Journal of Alloys and Compounds 489 (2010) 20-25

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

ALLOYS
AND COMPOUNDS

An approach for obtaining the structural diversity of multi-walled carbon
nanotubes on Ni/Al catalyst with low Ni content

C.N. He, N.Q. Zhao*, C.S. Shi, S.Z. Song

School of Materials Science and Engineering, Tianjin University, Tianjin 300072, China

ARTICLE INFO

Article history:

Received 20 April 2009

Received in revised form 24 August 2009
Accepted 15 September 2009

Available online 23 September 2009

Keywords:

Nanomaterials

Catalysts

Chemical vapor deposition

ABSTRACT

A mass of multi-walled carbon nanotubes were fabricated on Ni/Al catalyst with low Ni content (2.5 wt.%)
by chemical vapor deposition in the temperature range of 773-923 K and characterized with respect to
their structure. The tubular and the bamboo-shaped structure occurred in the 773-873 K and 873-923 K
temperature ranges, respectively. In order to figure out the reasons for the observed structural insta-
bilities, the effects of reduction and reaction temperature on the catalyst particle sizes and the carbon
nanotube dimensions (lengths and diameters) were investigated in detail using statistical measurements
based on transmission electron microscope observations. The reduction and reaction temperatures have
strong influences on the catalyst particle sizes and the carbon nanotube diameters. The influence of reac-
tion temperatures on the carbon nanotube length is feeble. Furthermore, mechanisms of the structure

Bamboo-shaped

formation are discussed as well as open questions are addressed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have attracted much attention due
to unique tubular structure and abundant physical and chem-
ical properties. Recently, CNTs with special structures such as
bamboo-shaped [1,2], octopus [3], fish-bone [4], and coils [5],
which are different from the conventional straight tubes, have
attracted immense interest from scientists around the world. As
the most common member of this family, bamboo-shaped CNTs,
consisting of many separated hollow compartments, have been fre-
quently investigated to explore their unique structure-associated
properties and to understand the relationship between their for-
mation and the growth of conventional straight tubes that exhibit
continuous hollow channels. At the same time, exploring the appro-
priate growth conditions for bamboo-shaped nanotubes versus
conventional straight nanotubes can also induce their controllable
synthesis and modify their structures selectively.

To date, bamboo-shaped CNTs can be fabricated through various
methods such as arc-discharge, pyrolysis of organometallic com-
pounds, and chemical vapor deposition (CVD) [6-9]. CNT growth
by CVD is both efficient and versatile and, therefore, the techno-
logically most relevant process for the synthesis of this interesting
nanomaterial attracts much attention. CVD growth of CNTs from
hydrocarbon precursor molecules is facilitated by the catalytic
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activity of transition metal particles at elevated temperatures
with diameters in the nanometer range. Well dispersed carrier-
supported catalyst particles are employed for the synthesis of CNTs.
Identification and control of critical growth parameters is crucial for
process optimization and development of CNT growth mechanism.
Besides growth temperature and chemical properties of precursor
and catalysts, the catalyst particle size, to a large degree, is believed
to control the CNT diameter [10,11]. It is known that the proper-
ties of CNTs depend strongly on their chiralities [12]. In turn, the
chirality is determined by the CNT diameter and the orientation of
the rolled graphene sheet with respect to the CNT axis. Hence, con-
trol of the catalyst size is an important step towards the properties
of CNTs, and various studies on the preparation of size-controlled
transition metal catalyst particles for CNT growth have been carried
out [13-15].

Previously, we have obtained a mass of bamboo-shaped CNTs
in the process of catalytic decomposition of methane over Ni/Al
catalyst with relatively high Ni content [16]. We have since paid
much attention to this interesting nanostructure, because the sys-
tematical experiments are very beneficial for the comprehension
of growth mechanism, and as well for the controllable synthesis
of bamboo-shaped CNTs. However, a lack of knowledge concerns
the relationships between catalyst particles size, structure of the
CNT and growth conditions. According to the experimental find-
ings and known facts, we try to figure out some of the reason
for the occurrence of different structures of CNTs synthesized on
Ni/Al catalyst with low Ni content, which is the focus of the current
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2. Experimental
2.1. Preparation of the catalyst

The catalyst precursor of Ni(OH),/Al was fabricated wusing a
deposition-precipitation route [16,17]. For the deposition-precipitation pro-
cess, the right amounts of Ni(NOs3),-6H,O (0.01mol) and aluminum powder
(0.85 mol) were mixed in 11 distilled water, then appropriate NaOH solution was
added to the previous mixture with constant stirring to obtain the binary colloid
(Ni(OH), /Al). The colloid obtained was washed several times with distilled water
till neutral pH and dried in a vacuum drying chamber at 393K for 6 h. Ultimately
the colloid was calcined at 473K for 4h in N; to form fine NiO/Al powder, which
was employed in the following catalytic synthesis experiments. Reagent grade
Ni(NO3),-6H,0, reagent grade aluminum powder and reagent grade NaOH were
obtained from Tianjin Chemical Reagent Company.

2.2. Synthesis of the CNTs

To synthesize the CNTs, approximately 400 mg NiO/Al powder was sprayed
uniformly into a quartz boat, which was inserted into a tube furnace. The tube
furnace was heated to a reduction temperature of 673 K under N,. Then N, valve
was closed and H; (200 ml/min, 99.99% purity) was introduced to reduce the
NiO/Al for 2 h. Subsequently, shut off the H, flow, and a mixture of CH4/N3/H>
(60 ml/min/480 ml/min/120 ml/min, v/v/v, 99.99% purity/99.99% purity/99.99%
purity) was introduced into the furnace with a flow rate of 660 ml/min. Finally,
the sample was maintained at the reaction temperature (773K, 823K, 873K, 893K,
903 K and 923 K) for 1 h and six samples were thus obtained, which were indicated
as S1,S2, ..., S5 and S6, respectively.

In order to characterize the Ni/Al catalyst by transmission electron microscope
and X-ray diffractometer, the NiO/Al powder was reduced to Ni/Al in H, for 2h
at various temperatures (673 K, 723 K, 823 K or 873 K). After the reduction step, the
samples were cooled down to room temperature under the flow of N, /H; to prevent
the oxidation of the Ni nanoparticles.

2.3. Characterization techniques

The morphology and microstructure of the catalyst and the CNTs have been
investigated using a high-resolution transmission electron microscope (HRTEM)
(PHILIPS TECNAI G2 F20). In order to analyze the component, the catalysts before
and after reduction were characterized by using a Rigaku D/max 2500V/pc auto-
mated X-ray diffractometer (XRD) with Cu Ko radiation. The error of the dimension
measurements is determined by the TEM scale bar calibrations and a ruler gradation
(1 mm). The scale bar of the TEM was calibrated conventionally with the help of the
crystalline silicon standard on the basis of its known crystallographic data, i.e., lat-
tice parameters. The maximum absolute error that can appear from the dimension
measurements is about 0.2 nm. Number distributions of Ni nanoparticle diameters
and CNT dimensions (diameters and lengths) were measured manually on the basis
of high-resolution TEM images. The number of measurements for each dimension
and for each case was about 100. Raman of S5 sample was performed using Bruker
RFS 100/S.
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3. Results and discussions
3.1. Characterization of the catalyst

Fig. 1(a) shows the XRD patterns of the catalyst precursor of
NiO/Al powder (curve a) and the typical catalyst reduced at 673K
for 2h (curve b). From curve a in Fig. 1(a), we can observe the
strong aluminum peaks and the feeble NiO peaks. The pattern of
the reduced catalyst is shown in curve b of Fig. 1(a). It can be seen
that the NiO peaks disappeared instead of the Ni peaks appearing,
indicating that the NiO has been completely reduced to Ni after
reduction. Fig. 1(b) shows the distribution of a typical catalyst par-
ticles obtained by the reduction of the NiO/Al in H; at 673 K for 2 h.
As can be seen, uniform and small (10-20 nm) nickel nanoparticles
disperse on the Al surfaces, which are very beneficial for production
of CNTs with a narrow distribution of diameters.

Number distributions of diameters of catalyst particles reduced
at various temperatures from 673 K to 873 K were measured man-
ually on the basis of HRTEM images. The number of measurements
was 100. Since the diameters were better described by log-normal
distributions, the geometric mean diameter was calculated as

Z n; lg Di
N

lg Dg = (1)

where n; is the number of catalyst particles with a diameter of D;, N
is a number of measurements. A standard geometric deviation can
be found as

> ni(lgD; — 1gDyg)
N_1

5-1)2

g o= 2)

The reduction temperature, which is the only source of energy
in the reduction of the catalyst, is of great importance in order to
achieve uniform diameter distribution for the active Ni nanopar-
ticles. To investigate the effect of reduction temperature on the
diameter of the nickel particles, we reduced the catalyst precursor
of NiO/Al at various temperatures (673 K, 823K, 673 K and 873 K),
while fixing the other conditions (reduction time of 2 h, 200 ml/min
of Hy). Fig. 2(a) shows the number diameter distributions of the cat-
alytic particles. Increasing the reduction temperature from 673 K
to 873K leads to an increase in the geometric mean diameter of
the catalytic particles from 11 nm to 15.8 nm (with the geometric
standard deviations of about 1.53). The increase in the diameter of

(a) =
A Al = <
« Ni = g8 -
* s az g
NiO %\ i )
A
e _ =
h—1 = g
£ | J s a8
2 K ) :
|
(a)
% %
St S PR LN L-..i » L*\
. T T T T T L T T ¥ T
10 20 30 40 50 60 70
26/°

Fig. 1. (a) XRD patterns of catalyst sample before reduction (curve a) and after reduction at 673 K (curve b) and (b) TEM image of the catalyst reduced at 673 K in hydrogen

for 2 h.
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Fig. 2. (a) Number distributions of diameters of catalyst particles reduced at various temperatures when the reduction time equals to a constant of 2 h. Number distributions

of (b) lengths and (c) diameters of CNTs synthesized at various temperatures.

the catalytic particles is due to agglomeration or sintering of the
catalyst nanoparticles during reduction. As reduction temperature
increases, the catalyst nanoparticles are expected to more easily
agglomerate and become larger.

3.2. Characterization of the bamboo-shaped CNTs

Number distributions of CNT dimensions (lengths and diame-
ters) were also measured manually on the basis of TEM images. The
number of measurements for each dimension and for each case was
100. The geometric mean dimensions (length and diameter) of the
CNTs were also calculated using Eq. (1), where n; is the number of
CNTs with a dimension of D;, N is a number of measurements. A
standard geometric deviation can also be found using Eq. (2).

Number distributions of lengths and diameters of the CNTs fab-
ricated at various temperatures are presented in Fig. 2(b) and (c).
Fig. 2(b) shows the number length distributions of the CNTs. It
can be seen that the geometric mean length of CNTs increases
from 2.64 wm to 3.8 wm (with the geometric standard deviations of
about 1.41) while increasing the reaction temperature from 773 K
to 893 K. The reaction temperature has a stronger influence on
diameters of CNT than on the lengths of the CNTs. Fig. 2(c) shows
number diameter distributions of the produced CNTs. The geomet-
ric mean diameter of CNTs varies from 12.6 nm to 20.6 nm (with
the geometric standard deviation between 1.48 and 1.59) as the
reaction temperature is increased from 773 K to 893 K.

TEM study on CNTs was also carried out to investigate the effect
of synthesis temperature on the structural characteristics of CNTs.
We checked several hundreds of individual CNTs and found them
all multilayer structure. Fig. 3 shows the TEM images of a few typical
CNTs fabricated at 773-923 K. It can be seen that all samples have

a mass of crooked and entangled fibers, which are with hollow and
multi-walled tube structure. Furthermore, every CNT has a catalyst
particle at one end, and the other end is closed, indicating that the
diameter of the CNTs is decided by metal catalyst size. A majority
of CNTs are well-graphited and with a small curvature, but a few
CNTs have a big curvature (>90°) and generate continuous vari-
ations in their bend positions, which indicates that Stone-Wales
distortion occurs in these CNTs. Though the sections of these CNTs
have prodigious distortion, these CNTs maintain intact, indicat-
ing that these CNTs have excellent flexibility and are suitable for
reinforcing composites.

Fig. 3(a) is a typical TEM image of the CNTs fabricated at 773 K.
It can be observed that the CNT yield is low and many amorphous
carbonimpurities are presented in the sample. The CNT surfaces are
very coarse due to impurities attached, and the length and diame-
ter of the CNTs all are small (shown in Fig. 2(b) and (c)). When the
reaction temperature increases to 873 K and 903 K, as can be seen
in Fig. 3(b) and (c), respectively, the as-obtained samples have few
impurities and are with high purity (the CNT purity is estimated to
be higher than 96% according to TEM observations). The length of
the CNTs is relatively long and their walls are very clean. When the
reaction temperature increases to 923K, the production has very
few CNTs and a mass of amorphous carbon impurities exist in the
sample. Above experimental evidences are attributed to transfor-
mation of the catalyst morphology as temperature increases. At low
temperature (such as 773 K), the catalytic activity of the catalyst is
relatively low to develop CNT growth, thus a mass of carbon atoms
decomposed from methane were deposited around catalytic parti-
cles. At too high temperatures (such as 923 K), the catalyst becomes
highly mobile and quickly agglomerates into metal particles that
are too large to initiate CNT nucleation, on the other hand, the high
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Fig. 3. TEM images of the CNTs synthesized at various reaction temperatures: (a) 773K, (b) 873K, (¢) 903 K and (d) 923 K.

temperature (such as 923 K), which is close to the melting temper-
ature of Al, easily leads to the melt of catalyst supporter (Al) and
thus makes the catalytic particles inactive.

Furthermore, it is observed from the HRTEM micrographs that
the hollowness and structure of CNTs and the geometry of cata-
lyst particles are affected by synthesis temperature. For the CNTs
synthesized at 773 K and 823 K (as shown in Fig. 4(a) and (b)), the
hollowness is not very apparent and the CNTs are with bamboo-
shaped structure. The graphite sheets are tilted against the tube
axis and they terminate at the outer tube wall. They can also ter-
minate at the inner hollow core (see arrows in Fig. 4(a)) forming
open stacked cones, or they form closed stacked cones, which are
manifested by bridges of graphite layers inside the hollow core. The
distance between the bridges may be caused by the stacked open
cones. At the absence of open cones, a displacement of the catalyst
particles from the carbon bridges could be explained by continued
growth of the cone side walls after the delamination of the carbon
bridges from the tip of the catalyst particle. This assumes that the
growth of the cones starts at the tip region of the particles and,
that different rates for the bridge formation and the growth of the
carbon side walls control the formation of the closed carbon cones.
Furthermore, a different inclination of the cone side walls and the
faces of the catalyst particles has to be presumed for geometri-
cal reasons. For the CNTs synthesized at 873K, 893K and 903K,

they have relatively larger hollowness and are with straight tubu-
lar structure. The graphite layers are arranged parallel to the tube
axis and the catalyst particles at the top of tubes are spherically
shaped or form droplets.

The growth mechanism of carbon nanofibers on Ni catalyst has
been studied extensively [18-24]. According to Baker et al. [18,19],
decomposition of acetylene on a Ni metal substrate and carbon
dissolution into Ni metal, followed by carbon diffusion and precip-
itation are repeated for the growth of carbon filaments. Recently
Helveg et al. [22] suggested that the growth mechanism depends
on surface diffusion of carbon and nickel atoms through the obser-
vation of the in situ transmission electron microscopy. Gozzi et
al. [23,24] have investigated the thermodynamic quantities associ-
ated with the CVD synthesis from a light hydrocarbon of CNTs and
obtained a whole picture of the thermodynamics of this reaction
as function of temperature has been obtained. But above results do
not necessarily exclude the Backer model and we will discuss the
growth mechanism on the basis of the Backer model. In the Backer
model, the carbon containing compounds are decomposed on the
surface of the catalyst particles and, that adsorbed carbon is dis-
solved in the particles forming a supersaturated solution followed
by precipitation of graphite. The tube growth is sustained via dif-
fusion of carbon through the catalyst particles. Even if not always
clearly stated, this model assumes the catalyst particles being in
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Fig. 4. HRTEM images of the CNTs synthesized at various reaction temperatures: (a) 773K, (b) 823K, (c) 903 K and (d) Raman spectrum of CNT sample fabricated at 903 K.

a metastable state in any case. The state of the particles seems to
control the basic structure of the formed multi-walled CNT.

In the case of the bamboo-shaped structure obtained at 773K
and 823K, the catalyst particles during CNT synthesis are in solid
state due to low synthesis temperature. For energetic reasons
(highest carbon activity) the nucleation of carbon can be expected
to start at regions with the highest curvature, it means at the tips
of the cone shaped particles. The reasons for forming a closed or
an open cone are not clear. According to Terrones et al. [25], the
formation of closed cones requires the introduction of pentago-
nal carbon rings, whereas open cones offer more possibilities of
graphitic geometries such as the great variety of chiral configura-
tions.

For the tubular structure obtained at higher temperatures
of 873K, 903K and 923K, the spherical shape of the particles
makes probable a molten particle state during the growth. Melt-
ing of particles at temperatures some hundreds degree below
the eutectic temperature of the catalyst metal-carbon alloys (e.g.
Teur(Ni)=1587 K) is explained by the high surface to volume ratio of
the nanoparticles [26]. It is well known that the melting tempera-
ture of small particles can be significantly reduced by decreasing
the particle size [27]. A similar sensitivity to particle size is
observed, for example, for solubility. Thus, the macroscopic proper-
ties are not strictly applicable to nanometer-sized particles and it is
likely that, even at temperatures below 1587 K, there is significant
dissolution of carbon in molten metal particles. The nucleation step

of the formation of the tubular structure is still not well understood.
The contact area between the catalyst particle and the substrate
could be crucial for the nucleation. There is experimental indica-
tion that the growth may start in this region forming a cap which
is the base of growing tube shells. This suggestion implies the for-
mation of the subsequent inner graphitic caps to be favored by the
metal-graphite interface.

The as-obtained carbon sample (S5) was also characterized by
Raman spectroscopy in detail to validate the presence of CNTs.
A representative Raman spectrum (Fig. 4(d)) of the composite
powders exhibits two peaks (1346.8cm~! and 1576.6cm™!) cor-
responding to multi-walled CNTs, which are associated with the
vibrations of carbon atoms with dangling bonds for the in-plane
terminations of disordered graphite (D), and the vibrations in all
sp2-bonded carbon atoms in a 2D hexagonal lattice (G), respectively
[28,29]. The intensity ratio of the D band to the G band (corre-
sponding to the vibrations) (Ip/Ig) was calculated to be 0.76. The
low relative intensity of the D band peak implies that the obtained
CNTs are mainly composed of well-crystallized graphite, which is
in agreement with the HRTEM observations.

4. Conclusions

A mass of multi-walled carbon nanotubes (CNTs) were fabri-
cated on Ni/Al catalyst with low Ni content (2.5 wt.%) by chemical
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vapor deposition in the temperature range of 773-923 K. The tubu-
lar and the bamboo-shaped structure occurred in the 773-873K
and 873-923 K temperature ranges, respectively. It was found that
the reduction and reaction temperatures have strong influences
on the catalyst particle sizes and the CNT diameters. The influence
of reaction temperatures on the CNT length is feeble. The pro-
duction of multi-walled CNT on catalyst layers by chemical vapor
deposition is mainly governed by the metastable state of the cat-
alyst particles, which is related to the particle size, the deposition
temperature, and the deposition time. The growth on liquid parti-
cles yields tubular multi-walled CNT of smaller diameters, whereas
bamboo-shaped tubes with larger diameters are formed on solid
particles. Due to the size distribution of the particles, formed at the
beginning of the processes, the occurrence of different structures is
to be expected for synthesis temperatures high enough to achieve
a reasonable structure formation.
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