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Abstract: By using the in situ thermal analysis—mass spectroscopic technique, combined with transmission
electron microscopic characterization of the carbon nanotube (CNT) product, we have studied the chemical
vapor deposition (CVD) growth of CNTs with Fe—Co/y-Al,O3 catalyst and benzene precursor in the range
of room temperature to 700 °C. The growth process has been clearly illuminated, which starts from the
reduction of catalyst around 645 °C followed by the dissociation of carbon—hydrogen bonds of benzene
and the sequential growth of CNTs. A surprising fact is that no possible hydrocarbon species derived from
benzene was detected, indicating that the carbon—carbon bond was not broken under our experimental
conditions. All of the experimental results strongly reinforce the six-membered-ring-based growth model,
and a schematic elucidation is presented accordingly. This in situ study not only reveals the unique and
convincing information directly related to the growth mechanism from the involved chemistry, but also
provides a powerful way to clarify the mechanism of CVD synthesis of CNTs with other precursors.

Introduction
The discovery of carbon nanotubes (CNTkas opened a

structures for many yeat$:14 The growth process usually
involves heating a catalyst to a certain temperature in flowing

new fascinating family of nanotubular structures with great Carbon precursors such as hydrocarbons and carbon monoxide

scientific and technological importané®espite the unceasing

over a period of time. In most cases, the growth temperature is

increase of family members from the evenly bended nanotubestyPically in the range of 5561000°C. For the mild preparation

of layered compounds in the past 10 y@drto the faceted
nanotubes of nonlayered compounds recehttyCNTs have

conditions and the potential for mass production, CVD has been
an important method for the synthesis of CNTs, and considerable

. . . . . i 8
still been the most important due to their superior properties Progress has been achieved. ** However, although some
and significant potential applications in many fields as reflected Valuable growth models have been speculated on the basis of

in the frequent achievements reporfedl® The synthesis of
CNTs by arc-dischargeand laser ablatiod involves the

experimental results in CVD growth of CNF47-21 the growth
mechanism is still a long-standing isst#e?* and little has been

condensation of carbon atoms generated from evaporation of€arned about the chemistry involved. Through mass spectral
solid carbon sources, with the reaction temperatures close toStudies on the effluent of the methane CVD system at D0
the melting point of graphite. These two methods favor the for growing single-walled CNTs, it is found that methane

production of well-graphited CNTs but are difficult to scale-

underwent a negligible self-pyrolysis and the small concentration

up. The chemical vapor deposition (CVD) method has been of benzene converted from methane on catalyst favored the
successful in making carbon fibers, filaments, and tubular growth of the product because the highly reactive benzene could
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Figure 1. Schematic experimental setup for the in situ study of CVD

synthesis of CNTs with benzene precursor by the TA-MS technique. (1) ?
Nitrogen tank; (2) mass flowmeter, (3) four-way valve; (4) generator of 2{]0 ! :
benzene saturated vapor; (5) thermal analyzer (reactor); (6) capillary tube; i ‘&J )
(7) mass spectrometer; (8) workstation. ﬁ :

Figure 2. Typical TEM image of the CNTs synthe5|zed in the in situ TG-
provide an efficient carbon-feedstock for nanotubfe¥ery MS system.

recently, with benzene as precursor, well-graphited and high-

productive quasi-aligned CNTs have been produced in our lab, DSC/(mWimg) DTG/(%/min)

and a six-membered-ring-basedg{ased) growth for this 22Tg5 —/%_ Temp/
synthesis is tentatively sugges#déIt would be more convinc- 200 - 700
ing to study the CNT formation with in situ thermal analysis [ 600
coupled with mass spectroscopy (TA-MS) by learning the 1807 - 500
chemistry involved. In this paper, the dynamical process for 160 - 400
CVD synthesis of CNTs with benzene precursor has been 140 - 300
investigated by the in situ TA-MS technique. With this method, L 200
the information about the effluent species, the variation of 120 : oo
weight, and thermal-flow during the whole process could be 100 Lo
obtained on line. The &based growth mechanism is reasonably 10 20 30 40 %0 60 Y0 B0 %0
deduced.

Time/min

Experimental Section Figure 3. TG(DTG)—DSC profiles of the preparation process.

The optimized binary FeColy-Al,O; catalyst, 1.51 mmol ¢ of 0 —x—H, (2amu)
Fe—1.51 mmol g* of Coly-AlOs, is used in this study, which is the 5 —o—H,0 (18amu)
same as we used in our previous CNT synthesis with benzene r ‘3\ —0—CO, (44amu)
precursof® The Fe and Co species in the catalyst came from the j J**"“\**mu\ —+—C_H_ (78amu)
corresponding nitrate precursors. The catalyst experier®&éd of i lhaa

annealing at 500C during its preparation; hence, Fe and Co oxides
existed on the surface of theAl,O3 support. The experimental setup
and procedure is schematically illustrated in Figure 1. The CNT growth
was performed in situ in a thermobalance of the thermal analyzer (STA-
499C, NETZSCH) at atmospheric pressure, with 3 mg of catalyst in a
corundum crucible. Benzene was introduced into the reactor by bubbling
the benzene saturation vapor generator &t@®%ith N, with a flowing

rate of 40 ml min'. The feed rate of benzene was estimated to be
about 10.0 mg mint. The effluent was introduced into the mass

lon current/Ax10°

analyzer (QUADSTAR-422, PFEIFFER) online through a capillary tube o 20 40 60 80 100
at 170°C. With introducing benzene, the reactor was heated at the Time/min
heating rate of 10C min~! from room temperature to 700C, and Figure 4. The change of the ion currents for certain atomic mass units

then kept there for 30 min. Thermogravimetry-differential scanning during the experimental period.
calorimetry (TG-DSC) profiles were recorded for this process; mean-
while, a mass spectral analysis in the range of-B&amu was taken ~ DSC profiles of the preparation process, and the corresponding
every 59 s. The reactor was then cooled to ambient temperature in N mass spectra are shown in Figures 4 and 5, respectively. A sharp
A blank experiment (without catalyst) was also carried out in the same endothermal peak appears around 8&5in the DSC profile
procedure for comparison. The product was characterized by transmis- (Figure 3), which is simultaneously accompanied by the
sion electron microscopy (TEM, JEOL-JEM-1005). formation of HO (18 amu) and C® (44 amu) species as
revealed in the corresponding mass spectral information (Figure
4), resulting from the reduction of the oxide species of the
A typical TEM image of the product is shown in Figure 2, catalyst. Itis clearly seen that this reduction is followed by three
which consists of abundant CNTs with a diameter of around events: (1) the beginning of the weight gain (Figure 3); (2) the
20 nm. The catalyst particle is affixed to the tube end, which sudden decrease of benzene species (78 amu) (Figure 4); and
reflects the crucial function of the catalyst in this synthé3is.  (3) the release of hydrogen (2 amu) (Figure 4). These phenom-
Figure 3 exhibits the TG-DTG(derivative thermogravimetry)  ena arise from the growth of CNTs through the consumption
of benzene. The above results also imply that the active catalytic
(29) Yang, ¥. 0'?(;’@32%63Ti1§{"7;’é_3-? LuY. N.; Wang, X. Z; Chen, Y. species for the growth of CNTs is metal rather than oxide, which
(26) Wang, X. Z.; Hu, Z.; Wu, Q.; Chen, YChin. Phys 2001, 10(suppl.) 76. is strongly supported by our thermodynamic analysis on the

Results and Discussion
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74 —o— Experiment
—o— Blank

Up
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Down

Figure 6. Up: Schematic illustration of thegbased growth mechanism
Time/min of CNTs with benzene precursor. (a) Absorption of benzene molecules on

Figure 5. Typical changing behavior of the ion currents related to the catalyst surface; (b) reduction of catalyst; (c) dehydrogenation of benzene

atomic mass units for possible hydrocarbon species (a), and for hydrogenmolecu"':‘S and formation of graphenes; (d) continuous growth of CNTs;

(b). Specifically, curve (a) corresponds to acetylene with 26 amu. The blank (e) final state of the product. Down: The_ speculative construction of
experimental results are also listed for comparison. graphene sheet from hexagonal carbon units, corresponding-¢ejch
the up illustration. Gray dot, C; white dot, H.

endothermal reduction process and the energy-dispersive X-ray
analysis (EDX) on the catalyst particles affixed to the end of €ven in the splitting details around the peaks. This is a little
CNTs. surprising, but an inevitable result when the proposed growth
Obviously, the identification of the carbon species involved Mechanism works because the heDd the releasedAiwhich
in the reaction of CNT growth is an important clue to elucidate are the only two species from the same precursor of benzene
the growth mechanism. Special attention has been paid to themolecules, are directly correlated. The splitting peaks may be
amu of the possible hydrocarbon species from, @ CsHy associated with the binary components of the catalyst. The decay
including alkane (16, 30, 44, 58, 72 amu), olefin (28, 42, 56, Of the growth rate, which is very common in CVD growth of
70 amu), and alkine (26, 40, 54, 68 amu). Surprisingly, it is CNTSs, is probably due to the rising diffusion difficulty or
found that all of these species experienced a negligible variationgradual catalyst deactivation with the growth of CNTs. Actually,
during the whole process as typically shown in Figure 5a, which although the presentebased growth mechanism has not been
is the same tendency as in the blank experiment for comparison.Proposed previously, there do exist some supporting indications
Meanwh”e’ hydrogen was released drarnatica”y after the in the literature where the CyCliC radicals seem to be the direct
programmed heating for abol h (around 645’C), and then precursor for the grOWth of CNT%:27.28A prief thermodynamic
the releasing rate of hydrogen in the reaction system decreasedstimation also supports this growth model. As known, the six-
gradually, considerably different from the case for blank membered ring framework of benzene is unusually stable. Each
experiment as shown in Figure 5b. These results indicate that,carbon-carbon connection is an average of 1.5 bonds, midway
without catalyst, benzene did not dissociate in this temperature between a single and a double b&fidhis bond energy{478
range. In contrast, with the Fe&oly-Al,0; catalyst we used, ~ kJ mol?) is higher than that of the €H bond (~416 kJ mot).
the carbor-hydrogen bond did dissociate for partial benzene In addition, even though the stability of the aromatic ring would
molecules when the system was heated over ®hecause be lost, there is a strong tendency to reconstruct the aromatic
H, was released: however, the carbaarbon bond was not  Structure. Therefore, under certain conditions, for example, with
broken because no possible hydrocarbon species was detecte@uitable catalyst and temperature, the cardloydrogen bond
In other words, the dehydrogenated benzene molecules werecould be selectively dissociated, while the carboarbon
converted direct]y to CNTs as shown in Figure 2. connection is still retained. ThUS, the dehydrogenatEdG h-C
According to the above experimental results and analysis, SPecies are generated, which could form the graphene sheets
the growth mechanism could be reasonably deduced. As benzen&n the catalyst surface for sequential growth of CNTs.
was introduced into the reactor, it was adsorbed on catalyst ~,,clusions
surface to form a shell of benzene before reaction. Accompanied _ )
by the reduction around 64%, the catalyst was activated and In conclusion, the CVD growth of CNTs with benzene
the C—H bond of the benzene molecules was dissociated with Precursor was first studied by the in situ TA-MS technique,
the release of a large amount of; Hs detected by MS. combined with TEM characterization of the CNT product. The
Meanwhile, the dehydrogenated hexagonal rings of carbon (h_involved chemistry hag been infe_rred, and the growth process
Ce) directly aggregated to form the graphene sheets on the has been clearly illuminated, which starts from the reduction
catalyst surface, and CNTs were then developed through of catalyst followed by the dissociation of the carbdrydrogen
sequential incorporation of the hs@to the graphene layers ~Ponds of benzene and the sequential growth of CNTs. A
through surface diffusion. This process is schematically il- Surprising fact is that no posslblg hydrocarbon species derived
lustrated in Figure 6. According to this mechanism based on from benzene was detected, indicating that the cartoanbon
the experimental analysis of the chemical species involved in bond was not broken under our experimental conditions. All of
the CNT growth, many related experimental phenomena could (27) Kumar, M.: Ando, Y.Chem. Phys. Let@003 374 521.
be well understood. As it is seen, the changing tendency of the (28) Jiang, Y.; Wu, Y.; Zhang, S.; Xu, C.; Yu, W.; Xie, Y.; Qian, ¥. Am.
DTG profile in Figure 3 and that of the ion current of the Chem. S0c200Q 122, 12383.

N . N (29) McMurry, J.Fundamentals of Organic Chemistrgrd ed.; Brooks/Cole
released hydrogen in Figure 4 unbelievably resemble each other,  Publishing Company: Pacific Grove, CA, 1994; pp $451.
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the experimental results strongly reinforce theb@sed growth Supporting Information Available: Thermodynamic analysis
model, and a schematic elucidation is presented accordingly.on the reduction process corresponding to the sharp endothermal
This in situ study not only reveals the unique and convincing peak in the DSC profile, EDX result on the catalyst particles
information directly related to the growth mechanism from the affixed to the end of CNTs, the comparison of changing
involved chemistry, but also provides a powerful way to clarify tendency of the DTG profile and that of the ion current of the
the mechanism of CVD synthesis of CNTs with other precursors. released hydrogen during the experimental period, and the
changes of ion currents for possible hydrocarbon species derived
from benzene (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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