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Abstract

Ž .The term ‘controlled production’ of single-wall nanotubes SWNT implies the ability to control the selectivity towards
SWNT by changing catalyst formulations and operating conditions, combined with a quantitative measurement of the SWNT
obtained. In this contribution, a significant advancement towards the controlled production of SWNT is reported. A family
of Co–Mo catalysts has been found to be able to produce SWNT with high selectivity, depending on the Co:Mo ratio, the
temperature of operation, and the processing time. The optimization of the catalyst was possible by the application of a
simple and direct method of quantification of the SWNT production. q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Ž .Single-wall carbon nanotubes SWNT have
shown unmatched electrical and mechanical proper-

w xties 1 , which might lead to a variety of new applica-
tions. However, the low availability of high-quality
nanotubes and the high costs associated with the
current synthesis methods would be a serious imped-
iment for large-scale production in any commercial
endeavour. The production of multi-wall nanotubes
Ž .MWNT by catalytic hydrocarbon cracking on sup-

w xported metals is now on a commercial scale 2 , but
w x w xthe production of SWNTs by laser 3 and arc 4

techniques is still in the gram scale. A cost effective
process for the production of SWNT will only emerge
when today’s gram-scale technology advances to a
ton-scale technology, in a way similar to the produc-
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tion of chemical commodities. In fact, it is conceiv-
able to design a continuous fluidized-bed catalytic
reactor that could produce carbon nanotubes in a
gas-phase process. To reach this point however, an
excellent control over the activity, selectivity, and
catalyst life is necessary. This goal has guided our
recent research and will be the focus of this contribu-
tion.

In many catalytic processes found in the chemical
industry, the separation steps that precede or follow
the chemical reactor represent the largest portion of
the capital and operating costs. On the other hand,
while the cost of the catalyst is usually minimal in
comparison to the overall cost of the plant, the
catalyst is the key factor that determines how much
should be spent in the separation steps. For example,
a catalyst with high tolerance to the presence of
impurities may reduce the costs of feed pretreatment.
At the same time, a very selective catalyst can
greatly reduce the separation costs involved in the
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purification of the product. Selectivity is in many
cases the most important property that an efficient
catalyst should exhibit. The same concepts will apply
to the production of nanotubes in industrial scale,
i.e., a catalyst should be designed with selectivity
high enough to minimize the subsequent purification
steps. This is particularly important for the catalytic
production of SWNT, which in most cases produces
MWNT, amorphous, and graphitic forms of carbon
as by-products.

In comparison to most of the other methods cur-
rently used for the synthesis of SWNT, the potential
advantage of using a gas-phase catalytic method is
that the solid catalyst can be tailored to maximize
selectivity. Until now however, in most attempts to
produce nanotubes by the catalytic method, little
attention has been paid to the optimization of the
selectivity towards SWNT. In fact, the majority of
the reports found in the literature disclose formation
of MWNT or a combination of amorphous carbon,

w xMWNT, and graphitic carbon 5,6 . Only a few
w xpapers 7–11 have reported the formation of SWNT

by catalytic decomposition. One of the greatest limi-
tations in the current technology is the inability to
obtain a simple and direct quantification of the dif-
ferent forms of carbon obtained in a particular syn-
thesis. Nowadays, electron microscopy is the charac-
terization technique most widely employed to deter-
mine the fraction of SWNT present in a particular
sample. However, TEM can only provide a qualita-
tive description of the type of carbon species pro-
duced. It is hard to determine how representative of
the overall production can a given image be. Obtain-
ing semi-quantitative determinations of the distribu-
tion of the different carbon species in a sample, with
any statistical significance is time consuming and the
method could not be applied as a routine quality
control to large-scale operations.

In this contribution, we describe what we believe
is a breakthrough in the controlled synthesis of
SWNT. We define controlled production as the abil-
ity to modify the selectivity of a catalyst by changing
catalyst parameters, such as composition and sup-
port, combined with the ability to obtain a reliable
quantitative measurement of the yield and selectivity
of SWNT produced. This measurement should be
direct and easy to conduct, so changes in selectivity
during catalyst selection or steady-state production

can be readily detected, facilitating the reproducibil-
ity and quality control.

2. Experimental results

Several transition metal catalysts have been shown
to be active for generation of carbon nanotubes
w x12,13 . Among the various formulations that we
have investigated, a Co–MorSiO catalyst, contain-2

ing 6 wt % total metals and a Co:Mo molar ratio of
1:2, exhibited the highest selectivity towards SWNT.
This catalyst was prepared by incipient wetness im-
pregnation of aqueous solutions of Cobalt Nitrate
and Ammonium Heptamolybdate, followed by dry-
ing in an oven at 808C and calcination in flowing air
at 5008C. For the production of nanotubes, 100–500
mg of calcined catalyst was placed in a horizontal
quartz tubular reactor, heated in H up to 5008C, and2

then in He to 7008C. Subsequently, CO was intro-
duced at this temperature and at a flowrate of 100
cm3rmin for the production of nanotubes. The prod-
uct was inspected in a TEM, model JEOL JEM-
2000FX at 200 kV. As shown in Fig. 1A, SWNTs
were observed in large quantities, most of them
aligned as bundles. From the TEM pictures, it was
observed that the diameter of the individual tubes
was about 1 nm. From inspection of the TEM micro-
graphs, it appears that the SWNT produced by the
catalytic method contain more defects than those
produced by the laser ablation or arc discharge meth-
ods. At the same time, small quantities of amorphous
carbon were observed covering the bundles of
SWNT, but no evidence of MWNT or graphitic
carbon was observed on this sample. The presence of
SWNT on this sample was further confirmed by
Raman spectroscopy, conducted at room temperature
and using 532 nm excitation. The spectrum exhibited
a strong line in the range 1580–1590 cmy1, nor-

w xmally observed in SWNT 14 .
It is important to note here that not all Co–Mo

formulations investigated were equally effective in
producing SWNT. For example, while Mo samples
produced no SWNT at 7008C, when Mo was added
to Co, the selectivity towards SWNT greatly in-
creased, which indicates that some sort of synergism
between Co and Mo makes the combination of the
two metals effective. As illustrated in Fig. 1B, the
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TEM image shows that the catalyst with a Co:Mo
molar ratio of 2:1 resulted in a significant fraction of
MWNT, as opposed to the catalyst with a molar ratio
of 1:2, which mainly produced SWNT.

The method that we have developed for quantify-
ing the amount of SWNT produced is based on the

Ž .standard temperature programmed oxidation TPO
technique, commonly employed in catalysis research.

We have used this method in the past to characterize
carbonaceous deposits on heterogeneous catalysts
w x15,16 . To conduct the TPO, a continuous flow of
5% O rHe is passed over the catalyst containing the2

carbon deposits while the temperature is linearly
Ž .increased 118Crmin . The evolution of CO pro-2

duced by the oxidation of the carbon species is
monitored by a mass spectrometer. Quantification of

Ž .Fig. 1. TEM images showing A SWNT produced by decomposition of 50% COrHe at 7008C on a Co–MorSiO catalyst, 6 wt % total2
Ž .metals, Co:Mo molar ratio of 1:2. Inset shows the detail of a front view of a SWNT bundle; B mixture of SWNT and MWNT produced on

Ž .a Co–MorSiO catalyst, 6 wt % total metals, Co:Mo molar ratio of 2:1, under the same conditions as that of A .2
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Ž .Fig. 1 continued .

the evolved CO , calibrated with 100 ml pulses of2

pure CO and oxidation of known amounts of2

graphite, gives a direct measurement of the amount
of carbon that gets oxidized at each temperature.
This method appears particularly suitable for the
quantitative characterization of SWNT because
SWNT are oxidized in a relatively narrow tempera-
ture range, which lies above the temperature of
oxidation of amorphous carbon and below the oxida-

tion of MWNT and graphitic carbon. In agreement
w xwith our results, previous TGA studies, 3,17 have

shown that, in the absence of a catalyst, the ignition
temperature of SWNT is 1008C higher than that of
C fullerenes and 1008C lower than that of MWNT.60

Fig. 2 illustrates the TPO profiles of the carbon
species produced on the Co–MorSiO catalyst,2

which, as described above, exhibited the highest
selectivity towards SWNT. This sample presented a
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Ž .Fig. 2. Temperature programmed oxidation TPO of all the
carbonaceous species present in the Co–MorSiO catalyst2
Ž .Co:Mos1:2 after decomposition of 50% COrHe at 7008C,
compared to similar TPOs of a graphite reference and commercial
SWNT obtained from Tubes@Rice. Also included is the TPO of
the blank solution, containing a surfactant, in which the commer-
cial SWNT are dispersed. All the references were physically
mixed with bare Co–MorSiO catalyst. The temperature ramp2

was 118Crmin.

small oxidation peak centered at around 3308C, which
we ascribe to amorphous carbon, and a major peak
marked in the figure with an arrow, centered at about
5108C, which we ascribe to the oxidation of SWNT.
Two important reference samples were investigated
by TPO and their profiles are included in Fig. 2. The
first reference was a graphite powder physically
mixed with the bare Co–Mo catalyst. The oxidation
of this form of carbon occurred at very high tempera-
tures, starting at about 7008C, and completed after 30
min at 8008C. The second important reference sam-
ple investigated was a commercial sample of purified

ŽSWNT, obtained from Tubes@Rice Rice Univer-
.sity . This sample comes in a liquid suspension of

5.9 grl, containing a non-ionic surfactant Triton
X-100. To conduct the TPO experiment, this suspen-
sion was impregnated on the Co–MorSiO catalyst2

to get 0.6 wt % SWNT on the sample. As shown in
Fig. 2, the TPO of this impregnated sample exhibited
two peaks, a low-temperature one that corresponds to
the oxidation of the surfactant and a second one
centered at 5108C, which corresponds exactly to the
position that we ascribed to the oxidation of SWNT.
To corroborate that the first peak was indeed due to
the oxidation of Triton, we prepared an identical
sample with a blank solution containing only the
surfactant in the same concentration. The TPO shows

that indeed that was the case. The quantification of
the amount of SWNT in the sample from the CO2

produced gave a value of 0.64 wt %, in good agree-
ment with the amount of SWNT loaded in the sam-

Ž .ple 0.6 wt % .
By using TPO, we have been able to quickly test

different formulations and obtain SWNT selectivities
when varying Co:Mo ratios and type of catalyst
supports. For example, Fig. 3 shows the clear syner-
gistic effect exhibited by Co and Mo. In the first
place, Mo alone does not produce carbon nanotubes,
and only exhibits a small low-temperature peak cor-
responding to amorphous carbon. The term
‘amorphous carbon’ implies carbonaceous deposits,
which are not in the form of ordered nanotubes or
graphite. The claim that the Mo-alone sample only
produced amorphous carbon was substantiated by the
absence of graphite or nanotubes in the TEM obser-
vations. On the other hand, Co alone is not selective
for the production of SWNT, and generates mainly
graphitic carbon and MWNT. Again, these observa-
tions were corroborated by TEM. By contrast, the
combination of the two metals in appropriate ratio
results in high selectivity for SWNT. By using TPO
we have been able to investigate the effect of vary-
ing the Co:Mo molar ratio in the Co–MorSiO2

catalysts. Fig. 4 shows that, in agreement with the
TEM characterization, the TPO of the Co:Mos1:2
sample indicates that this sample produced mostly
SWNT, with a small amount of amorphous carbon.

Ž .Fig. 3. Temperature programmed oxidation TPO of all the
carbonaceous species present in the Co–MorSiO catalyst2
Ž .Co:Mos1:2 after decomposition of 50% COrHe at 7008C for 1
h, compared to monometallic CorSiO and MorSiO catalysts,2 2

treated in identical way.
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Fig. 4. Effect of Co:Mo ratio in the distribution of different
carbonaceous species produced by decomposition of 50% COrHe
at 7008C for 1 h, as measured by TPO, using a temperature ramp
of 118Crmin. The arrow indicates the center of the peak corre-
sponding to the oxidation of SWNT.

An increase in the Co:Mo ratio did not enhance the
production of SWNT, but it did accelerate the forma-
tion of MWNT and graphitic carbon, as shown by
the increasing size of the peaks in the region 600–
7008C. From the TPO data, selectivity values were
estimated by curve fitting. They were 57% SWNT

Ž .and 31% MWNT for the Co:Mo 2:1 , 80% SWNT
Ž .and 4% MWNT for the Co:Mo 1:1 , and 88%

Ž .SWNT and 4% MWNT for the Co:Mo 1:2 . It is
important to note that, in all cases, the quantitative
data agreed very well with the qualitative observa-
tions made by TEM.

The use of TPO also allows for a systematic
screening of operating conditions. For example, the
TPO profiles from products run at different reaction
temperatures showed that the selectivity to SWNT
had a maximum at about 7008C. Similar analysis
were done to investigate the effects of gas phase
concentration and reaction time at a given tempera-
ture.

Even though the results presented in this contribu-
tion demonstrate that the TPO method is a very
efficient way of quantifying the production of carbon
nanotubes, it is important to be aware of some
limitations of the method. The TPO is a catalytic
process in which the metals present in the sample
catalyze the oxidation of the carbon species. There-
fore, if the nature of the catalyst is significantly
changed, the position of the oxidation peaks may
appear shifted even when the carbon structures are
the same. We have observed such shifts when the

catalyst support was modified. Therefore, in order to
use this method properly, a complete analysis of the
family of catalysts and the operating conditions needs
to be done together with known references, as we
have done in the present paper.

By a proper quantification of the amount of SWNT
produced as a function of time at varying tempera-
tures and gas phase concentrations we will be able to
obtain reliable kinetic parameters that will shed some
light into the mechanism of SWNT formation. Sev-
eral interesting trends are already apparent in the
present data. For example, the clear synergism shown
by Co and Mo illustrates the complexity of the
SWNT growth mechanism, which is today much less
understood than the growth of MWNT. Previous

w xstudies 10 have shown that the decomposition of
CO on Mo catalysts yield SWNT at 12008C. How-
ever, at the much lower temperatures employed in
this study, 7008C, Mo alone was unable to form any
carbon nanotube. By contrast, Co alone formed sig-
nificant amounts of MWNT, some graphite, and
relatively small amounts of SWNT. Interestingly,
when Mo and Co were simultaneously present in the
catalyst, the production of MWNT was drastically
suppressed while the production of SWNT was en-

w xhanced. In separate experiments 18 , conducted on
mechanical mixtures of Co-alone and Mo-alone sam-
ples, the enhanced selectivity displayed by the Co–
Mo catalysts was not observed. Rather, the TPO of
the mechanical mixtures were similar to the sum of
the independent contributions of Co and Mo. These
results demonstrate that an intimate contact between
Co and Mo is necessary to generate the synergism
responsible for the high selectivity towards SWNT.

w xRecent studies 19 have reported the appearance of
SWNT during the decomposition of hydrocarbons on
multi-metallic Ni–Co–Fe catalysts. Unfortunately, in
that report TEM was the only characterization tech-
nique employed and it was not indicated whether a
large fraction of MWNT was simultaneously present.

3. Conclusions

In summary, in this contribution we have demon-
strated a methodology that we call ‘controlled pro-
duction’ of SWNT, based on a simple quantification
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method that allows us to conduct systematic screen-
ing of catalyst formulations and operating conditions.
By this methodology we have identified a Co–Mo
catalyst formulation that yields high selectivity to-
wards SWNT. Also, through the application of this
quantitative analysis, kinetics studies can be carried
out, which will provide relevant mechanistic infor-
mation about the growth of SWNT.
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