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Multiwalled carbon nanotubes are synthesized using Co-beta for the first time using the catalytic chemical
vapour deposition method. The effects of reaction temperature, reaction time, and flow rate of acetylene on the
growth of multiwalled carbon nanotubes are studied. From the TEM results it is established that the growth of
multiwalled carbon nanotubes follows a tip growth mechanism. To understand the magnetic behavior of the
Co, which is present at the tip of the nanotubes, magnetic measurements are performed using a SQUID

magnetometer and the results are discussed.

Introduction

From the time of the discovery of carbon nanotubes by Ijima,’
in the year 1993, there has been explosive growth in the field of
synthesis and applications of nanotubes. Electric arc discharge,
laser vaporization, electrolysis, synthesis from bulk polymer,
solid pyrolysis, and in situ catalysis are the techniques which
have been employed over the years for the synthesis of carbon
nanotubes.? !® However in recent years the catalytic chemical
vapour deposition method using solid supports like silica and
molecular sieves such as Y or APO-5 have received greater
attention for the efficient synthesis of carbon nanotubes.'!™!®
The advantages of this method over the rest of the techniques
are the milder reaction conditions for the synthesis of carbon
nanotubes and the possible formation of very long nanotubes.
Keeping these advantages in mind we have developed here
a novel methodology for the synthesis of multiwalled carbon
nanotubes (MWCNT) using zeolite beta as the support.
Zeolites with well-defined pore structures and high surface
areas have in general very good metal dispersion properties. In
the growth of carbon nanotubes this dispersion of the metal
catalyst over the support plays an important role. Only certain
faces of the metal in specific orientation will assist the growth of
well graphitized carbon nanotubes. In the present work we
report here cobalt-modified zeolite beta as another candidate
for the growth of multiwalled carbon nanotubes in the vapour
phase. Some of the multiwalled carbon nanotubes made by
this procedure are as long as 15 pm which may find potential
applications in nanomolecular technology.

Experimental
Catalyst preparation

The catalytic support beta is synthesized using a procedure
reported in the literature.'® The cobalt metal particles are
deposited over the surface of zeolite beta by the wet
impregnation method. In this procedure the nitrate salt of
this metal is dissolved in the required amount of water forming
a homogenous mixture. Then zeolite powder of the required
amount is added to it and thoroughly stirred for three hours.
The resulting mixture is subjected to evaporation to give the
Co-beta zeolite. This material is calcined at 400 °C for
four hours and is used for the synthesis of multiwalled carbon
nanotubes.
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Synthesis of CNT

About 100 mg of the catalyst prepared by the above procedure
is uniformly sprayed inside a ceramic boat. Then this boat is
placed in the central part of a horizontal fixed bed quartz
reactor tube and the tube is heated to 300 °C in a steady flow
of nitrogen gas (100 sccm). After one hour the temperature of
the reaction is further raised to the required temperature of
synthesis (625-800 °C) and a controlled flow of acetylene
(7.5-15 sccm) is introduced into the tube along with the carrier
gas nitrogen (100 sccm) for a specific reaction time (45-120
minutes). After the completion of the reaction, the flow of
acetylene is stopped and the tube is allowed to cool to room
temperature in the flow of nitrogen. The effects of impregnat-
ing different amounts of cobalt over the zeolite beta were
studied. The synthesis reaction of multiwalled carbon nano-
tubes was also studied using different metal ions like Fe, Co,
Ni, Zn and Pd.

TEM

The carbon nanotubes so formed were studied by using
transmission electron microscopy (TEM: Hitachi H-7100,
120 KV) after sonicating the samples in suitable amount of
ethanol solvent for 30 minutes and then dispersing a drop of the
resulting solution over a holey copper grid. The results are
presented in Fig. 1 and Fig. 3. High resolution TEM pictures
are presented in Fig. 2 and Fig. 5.

XRD

The XRD spectra were recorded using a Scintag (USA) XRD
spectrometer with CuK,, radiation (4 = 1.5418 A). The results
are presented in Fig. 4.

Magnetic measurements

DC magnetic measurements were studied in the range of
magnetic fields 5 to 20 KG and at temperatures 5, 100 and
300 K using a superconducting quantum interference device
(SQUID) magnetometer. The results are presented in Figs. 6
to 8.
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Fig. 1 TEM pictures of the multiwalled carbon nanotubes prepared at
700 °C, N, = 100 scem, C,H, = 10 sccm and Co-beta = 100 mg.

Results and discussion
Variation of reaction parameters

We have studied the effect of using different transition metals
like Fe, Ni, Zn and rare earth element Pd in the synthesis of
multiwalled carbon nanotubes. Well graphitized carbon
nanotubes are observed only in the case of Co metal and
hence further studies were carried out using that catalyst. Other
reasons why we have chosen Co metal as catalyst are as follows.
Co metal possesses a greater ability to produce more ordered
carbon (graphitization ability), a greater ability to decompose
unsaturated hydrocarbons like acetylene, and Co allows the
decomposed carbon to diffuse rapidly through it resulting
in metastable states of carbon which are essential for the
formation of nanotubes, when compared with the other metal
catalyst particles.'””'” Impregnation of a 5% loading of cobalt
over zeolite beta was chosen for the reaction optimization as
higher loadings of cobalt did not yield any better results. The
synthesis temperature, reaction time and flow rate of acetylene
were optimized for Co-beta. The reaction temperature was
varied from 625 to 800 °C and no nanotubes were formed at
lower temperatures (<650 °C). However formation of the
carbon nanotubes was observed from 675 °C onwards and the
optimum temperature for the synthesis of carbon nanotubes
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Fig. 2 HRTEM pictures of (a) helical multiwalled carbon nanotube,
(b) normal multiwalled carbon nanotube (inset: multiwalls).

was found to be 700 °C. At higher reaction temperatures
(>775 °C) more amorphous carbon was observed. Further
at higher reaction temperatures the agglomeration of metal
particles occurs, thus increasing the size of the metal particles.
Larger metal particles are inactive towards the growth of the
nanotubes and hence will lead to the formation of amorphous
carbon. During these reactions the flow rates of nitrogen and
acetylene were maintained constant at 100 and 10 sccm
respectively.

The TEM pictures in Fig. 1 corresponds to the carbon
nanotubes obtained under optimal reaction conditions. We
also observed (Fig. 1b) some helical shaped multiwalled carbon
nanotubes, which are present in much smaller quantities.
Different mechanisms of nanotube formation using the CVD
technique are described elsewhere in the literature.”® High
resolution TEM pictures of helical and normal multiwalled
carbon nanotubes are presented in Fig. 2a and b. The presence
of several multiwalls can be observed in the HRTEM pictures.
The inner and outer diameters of these tubes are in the range
of 12-13 nm (id) and 19-23 nm (od) respectively. The pro-
duct obtained under the best reaction conditions of synthesis
temperature (700 °C), flow of nitrogen (100 sccm) and acetylene
(10 sccm) and reaction time (30 minutes) was treated repeatedly
(5 times) with 50% hydrofluoric acid (RDH, Germany) and
later with hydrochloric acid to remove the undissolved metal.
The resulting sample was dried in vacuum and then heated in
a flow of air (12 sccm) for two hours at 450 °C to remove
amorphous carbon. The TEM picture of Fig. 3b shows the
purified multiwalled carbon nanotubes. The TEM picture of
nanotubes of length sevral nanometers obtained in the present
study is presented in Fig. 3a.
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Fig. 3 TEM pictures of (a) a very long carbon nanotube, (b)
multiwalled carbon nanotubes prepared at 700 °C, N, = 100 sccm,
C,H, = 10 sccm and Co-beta = 100 mg after purification.

The synthesis of nanotubes was also carried out at different
reaction times and an optimum reaction time was observed to
be 90 minutes. Though there could be higher carbon yields at
longer reaction times, no increase in the yield of the carbon
nanotubes was observed due to the deactivation of the catalyst
metal particles by carbon saturation at longer reaction times.
At higher flow rates of acetylene, amorphous carbon formation
is predominant since it leads to the availability of excess carbon
for the same amount of metal catalyst particles available for the
graphitization purpose.

XRD

The XRD patterns of the acid treated sample, untreated sample
and zeolite Co-beta are together given in Fig. 4. The complete
removal of the zeolite beta support is observed from the XRD
pattern of the acid treated sample. Peaks due to graphite (20 =
26.33) and a very low intensity peak due to Co (20 = 44.15) are
also observed in the pattern of the acid treated sample. The
cobalt peak may be due to the entrapped cobalt at the tips of
these tubes.’! A HRTEM picture in Fig. 5 demonstrates this
fact.
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Fig. 4 XRD spectra of (a) zeolite Co-beta, (b) as synthesized MWCNT
product, (c) acid treated sample.

Magnetic measurements

Since the MWCNTs have Co at their tips, the magnetic
properties of these random nanotubes were measured using a
SQUID magnetometer at 5,10 and 20 KG magnetic fields in the
temperature range 5 to 300 K.

The magnetic hysteresis loops recorded at 5, 100 and 300 K
are shown in Fig. 6. The nanotubes do show ferromagnetic
behavior as expected and the temperature dependence of the
hysteresis is also similar to those observed by others.?®*? The
temperature dependences of the ratio of M/M; and the
coercive field H, extracted from the hysteresis loops, where M,
and M are the remnant and saturation magnetisation
respectively, are shown in Fig. 7. It is observed that both the
M,/ M ratio and the coercive field H. decrease monotonically
with increasing temperature, which is a characteristic of smaller
particles. The values of M,/M; ratio and H, obtained here were
lower than those obtained for Fe nanotubes.?? However, they
are comparable to the values obtained in Co-carbon
nanocrystalline films.>* The ratio of M,/M, for randomly
distributed easy-axis single domain particles is known to be
~(0.5 at a temperature well below the blocking temperature.
Therefore the decrease in both M,/M, ratio and H. with
increasing temperature is attributed to the depinning of the
domain walls in the particles.

The rate of decrease of the M./M, ratio and H. with
temperature is also observed to be slower than that observed
for Fe nanotubes. While M,/M; changes from about 0.6 to 0.3
in the temperature range 5 to 300 K for the Fe nanotubes, the
variation for the same temperature range for Co nanotubes is
only from about 0.46 to 0.3. Similarly the variation of H, for
Co tubes is in the range of 0.82 to 0.3 KOe, while for Fe
nanotubes it was from 2 to 0.3 KOe.

Plots of magnetisation (emu g~ ') versus applied magnetic
field at three different temperatures, namely, 5, 100 and 300 K
are shown in Fig. 8. From the graph it is seen that the
saturation magnetisation is almost independent of temperature
and has a value of about 2 emu g~ ' which is in accordance with
earlier reports in the literature.?
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Fig. 5 HRTEM pictures of the cobalt metal particle entrapped at the
tip of the tube (helical (a) and normal (b) multiwalled carbon
nanotubes).

The good ferromagnetic behavior exhibited by these Co-
nanotubes reinforces the possibility of making use of these
nanotubes in commercial magnetic recording devices, apart
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Fig. 6 Magnetic hysteresis loops at three different temperatures
obtained using a SQUID magnetometer.
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Fig. 7 Plots of the M,/M, ratio and coercive field H, as a function of
temperature.

2.5

2.0+ =

—+—35K
—— 100 K
0.5 —+— 300K
0.0
T L T : T y T : T
0 5000 10000 15000 20000

H(gauss)

Fig. 8 Plots of magnetisation (emu g~ ') versus magnetic field at three
different temperatures.

from the promise they hold for other magnetic device
applications.

Growth mechanism

In general there are two plausible mechanisms,?*?’ when the

metal dispersed over the support is used as a catalyst for the
growth of carbon nanotubes. These are described as follows.

Base growth mechanism. When there is a strong interaction
between the metal and support, then this mechanism is
assumed to be adopted for the growth of CNT. When there
exists a strong interaction between the metal and support the
hydrocarbon molecule which is used as the source of the carbon
for the growth of carbon nanotubes cannot lift the metal
particle from the support. Then the tube grows away from
the metal particle which is deposited on the surface of the
support.”® Here the metal particle helps only in the nucleation
of the CNT.

Tip growth mechanism. When there is a weak interaction
between the metal and the support then the growth of CNT
follows this mechanism. In this case the metal particle which
is loosely bonded to the support will be lifted by the carbon
source molecule and the catalyst remains at the tip of the
developing nanotube.

In the present study the growth mechanism is assumed to
follow the tip growth mechanism, because it is clearly observed



Fig. 9 Schematic representation of the tip growth mechanism.

from the HRTEM results (see Fig. 5) that metal particle is
present at the tip of the tube. In this case, which is represented
schematically in Fig. 9, initially the acetylene molecule
approaches the metal catalyst particle and undergoes decom-
position at the contact of the metal and support. Thus formed
metastable carbon diffuses through the metal particle, simul-
taneously lifting the metal catalyst particle, as there exists a
weak interaction between the metal cobalt and the support
zeolite beta. Then the tube grows continuously by using the
metastable carbon which is formed by the decompostion of the
acetylene at the tip of the tube. This carbon diffuses through
the metal catalyst particle and forms the inner walls of the
multiwalled CNT as depicted in Fig. 9. The diameter of the
tube is also dependent on the topography of the metal particle
and the facet in which it is deposited over the support. Due to
this reason we observe the formation of the carbon nanotubes
in a given range of diameters as described earlier in the paper.
However in some cases” we also observed a metal particle
embedded in to the walls of the tubes and in the inner cores of
the carbon nanotube. The growth mechanism in those cases
is still not clearly understood.

Conclusion

In conclusion, we have successfully demonstrated here for the
first time an alternative support, zeolite beta in the presence of
metal cobalt particles, for the synthesis of multiwalled carbon
nanotubes. The yields of carbon nanotubes are comparable
with those of the literature results. SQUID magnetic measure-
ments explain that these Co-nanotubes exhibits very good
ferromagnetism. From the TEM results we have proposed a tip
growth mechanism for the formation of multiwalled carbon
nanotubes using cobalt metal particles as catalyst and zeolite
beta as support in vapour phase.
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