT assemblies with
Ni/Mo catalyst sputtered on a silicon wafer. However, the
loading of metals on supports is still high (i.e. 5% mole frac-
tion of Ni/Mo loading in previous study)®*2. It might be too
high and was unfavorable for the effective dispersion of metal
crystallites on the support. Some other operating conditions,
such as reaction atmosphere and carbon source in the control-
lable synthesis of CNTs, were also discussed by several au-
thors™®™!. To achieve a more precise control on the wall
number and diameter of the as-grown CNTs, the authors
further decreased the loading of Ni and Mo species to about
1-1.5% mole fraction for Ni/Mo/MgO catalyst. It was ex-
pected that good dispersion effect could be achieved. And the
detailed investigations using TEM, SEM, XRD, and Raman
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Fig.1 TEM images of catalysts after reduction and with 10s contact with carbon sources
(fixed Ni mole fraction at 0.01, a Ni/Mo0=1:0; b Ni/M0=6:1; ¢ Ni/Mo=1:1; d Ni/Mo=1:4)

spectroscopy confirmed the effectiveness of tailoring the
Ni/Mo loading and the Ni/Mo ratio of the catalyst to control
the morphology of CNTs. On the other hand, the authors also
found complex states of Ni and Mo species as a result of a
small Ni/Mo loading and a relatively wide Ni/Mo ratio. The
formation mechanism of such thin-walled CNTs from the
small size nanocrystallite catalysts is discussed based on these
findings.

2 Experimental
2.1 Catalyst preparation

The Ni/Mo/MgO catalyst was prepared by a coprecipita-
tion method. During the catalyst preparation process, the solu-
tion of Mg(NOs3),:6H,0 and Ni(NO3),-6H,0O was precipitated
from a basic solution containing (NH,4),CO3; and molybdenum
ions at 293-353 K. After filtration, and drying at 383 K for 20
h and calcination at 673 K for 5 h, the catalyst consisted of
nickel and molybdenum oxides supported over magnesia.
Finally, faintly green materials were obtained, which were
ground to fine powders. Further details of the preparation of
the catalyst can be found elsewhere!®”.

2.2 CNT synthesis

To synthesize multiwalled CNTs (MWCNTSs), approxi-
mately 100 mg of the catalyst was sprayed uniformly into a
quartz boat, which was inserted in the center of a quartz tube
(id: 25 mm, length: 1 200 mm). The quartz tube, mounted in
an electrical tube furnace, was heated to 600 °C, in an air at-
mosphere. Subsequently, argon was fed at a flow rate of 600
mL/min. And the H, flew into the reactor at 600 °C at a rate of
50 mL/min for 30 min for low temperature reduction of cata-
lyst. High temperature catalyst reduction was carried out at
900 °C. After reduction, the reactor was heated to reaction
temperature and a mixture of CH,/H, (100/50 mL/min, V/V)
was introduced into the quartz tube and maintained at the re-
action temperature for 60 min before the furnace was cooled
to room temperature under Ar protection.

2.3 Characterization

The morphology of the CNTs was characterized by high
resolution scanning electron microscopy (JSM 7401F at 5.0

kV) high resolution transmission electron microscopy (JEM
2010 at 200.0 kV). Raman spectra experiments were per-
formed with a Raman spectrophotometer Renishaw, RM2000
in ambient condition. The spectra were recorded using a
He-Ne laser excitation line 633.0 nm. Powder X-ray diffrac-
tion (XRD) patterns of the catalysts were obtained with an
O8DISCOVER diffractometer by use of nickel-filtered Cu Ka
radiation. The patterns were recorded between 10° and 90°.

3 Results and discussion
3.1 Characterization of catalyst

3.1.1. TEM observation of catalyst

The authors characterized Ni/Mo/MgO catalysts with a
fixed Ni mole fraction of 0.01 by TEM in order to reveal the
catalyst particles on the carrier. Fig.1 shows typical TEM im-
ages of reduced catalysts with 10s contacting with carbon
sources. The authors always observed dark spherical particles
distributed on bright cubic crystals, where the number of the
dark spheres increased with increasing Mo fraction. It is well
known that MgO phase have a cubic structure. The dark and
bright particles were thus attributed to metal particles consist-
ing of Ni and/or Mo and to MgO crystals, respectively. For the
Ni/MgO catalyst, nickel particle covered MgO surface in a
high density (Fig.1a), whereas, in the Ni/Mo/MgO catalyst
with a Ni/Mo ratio of 6, much smaller catalyst particle depos-
ited on the edge of the MgO crystal. And for the Ni/Mo/MgO
with the Ni/Mo ratio of 1 and 0.25, the catalyst particles dis-
persed on the MgO surface were with an obvious contrast.

The catalyst particles on the carriers showed various
sizes and the authors examined the distribution of metal
nanoparticles by measuring the sizes and counting these parti-
cles in the TEM images. From the particle size distribution for
the reduced catalyst, it can be seen that the size of reduced
metal catalyst (Fig.1b—d) became larger and the distribution
became broader with increasing Mo ratio. However, small
amount of Mo could reduce the size of metal catalyst com-
pared with Ni/MgO catalyst (Fig.1a).

3.1.2 XRD of catalyst

The bulk crystal structures of catalysts and their sizes
before and after the catalyst reduction were then examined by
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Fig.2 XRD patterns of catalysts before reduction at 923 K for 0.5 h
(fixed Ni mole fraction at 0.01)

Fig.3 XRD patterns of catalysts after reduction at 923 K for 0.5 h
(fixed Ni mole fraction at 0.01)

XRD. The Ni/Mo/MgO catalysts mainly contain MgO and
MgMoO, phase as shown in Fig.2. With more Mo mole frac-
tion, the peak of MgMoO, phase was higher. According to
Scherrer formulation, the size of MgMoQO, phase was 30 nm
for the catalyst with Ni/Mo ratio of 0.25, and was 44 nm for
the catalyst with Ni/Mo ratio of 1. NiO was mainly nanoparti-
cles on the carrier surface, so it was difficult to obtain an ob-
vious diffraction peak in the XRD pattern. After the catalyst
reduction, the peak of MgMoO, phase disappeared. For the
catalyst with Ni/Mo ratio of 0.25, the peak intensity of Mo
phase was increased (Fig.3). Meanwhile, its size was about 39

nm, smaller than the size of MgMoO, phase before catalyst
reduction. There were enough Mo particles dispersed on the
reduced catalyst. When the catalyst of Ni/Mo ratio was 1, the
Ni and Mo particles were too small to show their diffraction
peaks in agreement with the TEM results. According to other
reports, Ni and Mo formed alloys and Mo can seclude Ni par-
ticles which can prevent Ni nanoparticles from congregating
under high temperature™®*¥!, With more fraction of Mo, Ni and
Mo can form alloys first, then more Mo atoms will form an
isolated Mo phase on the reduced Ni/Mo/MgO catalyst, which
will be discussed in detail later.

3.2 Morphology and structure of CNTs

Catalysts with fixed Ni of 1% mole fraction and different
Ni/Mo ratios were prepared to study the effect of Ni/Mo ratio
on CNT growth. The morphology of CNTs synthesized from
methane at 1 273 K for 1 h can be seen in Figs.4 and 5. Large
amount of CNTs were grown from catalyst particles and the
CNTs wrapped the catalysts. Agglomerate CNTs were ob-
tained, which were different from the morphology of CNTs
bundles shown in Ref. 11 or cone-shaped CNT assemblies
shown in Ref. 12. The products were free of amorphous car-
bon, indicating high purity, although it was difficult to deter-
mine by SEM or TEM quantitatively. The purity of CNTs was
always higher for the carbon product synthesized with longer
reaction time of 3 h than for that synthesized for 1 h, suggest-
ing that the impurities may not be carbonaceous but may be
due to the catalysts used for the CNT synthesis. TEM results
(Fig.5) showed that thin-walled CNTs were produced for all
the catalyst used.

Except Fig.4d of SEM results, the as-grown CNTs had
nearly uniform diameter. Two kinds of CNTs with obvious
different diameters were obtained and the arrows pointed to
large diameter CNTs. TEM observations (Fig.5) confirmed
this point. The authors thus analyzed the dependence of
thickness and diameter of CNTs on the catalyst composition
for the Ni/Mo/MgO catalyst series with fixed Ni contents. It
can be seen that adding small amount of Ni was effective to
decrease the diameters and the number of graphene layers
compared with Fig.1la and 1b. And the inner diameters, the
outer diameters and the numbers of layers of the CNTs in-
creased with increasing Mo mole fraction. At the lower Mo

Fig.4 SEM images of the as-grown CNTSs produced by catalytic decomposition of CH,4 at 1273 K for 1 h over Ni/Mo/MgO catalysts
(fixed Ni mole fraction at 0.01, a Ni/Mo = 1:0; b Ni/Mo = 6:1; ¢ Ni/Mo = 1:1; d Ni/Mo = 1:4)
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Fig.5 TEM images of the as-grown CNTSs produced by catalytic decomposition of CH4 at 1273 K for 1 h over Ni/Mo/MgO catalysts
(fixed Ni mole fraction at 0.01, a Ni/Mo = 1:0; b Ni/Mo = 6:1; ¢ Ni/Mo = 1:1; d Ni/Mo = 1:4)

mole fraction of 0.017, the inner and outer diameters ranged
from 1.0 to 3.0 nm and from 2.5 to 5.0 nm, respectively. At the
higher Mo mole fractions, the distributions of the diameters as
well as the thickness became broad. With a higher of Mo mole
fraction of 4%, two kinds of CNTs were shown: one with the
inner and outer diameters ranged from 2.0 to 4.0 nm and from
6.5 to 9.5 nm, respectively, and another one with the inner and
outer diameters ranged from 6.0 to 11.0 nm and from 18.0 to
23.5 nm, respectively, which showed a broad diameter distri-
bution of CNTs. The variation in the diameter was ascribed to
the catalyst particle size and bimetallic catalyst ratio. Here,
2-5-walled CNTs have been selectively produced (more than
90%) by the decomposition of CH, over the Ni/Mo/MgO
catalyst with Ni/Mo mole ratio of 6. That is, this catalyst is
effective for the synthesis of thin-walled CNTs with narrow
diameter distribution.

3.3 Raman Spectra of CNTs

Fig.6 shows the Raman spectra of the as-grown CNTs
obtained over samples of Ni/Mo/MgO with a fixed Ni mole
fraction of 0.01 at 1 273 K for 1 h. The results shown in Fig.6
indicate that the intensity of the G-band decreased , whereas,
that of the D-band increased with increasing the Mo mole
fraction from 0.017 to 0.040. The relationship between the
I6/1p intensity ratio and the Mo mole fraction is also shown in
Fig.6. The relative intensity of the G-band to the D-band de-
creased with increasing Mo mole fraction, indicating more
defects in the as-synthesized CNTs. The CNTs products from
catalyst adding Mo were with a higher Ig/lp intensity ratio
than Ni/MgO product, indicating that a better crystalline of
CNTs was obtained. This was consistent with the TEM results
mentioned above. This behavior has been observed for the
CNT growth with Co/Mo/MgO catalysts by other authors!™,
which produced thick-walled CNTs at higher Mo fractions.
When the Ni/Mo ratio was 6, the I¢g/lp intensity ratio of syn-
thesized CNTSs is 3.33, which was much higher than the ratio
for the MWCNTSs synthesized by nano-agglomerate fluidized
bed (always at 1). This meant that high quality thin-walled
CNTs were obtained from Ni/Mo/MgO catalyst with a Ni/Mo
ratio at 6.

Fig.6 Raman spectra of CNTs synthesized over Ni/Mo/MgO
catalysts

(fixed Ni mole fraction at 0.01)

3.4 Proposed mechanism for modulating the diameter
of CNTs

The authors analyzed TEM images of the CNTs and
catalysts in order to examine the correlation between particle
sizes of catalysts and CNT inner and outer diameters. When
the ratio of Ni/Mo in the catalyst is 1:4, both the inner and
outer diameter of CNTs and the reduced metal particle size
show double peak distribution. By adding Mo, the inner di-
ameter of CNTs agrees well with the reduced metal particle
size, and a rapid surface diffusion play an important role in
CNT growth. Also the change of variance shows the same
tendency for the reduced metal particle size, and the inner and
the outer diameter of CNTs. Thus, the diameter of CNTs de-
pends on the size of metal nanoparticles on the support, in
accord with the reports by the other authors 2.

The diameter of CNTs was sensitive to the size of metal
particle at the reaction condition. For Ni/MgO catalyst (Fig.7),
although Ni could form small particles at first, the nickel
nanoparticles were easy to congregate to from larger particles
that form larger diameter CNTs. With little addition of Mo, Ni
and Mo formed alloys and kept the size of active catalyst par-
ticles unchanged at high temperature. So narrow distribution
of thin-walled CNTs were obtained at Ni/Mo ratio of 6 (Fig.7).
With the Mo addition, some of the Mo atoms can agglomerate
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Fig.7 Schematic description of the structure of the different
catalysts in the reduced state, as derived from the characterization
methods

at the surface of NiMo alloy phase to provide small active
catalyst particles, and another part will congregate together to
form Mo particles. Mo particles also have activity to decom-
pose methane to synthesize CNTs*J. So for the Ni/Mo/MgO
catalyst with Ni/Mo ratio at 0.25, both the Ni/Mo alloy phase
and Mo phase existed and double peak distribution of catalyst
were formed and two kinds of CNTs with different diameters
were produced during the synthesis process.

4 Conclusions

MWCNTSs were produced by decomposition of CH, us-
ing Ni/Mo/MgO as catalysts in a controlled way with respect
to the diameter and thickness of the CNTs. The average outer
diameters and the numbers of layers were controlled from 3 to
23 nm and from 2 to 24, respectively, by changing the Mo
fractions. With varying Mo loading on the catalyst support,
Mo can form alloy with Ni and prevent Ni nanoparticles from
segregating at high temperature. However, high fraction of Mo
on the catalyst will form an isolated Mo phase in the reduced
catalyst. So controlling the Ni/Mo ratio can affect active cata-
lyst particle, and bimetallic nanoparticle sizes have great ef-
fect on the inner diameter of the CNTs. So the diameter of
CNTs can be controlled by Ni/Mo ratio. The authors found
that when the ratio of Ni/Mo is 6, 2-5 walled CNTs can be
obtained with high selectivity and high purity, which provides
an easy way to prepare thin-walled CNTs.
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