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Single-wall carbon nanotubes were produced with, either, a bimetallic or a mixture of three
catalysts. Raman scattering and high resolution transmission electron microscopy were used as
characterization tools. The mixture LiNi ,Co O, leaded to a sample relatively free from impuri-
ties with long bundles, each containing a few tubes. A narrow distribution of diameters for the
sample produced with this mixture was evidenced by Raman scattering experiences. The mean
tube diameter was found to be smaller than those measured for the nanotubes obtained with the
bimetallic catalysts, Fe/Ni and Ni/Co. Possible chiralities were calculated for the semiconductor
nanotubes formed. Assignments of the Raman radial breathing mode frequencies to the calculated

structures are presented.
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1. Introduction

A great progress has been achieved in the growth mecha-
nisms of single wall carbon nanotubes (SWCTNSs) aiming,
markedly, large scale production at low cost. The synthesis
based on arc-discharge'-3, laser vaporization®, and gas-phase
thermal decomposition’, have been reported extensively. All
three methods need catalyst addition to carbon powder for
yielding SWCNTs. Attempts in controlling the diameter
distribution relied mainly in the choice of the catalysts. The
tube diameter distribution change with the type of catalyst
or the ratio of catalysts in a mixture®’. The precursor cata-
lysts used to generate SWCNT's were single transition metal
such as Fe!, Co? and Ni’. Further on, the introduction of
bimetallic catalysts, such as Co/Ni®, Fe/Ni%, Pt/Rh? and
Ni/Y'® were found effective in generating SWCNTs with
high yield. Ni/Y, among those, is the SWCNTs mass pro-
duction catalyst by arc-discharge. However, it is not clearly
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understood why such a bimetallic combination is better than
the single metal, especially forY, itself, being not efficient
to yield SWCNTSs®. Therefore, to acquire the knowledge to
improve diameter control and the formation of the tubes, it
is necessary to investigate the role of the catalysts in detail.

Here, we describe the growth of SWCNTs by the arc-
discharge process using the bimetallic catalysts Fe/Ni,
Ni/Co, and the catalyst mixture of LiNi, ,Co, ,O,. High Reso-
lution Transmission Electron Microscopy (HRTEM) was
employed to observe the morphology of the sample as well
as the dimensions of the bundles of nanotubes formed. The
mean diameter of the SWCNTSs measured in this way was
of 1.46 nm for the sample prepared with the LiNi, .Co, O,
as catalyst. The micro Raman technique was employed in
two ways, to probe the tubes abundance using the tangen-
tial modes, and to measure the sub-set diameter distribution
through the radial breathing modes (RBMs). The low fre-
quency spectra taken from different samples, were found to
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differ appreciably. It was found, for instance, that the RBMs
for excitation in the blue, E = 2.54 eV, peak at 158 cm!,
180 cm™, and 201 cm, for Fe/Ni, Ni/Co, and LiNi  .Co  O,,
respectively. This indicates that the addition of LiO, to the
Ni/Co catalyst, results in a shift of the distribution toward
smaller diameters. This is true, even when just a sub-set of
the total distribution is probed, for fixed experimental con-
ditions and highly homogeneous samples. The positions of
the RBMs were assigned to structures of tubes selected us-
ing a resonant window around the laser energy. Compari-
son of calculated and experimental frequencies allowed us
to infer that the intertube coupling is weak in the small bun-
dles of the SWCNTs of this work.

2. Experimental

The SWCNTSs were produced by the arc-discharge
method as reported in detail earlier'!. The anode was a
6.2 mm diameter graphite rod, 100 mm long. A hole with a
¢ =2.0 mm and depth of about 84 mm was drilled into one
end. The hole was filled with a catalyst mixture and turned
down into the central hole of a copper holder. Three differ-
ent catalysts were prepared with mixture of selected ele-
ments in at % as Fe:Ni (1:1), Ni:Co (1:1) and LiNi  ,Co O,.
The samples thus obtained will be referred to in this work
as FeNi, NiCo and NiCoLi, respectively. An arc was gener-
ated between the anode and the graphite cathode at ~ 60 A
during the chamber pressure increasing process. The higher
current of 100-120 A, was sustained for 15 min to degas the
system adequately. A partial atmosphere of high purity he-
lium of 400 torr was used. An initial 1-2 mm gap between
the graphite electrodes is opened and several mm were
maintained by continuously translating the cathode down-
ward during the arc process. A fairly constant gap voltage
(30V), was established for a constant cathode advance. The
advance rate was such as to reduce a 100 mm rod to a stub
in about eight minutes. The soot from the collar was chosen
as sample because it was found to be richer in SWCNTs
than those from the cathode deposit or the interior walls!!.
The growth conditions were strictly the same for all sam-
ples.

The Raman spectra were acquired on a T 64 000 Jobin-
Yvon triple spectrometer used in the double subtractive
configuration. As exciting radiation the 488.0 nm line of an
Ar* laser was employed at a low power (~100 mW on the
laser output bean) to avoid heating the samples. An
OLYMPUS BH-2 microscope allowed for a ~1 um spot
size to be obtained upon focalization of the laser. The meas-
urements were performed in the backscattering geometry,
at room temperature. All measurements were carried out
systematically, by fixing the incident power of an Ar* laser
line, the scattering geometry and the acquisition parameters.
Each sample was measured twice, in different powders, to
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check for homogeneity. The spectra reveal just a few differ-
ences in intensity of the peaks in different powders of the
same sample probed.

3. Results and Discussion

The morphology of the samples obtained by the arc-
discharge method described above is a high density of
SWCNT bundles together with carbon nanoparticles, and
many other particles including probably metals and carbide
compounds. The bundles of 5 to 11 tubes have diameters of
7 nm to 16 nm and lengths in the scale of um. A representa-
tive Scanning Electron Microscopy image of a sample pro-
duced under similar conditions by using a bimetallic cata-
lyst (FeNi) published earlier'?, shows amorphous carbon
aggregates and other impurities sticking to the bundles.

Figure 1 shows the High Resolution Transmission Elec-
tron Microscopy (HRTEM) image of a NiCoLi sample,
where the bundles are seen as isolated traces, surprisingly,
a very different image from that obtained for the bimetallic
catalyst samples. In this case, the image does not show the
presence of impurity particles sticking to the bundles or
severe amounts of isolated impurities. We thus believe that
LiO, play a role by improving the quality of the SWCNTSs
samples. This higher quality has not been obtained before
in any of the as grown soot for any of the most popular
catalysts. There are several attempts to explain the SWCNTSs
properties describing variation of diameters and lengths of

Figure 1. High Resolution Transmission Electron Microscopy of
SWCNTs produced using the catalyst mixture: LiNi  .Co O, and
the arc-discharge method.
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the tubes. However, we are unable to find a specific mecha-
nism for the LiO, catalyst to increase the purity of the
SWCNTs produced. In fact, the use of a catalyst mixture of
three elements makes the situation much more complex.
Notice that there are several examples where a bimetallic
catalyst is highly efficient in producing SWCNTSs while the
single metal catalyst is not. This is the case, for instance, of
the bimetallic catalyst NiY that is very effective to produce
large quantities of SWCNTs in the arc-discharge method
and Y is noté. The latter can produce only the sea urchin
type short tubes and with low yield®!3. A possible argument
is the increased time in the SWCNTSs synthesis in conse-
quence of increased temperature difference between the
vaporization and the eutectic formation. This type of argu-
ment was used earlier to justify the production of longer
bundles'*. The argument was extended to explain the rela-
tionship between the tube diameter and the nature of the
catalyst by using the Kanzow and Ding model®, in the fol-
lowing way: a small graphene sheet is formed at the surface
of a particle. The competition between the kinetic energy of
the sheet and the adhesion with the metal particle establish
the SWCNTs growth. If the kinetic energy is higher than
the work of adhesion, the sheet oscillates and a small cap is
formed. From this cap the growth of SWCNTSs can start.
The larger the difference of the two energies, the smaller
the diameter of the tube. Since the kinetic energy depends
on the temperature and the work of adhesion depends on
the nature of the catalyst, the diameter of SWCNTs depends
on both, the catalyst and the temperature. In order to esti-
mate the SWCNTSs abundance related o the amount of amor-
phous carbon in the samples we calculated the Raman in-
tensity ratios between peaks G and D in the tangential modes
frequency region (not shown here). We found this ratios to
be 4.2,2.4 and 1.1 for the NiCo, NiCoLi and FeNi samples
respectively. This procedure is currently used because the
D-band is the Raman active mode of the defective carbon
network®’. The G/D value is a reasonable good abundance
index in the present situation for, the laser excitation lying
in the semiconductor resonance window, the metallic tubes
to not contribute to the G peak shape.

The average diameter of the SWCNTs in the bundles
produced by using the Ni/Co/LiO, catalyst mixture was es-
timated by using HRTEM techniques. Figure 2 illustrate
one such measurement. The solid line in this figure shows a
segment of a bundle with 5 tubes and 7.0 nm of length. The
number of tubes varies up to 11, in a bundle with 16.5 nm
of length. The mean diameter of tubes in this sample was
found to be <d> = 1.46 nm using the HRTEM results. The
same type of measurement gives for FeNi SWCNTSs a mean
diameter of <d> = 1.53 nm (not shown here).

Raman spectra in the radial breathing mode (RBM)
range, for the three different samples measured are shown
in Fig. 3. The upper curve corresponds to the SWCNTS pro-
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Figure 2. High magnification HRTEM image of SWCNTSs pro-
duced using the catalyst mixture: LiNi  ,Co O, and the arc-dis-
charge method.

duced with the LiNi, .Co O, catalyst mixture. The Raman
intensity peaks at 201.5 cm!. The intermediate curve in this
figure represents the tubes grown with the bimetallic cata-
lyst NiCo. The Raman structure is this case is broader, peaks
at 179.9 cm™! and is shifted toward lower frequencies. The
lowest curve in Fig. 3 is the spectrum for the SWCNTs ob-
tained by using the FeNi catalyst. The Raman intensity has
one maximum at 158.2 cm™ and the overall structure is
shifted toward lower frequencies as compared to the previ-
ously described spectra. The position of the Raman RBMs
do not allow to define directly the distribution of diameters
in the SWCNTs samples, but probe just a sub-set of
nanotubes which are in resonance either with the incident
or the scattered photon, as pointed out earlier'®. However, it
can give a scaling of mean diameter when the several
SWCNTs samples are homogenous. This is the case of the
three samples of this work, for which the Raman spectra
obtained from different spots in the sample were the same.
Hence, the Raman RBMs spectra shown in Fig. 3 indicates
that the mean diameter follows a relation given by:
FeNi > NiCo > NiCoLi. The reason for the decrease in the
nanotube diameter may be similar to that described earlier'4,
for the role of a Ni/Co/S mixture catalyst as compared to
the single metallic catalysts. The role of the additional ele-
ment, S, was proposed to be the decrease of the eutectic
temperature in the carbon-nickel-cobalt system and also a
small decrease of the temperature in the condensing zone.
The lower formation temperature induces the formation of
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Table 1. Chiralities for nanotubes, calculated diameter, d, resonant energy, 2.44 eV < E < 2.64 eV, calculated frequency, ®, and Raman

frequencies, ® . Here, ® = o/d, with o0 = 248 cm™ nm.

(m,n) d (nm) E (eV) o (cm™) o (cm”) o (cm”) ®_(cm™)
FeNi NiCo NiCoLi
(10,8) 1.24 2.63 200.0 201.5
11,7) 1.25 2.52 198.4 197.3 196.5 195.7
(10,9) 1.31 2.45 189.3 190.8 189.7
12,7) 1.32 2.52 187.9
(17,0) 1.35 2.62 183.7
(16,2) 1.36 2.59 182.3
(15,4) 1.38 2.51 179.7 179.9 179.9 180.8
(11,10) 1.44 2.64 172.2 172.6 172.3
(17,3) 1.48 2.55 167.6 166.1
(12,10) 1.51 2.62 164.2
(15,7) 1.55 2.51 158.3 158.2 158.5
(12,11) 1.58 2.56 157.0
(14,9) 1.59 2.47 156.0
(15,8) 1.61 2.61 154.0
(14,10) 1.66 2.48 149.4 149.0
] dure to obtain the mean diameter using Raman scattering,
as proposed by Corio et al.'®, relating the diameter distribu-
tion to the tangential modes. This kind of procedure cannot
251 7 be used here, because it applies to metallic nanotubes, in
resonance with the lowest electronic transition energy (E, ).
By using a higher excitation energy, E, = 2.54 eV, we se-
lected another resonant window corresponding to energy
z separation E, (i = 3,4) between van Hove singularities for
S semiconductor nanotubes. This can be checked by the analy-
£ 20k i sis of the plots E, versus nanotube diameters, as found in
- NiCoLi the work of Jorio er al.'” (Fig. 3). We use RBM frequencies
E for a tentative assignment of the (n,m) parameters of the
ﬁ tubes, as listed in Table 1. The table list the possible (n,m)
values in the first column, for the selected energy window
NiCo (244eV<E, <264eV).
The discrete set of helicities for the tubes was deter-
15 7 mined from the joint density of states calculation associ-
ated to an ab initio simulation of resonance Raman re-
sponse'8, The main parameters entering this evaluation are
L L the matrix element, y, and the excited state lifetime, T. The

I
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Figure 3. Raman spectra from three different SWCNTs samples
in the radial breathing mode frequency range.

narrower tubes, and the subsequent increase of temperature
range in the growth area favors the increase of the length of
the tube'.

It should be noticed that there is an alternative proce-

values found appropriate for those quantities are y=2.9 eV
and h/(2nt) = 0.01 eV, respectively, with h being the Planck s
constant.

The second column of the table lists the diameters cal-
culated through the relation:

d=(m?+nm + n%)"*(\3/m) a_, (1)

where a_, is the C-C spacing in carbon nanotubes. The reso-
nant energies in the selected window are listed in the third
column of Table 1. The fourth column lists the frequency
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values given as the ratio o/d, with o, = 248 cm! nm. The last
three columns are Raman frequencies measured in this ex-
periment. The value of o chosen here is the same as that used
for the determination of structure of isolated tubes!”. The rea-
son for this choice is that the agreement between calculated
and measured frequencies fall within the experimental accu-
racy of 2 el This agreement is probably an indication that
the intertube coupling in the bundles are quite negligible for
our samples, probably due to the small amount of tubes in
each bundle. It should be said that neither the use of the o-
value introduced by Bandow et al.'® or other calculated fre-
quencies taking into account intertube coupling corrections,
as proposed recently by Rao et al.?°, compared to our experi-
mental results with such a good agreement. Table 1 also shows
the same scaling in the sub-set diameter distribution as that
observed for the mean diameter obtained through HRTEM:
FeNi > NiCo > NiCoLi. Moreover, the sub-set mean diam-
eter is smaller than that measured for the complete distribu-
tion. This is understandable considering that the higher di-
ameter semiconductor nanotubes are not observed here due
to a weaker resonance with the higher order transition en-
ergy E, than that with the E,; energy.

4. Conclusion

The arc-discharge method was used to produce three
different SWCNTSs using different catalyst mixtures, Fe/NI,
Ni/Co, and Ni/Co/LiO,. The SWCNTSs were characterized
by using HRTEM and Raman spectroscopy. HRTEM shows
that the bimetallic Fe/Ni catalyst produced SWCNTSs with
impurities sticking to them, while the use of a Ni/Co/LiO,
mixture catalyst leads to impurity free SWCNTs. Among
the three samples, NiCo was determined as the most
SWCNTs abundant. Both measurements show one scaling
of nanotubes diameters, in qualitative agreement, as follows:
FeNi > NiCo > NiCoLi. Possible chiralities are predicted
for semiconductor nanotubes and tentative assignments of
the observed frequencies are presented.
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