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Carbon nanotube growth on Ni-particles prepared in situ by
reduction of La NiO2 4
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Abstract

Using the citric acid complexing method, perovskite-like mixed oxides La NiO were prepared. Before and after2 4
21reduction, its structure was characterized by means of X-ray diffraction and XPS. Due to the formation of La NiO , Ni2 4

31 0and La ions were evenly distributed. Nickel exists chiefly as Ni after reduction and the size of Ni particles was estimated
to be ca. 28 nm. After reduction of La NiO oxide, the rare earth oxide, La O , prevents Ni particles from agglomerating2 4 2 3

and promotes the dispersion of nano-scale Ni particles, which is one of the key factors for carbon nanotube growth. The
carbon nanotubes from the catalytic decomposition of CH were obtained using La NiO oxides as the catalyst precursor.4 2 4

The morphology of the carbon nanotubes obtained has been examined by transmission electron microscopy and scanning
electron microscopy. High resolution transmission electron microscopy images and Raman spectra of carbon nanotubes show
they are multi-walled nanotubes of good quality.  2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction attention all over the world. Synthesis of CNTs on a large
scale by the catalytic technique is an attractive and

Carbon nanotubes (CNTs), as a new allotrope of carbon hopefully alternative route. Though there are many factors
with extraordinary properties and potential applications, involved such as temperature, pressure, feedstock gas,
have attracted much interest since they were discovered in reaction time, and flow rate, the size of transition metal
1991 by Iijima [1]. Now the synthesis of CNTs is one of particles is found to be influential for the formation of
the challenging issues in the new carbon materials field. CNTs [10]. With this method, therefore, it is crucial to
Several techniques have been developed for CNT growth select an effective catalyst with the appropriate size of
such as arc discharge [2], laser vaporization [3], and active metal. Several mechanisms have been proposed to
catalytic thermal decomposition of hydrocarbons [4]. The attempt at explanation of CNT formation and growth by
catalytic production of CNTs is simpler and more re- the pyrolysis of hydrocarbons over catalysts [11,12].
producible than other methods. Recently, decomposition of Mixed metal oxides with perovskite-type and perov-
hydrocarbons has become a research focus for the growth skite-like structure have recently been investigated exten-
of CNTs and they have been obtained by the decomposi- sively as the catalyst for many chemical reactions, for
tion of CH [5], C H [6], CO [7], benzene [8], polyethene example, hydrocarbon combustion and NH oxidation4 2 2 3

[9] etc. There is an abundant supply of CH in the world [13]. They are all well defined oxide solid solutions. The4

and relatively few means of converting it to more valuable oxidation states of transition metals can be changed by
products. The conversion of CH has attracted more modifying the constituent elements and the preparation4

conditions. The size of the active transition metal particles
may be controlled to some extent by changing the reduc-
tion conditions. In the present work, we firstly used*Corresponding author. Tel.: 186-28-5229-790; fax: 186-28-
perovskite-like metal oxides as catalyst precursors for5229-790.
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the catalytic decomposition of CH over Ni nano-particles4

from pre-reduced La NiO oxide. With this kind of2 4

catalyst, some important advantages of preparing
nanotubes are obvious. The product yield is higher and the
reaction temperature is lower compared with the other
method. The diameter of the CNTs is uniform and their
purification and separation is easy due to the support-free
catalyst.

2. Experimental

The La NiO oxide was prepared by adopting the citric2 4

acid complexing method, namely, decomposition of amor-
phous precursors (citrates) [13]. Briefly, to a mixed aque-
ous solution of Ni(NO ) ?6H O and La(NO ) ?6H O with3 2 2 3 3 2

appropriate stoichiometry, 100% excess of citric solution
was added. All compounds used were AR grade. The
resulting gel was evaporated at 353 K with stirring until a Fig. 1. X-ray diffraction patterns of the catalyst sample (a) before
viscous syrup was formed. The obtained residue was reduction (b) after reduction.
calcined in air at 773 K for 4 h and then pelleted prior to
calcination at 1073 K for 6 h. The pulverized samples (ca.
60–80 mesh) were used as the catalyst precursor for the CM200 FEG, operated at 200 keV) transmission electron
preparation of CNTs. microscopes. The CNTs were also characterized by using a

A horizontal quartz glass reactor, 30 mm in diameter Rigaku Rotaflex D/Max-C X-ray diffractometer (XRD)
and 1000 mm in length, was used for the growth of the with CuK radiation at a scanning rate of 28 /min from 108

1CNTs. The heat source was a tubular electric furnace. The to 908. An Ar ion laser beam of wavelength 514.5 nm
isothermal zone was 400 mm long in the middle of the was used to measure the spectra of the CNTs. The catalyst
tube. Temperatures were monitored using thermocouples was also analyzed by SEM and energy dispersive X-ray
coated with thin quartz tubes inserted into the quartz microanalysis. A D/Max-C X-ray diffractometer was
reactor. The gas flow into the reactor was controlled by employed to measure the XRD profiles of the catalyst
mass flow controllers with an accuracy of 60.1 ml for all precursor and the Ni particle size was estimated from the
gases. In all experiments, the reaction pressure was main- peak half width. For the XPS analysis the reference
tained at ambient. binding energy was that of C (1s), 284.6 eV.

The catalyst precursor was placed in a quartz boat (200
mm in length) and inserted into the reactor. The amount of
catalyst in the oxidized state used for all experiments was
100 mg. First, the samples were reduced in a flow of H2

(20 ml /min) from room temperature to 1073 K and and 3. Results and discussion
held there for 0.5 h. Then the reactor temperature was
lowered to 973 K for the in situ reaction. After sweeping 3.1. The XRD and XPS study of the catalyst
with Ar gas, CH was introduced into the reactor, passing4

over the catalyst at 30 ml /min for 60 min. After cooling to Fig. 1a shows the X-ray diffraction pattern of the
ambient temperature in a flow of Ar, the products were perovskite-like oxide, La NiO , which is identified as2 4

collected and purified by washing with a solution of acid in single phase with a tetragonal K NiF structure. This2 4

order to remove the metal particles. The carbon residue result also revealed that the oxide with a A BO structure2 4

was washed using de-ionized water until the pH value of
the effluent solution was close to 7 and dried at 573 K in a
flow of Ar. Table 1

The product sample was sonicated in acetone and XPS data of La NiO2 4

dispersed onto a copper grid for microscopic examination. Before or after Ni 2p La 3d3 / 2 5 / 2The morphologies and microstructure of the obtained reduction (eV) (eV)
CNTs have been examined using a scanning electron

before 854.3 835.1microscope (JEOL JXA-840), and low (JEOL JEM-
after 852.3 834.9100CX) and high-resolution (Hitachi 8100 and Philips
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Fig. 2. EDX spectrum and SEM image of reduced catalyst at 1073 K.
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Fig. 2. (continued)

21 31is stable due to the formation of La NiO , Ni and La summarized in Table 1. It can be seen that before reduction2 4

ions were evenly distributed. The pattern for La NiO the binding energy of Ni 2p is 854.3 eV, which is2 4 3 / 2

reduced at 1073 K in H is shown in Fig. 1b. This approximately that of NiO, indicating that nickel exists as2
0 21indicates that nickel exists chiefly as Ni after reduction. Ni in La NiO . However, after reduction the binding2 4

0 21The diameter of the Ni particles was estimated to be ca. energy of Ni 2p is 852.3 eV, which tells us that Ni3 / 2
028 nm. We suggest that the rare earth oxide, La O , can turns mainly into Ni . Unlike Ni 2p , the binding energy2 3 3 / 2

prevent transition metal from agglomerating and promotes of La 3d does not change within experimental error. It5 / 2
31the dispersion of nano-scale Ni particles, which is very can be concluded that lanthanum still exists as La , but

advantageous for CNT growth [10]. the mixed oxide La NiO has been destroyed and the2 4
0XPS results of La NiO before and after reduction are remnant is Ni /La O . Thus the active site Ni particles are2 4 2 3

Fig. 3. SEM and TEM image of CNTs prepared by decomposition of CH .4
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Fig. 4. Diameter distribution of CNTs.

supported and isolated by rare earth oxides. La O plays a2 3
0crucial role as the partition to restrict the size of Ni

particles.

Fig. 5. SAED pattern of CNTs.

3.2. SEM and EDX analysis of the catalyst

Fig. 2 shows a SEM image and the EDX spectrum of the 3.3. SEM and TEM study of CNTs
catalyst after reduction. Well-dispersed catalyst can be
observed in the SEM. According to EDX, the approximate The CNTs were prepared by the decomposition of CH4

La/Ni atom ratio was 2:1 and the three elements (O, La, at 973 K over the catalyst pre-reduced at 1073 K. Fig. 3a is
Ni) were uniformly distributed. Thus we propose that this a characteristic SEM image of CNTs with crooked and
technique is a good and convenient method to disperse the entangled shapes, which are similar to those in the
active metal. literature [14]. We can see that the length of most CNTs is

Fig. 6. HRTEM image of CNTs showing the multi-walled nanotubes composed of well graphitized layers usually covered with amorphous
carbon on the outer periphery.
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21of the order of micron. After reaction 1 h, 512 mg CNTs and 2920 (D1G peak) cm there are two weaker peaks.
can be synthesized with 100 mg catalyst (per furnace). The Those features, including the wavenumbers and relative
purity of CNTs was approximate to 96 percent. A typical integrated intensities, are close to those for multi-walled
TEM image (Fig. 3b) shows many rope-like structures of carbon nanotubes [16], also those tell us that the grahitiza-
with outer diameters ranging from 15 to 40 nm. Fig. 4 tion degree of the outer wall is low, in agreement with the
shows the measured diameter distribution. Most of them HRTEM results.
are 25–35 nm, which is close to the size of the Ni
particles. Most of the Ni particles capped on the nanotube
tip or were encapsulated by carbonaceous tubes. The
growth mechanism of CNTs on the transition metal is not 4. Conclusion
completely clear yet. However, we found that the metal
particles play a important role in the formation of CNTs. Bulk growth of CNTs from CH was obtained using4

Compared with the CNTs from benzene [8], well graphit- La NiO oxide as the catalyst precursor. La O prevents2 4 2 3

ized CNTs were exhibited by SAED pattern (Fig. 5) and the transition metal from agglomerating and promotes the
HRTEM (Fig. 6). Some helices were also found in the dispersion of nano-scale Ni particles after reduction, which
products. HRTEM images confirm the presence of multi- is frequently responsible for CNT growth. The Raman
walled carbon nanotubes, which are composed of many spectrum and HRTEM features of the CNTs show that
cylindrical graphite layers arranging regularly in the inner they are similar to well graphitized multi-walled carbon
wall. However we can also see that some amorphous nanotubes.
carbon layers coat the outer periphery of carbon nanotubes.

3.4. XRD and Raman study of CNTs
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