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ABSTRACT: The formation mechanisms involved in the growth of single-walled carbon
nanotubes (SWNTs) by chemical vapor deposition (CVD) was studied. Transmission electron
microscopy (TEM) was used to analyze the encapsulated metal catalyst particles found within the tubes,
and the dimensions and location of these particles was determined. SWNTs were found to have
encapsulated particles in the end of tubes, with large length to diameter ratios. As a result of these
observations, we concluded that SWNTSs are formed via an open-ended, base-growth mechanism (VLS
mechanism). Additionally, we have demonstrated the formation of two kinds of bundles of SWNTs
(Parallel bundles and as-rope bundles). SWNTs grown with thermal CVD on Fe/Mo-Al catalyst did not
contain similar elongated particles or particles along the middle of the tubes, indicating that these new
growth mechanisms are only applicable in the case of tubes grown via vapor phase CVD growth
methods.
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1 INTRODUCTION understood. It may be different depending on

which method is used.

Since their discovery nearly twenty years . .
] It is known that the arc-discharge and
ago, single wall carbon nanotubes (SWNT) .
) o laser-ablation method lead to growth of
have been the focus of numerous investigations . .
o ) ] MWNT without using metal catalyst whereas
because of their unique and superior electronic, . .
) ) ] ) for carbon nanotubes to be synthesized with the
chemical, physical and mechanical properties, .
) ) ] CVD method, the catalyst particles are
representing the ultimate carbon fiber [1-8].
necessary. In contrast, for the growth of

But one major challenge is to control the
growth of SWNTSs, in particular concerning
their diameter and helicity. To achieve a
controllable growth of the CNTs with high
quality, understanding of their growth
mechanism is of importance, which still
remains an open question [1]. Naturally, the

growth mechanism of nanotubes is not well

SWNTs, catalysts play an important role for all
three methods mentioned above [1, 6-8].
Carbon nanotubes produced using the CVD
method exhibit high purity, high yield, and
perfect orientation. According to the different
growth modes of CNTs by CVD, scientists

have proposed several kinds of growth

Trang 72



TAP CHI PHAT TRIEN KH&CN, TAP 16, SO K1- 2013

mechanisms: base growth mechanism, tips
growth mechanism [2, 3], Yarmulke growth
mechanism [9] etc. Dai et al. and Kukovitsky et
al. [10] have put forward vapor-liquid—solid
(VLS) mechanism. In this mechanism, liquid
catalytic particles at high temperature accepted
carbon atoms from the vapor, causing the
liguid to become supersaturated, the
supersaturated carbon atoms then deposited to
form CNTs. The liquid catalytic particles acted
as the medium for transport from the vapor to
the crystal and the CNTs grew by the
deposition of supersaturated carbon atoms. In
VLS model, molecular decomposition and
carbon solution are deposited at one side of the
catalytic particle. Carbon diffuses from the side
where it has been decomposed to another side
where it is precipitated from solution. The
metal-support interactions are found to play a

determinant role for the growth mechanism.

In the present work SWNTs have been
synthesized by the catalytic decomposition of
methane, over Fe—-Mo-Al catalyst in a tube
furnace, which allows continuous control of the
CNT synthesis in real time. The properties of
CNTs have been studied using SEM, RAMAN
and TEM. Based on our TEM results, a growth

mechanism is described.

2. EXPERIMENTAL

The nanotubes were grown by a thermal

CVD of methane at atmospheric pressure.

2.1. Materials

Silicon (100) wafer with surface oxide

layer of thickness 1 um was used as the

substrate. All materials used in experiments are
research grade materials purchased from
different  suppliers. Fe(NO3)3.9H,0, and
MoO,(acetyl acetone), were purchased from
Sigma Aldrich chemicals. Oxide C alumina
obtained from Degussa Inc. Air product

provided high-purity methane and hydrogen.

2.2 Catalyst preparation

In the initial methane CVD method, we
Fe(N03)3.9H20,

MoO,(acetylacetone),, and 30 mg of alumina

used an

nanoparticles catalyst prepared by
impregnation in methanol. 40 mg of
Fe(NO3)3.9H,0, 3 mg of
MoO,(acetylacetone),, and 30 mg of Alumina
nanoparticles are mixed in 30 ml of methanol
and sonicated for ~ 1/2 hr. Then, the liquid
catalyst is deposited onto the substrate by

micropipette.

2.3 Carbon nanotubes growth

Catalyst materials were deposited onto the
Si/SiO, substrate were calcined in Ar
environment at 400°C for 15 minutes, cooled to
room temperature, and put it inside a 3 inches
diameters quartz tube mounted in an electric
tube furnace. The quartz was heated from room
temperature to 900°C under Ar flow at a flow
rate of 1000 sccm. The reaction began when
adding H,:CH,(250:1000sccm)for the desired
reaction time (14 mins). The flow was then
switched to Ar and the furnace was cooled to

room temperature.

Trang 73



Science & Technology Development, Vol 16, No.K1- 2013

2.4. Characterizations

SWNT samples were fully characterized
using SEM, TEM and Raman spectroscopy.

The growth mechanism of SWNTs in the
methane CVD process was determined
systematic by TEM imaging of nanotube ends.
Using TEM grids as substrates for the growth
of carbon nanotubes is a very simple approach.
The TEM grids are thin metal foils with
punched holes. The grids have a diameter of
3.05 mm and a thickness of 12 to 15 um. The
melting point of the grids’ metals is higher than
1000°C which means that the grids should
withstand the growth process.

3. RESULTS AND DISCUSSION

3.1. Catalyst on the copper grid

The suspension catalyst was covered on

thecopper grid by the micropipette and
characterized with TEM.

i

Figure 1. TEM images of catalyst on the copper grid

TEM images shown catalyst particles with
different sizes. Diameter of catalytic grains in
fig. la was smaller than that of alumina
particles (13nm). So, these particles are the
grains of active catalyst.

3.2. Carbon nanotube characterization

Figure 2 is micrograph of the nanotubes
growth sample prepared in our process.
However, those nanotubes are multi-walled or
single-walled tubes were firstly verified Raman
spectroscopy. This technique is useful in
distinguishing between the MWNTs and
SWNTs because the spectra of them contain

special vibration modes.
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Figure 2. SEM image of CNTs production
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Figure 3. Raman spectroscopy of CNTs products
We were characterized SWNTSs properties

by a Raman microscope system (YVON) at an
excitation wavelength of 514.5 nm.
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The diameter (d) is determined by
measuring the RBM frequency and applying
the formula:

vRBM = 224/d (nm)

Raman spectra show several RBM signals,
suggesting that the grown SWNTs are bundles
or individuals nanotubes. The frequency range
for the observed RBM signals (120-300 cm™)
corresponds to tube diameters from 0.8 to 2

nm.

In the high-frequency range of the Raman
spectra, we observe a prominent G-band (~
1590 cmY) and the weak D-band (~1350 cm™).
As it is well known, the G-band intensity is
approximately proportional to density of
SWNTs. The D-band is related to the structural
disorder of sp® bonded nanocrystalline and/or
amorphous carbon species. Its low intensity is
indicating that very few defects are presents in
these SWNTSs. The quality of the tubes can be
also identified using the very low ratio between
the D-band and G-band (0.1 -0.05).

3.3. TEM images of carbon nanotube on the
molybdenum grid

The results of the experiments with TEM

grid can be summarized as follow:

The TEM pictures are taken at the Center
for Nanoscale characterization,
MINATEC/LETI. Long CNTs can be seen in
the figure 4 that were produced by CVD
process at 900°C. The length of this particular
CNT is about few ten of micrometers.

Figure 4. TEM images of as-grown CNTs on
Molybdenum grid

Figure 5. TEM images of Bundle SWNTs

T8

Figure 6. TEM images of individual SWNTs
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Amorphous carbon structures are also
observed together with the CNTs (inset in fig
5)

TEM pictures show the bundles (fig. 5) and
individual (fig. 6) single-walled carbon
nanotubes. These nanotubes have diameter of
around 1.4 nm. The observed bundle SWNT
includes some parallel tubes with diameter in
the range of 1.3-1.6 nm.

Graphene layers covering the catalyst
nanoparticles are seen together with catalyst
particles in fig 6.

In summary, TEM studies of carbon
nanotubes demonstrated different single walled
carbon nanotubes (the individual and bundles
of SWNTs). In some of images, catalyst
particles, on which the carbon nanotubes were
grown, were also observed. In our case, most of
the individual SWNTs have diameter smaller
than 2 nm. However, there are also some other
nano-objects produced in the system such as
amorphous carbon or graphene layers. The
TEM results also confirmed that the MWNT
and DWNT didn’t grow on our process.

3.4. The growth mechanism of CNT

With TEM images, we found that the
bottoms of nanotubes are attached by small
catalyst particles. In all cases, it is found that
the bottoms with catalyst nanoparticles are
always anchored on the alumina support (red
arrows in fig 7).

L
LT

Figure 7. A typical HRTEM images of the tips of

individual SWNTs synthesized on Fe,03-MoO3/
Al,Oj; catalyst
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Figure 8. TEM images of SWNTSs without catalytic
particles at the top

Figure 9. TEM images of the top of SWNTs

Figure 8 and 9 show that the top of the
tubes can extend out of the grid. Importantly,
we have not seen a SWNT extending out of
grid with the catalyst nanoparticles on the top

(bright green arrows in figure 8 and 9).

Based on the states of the nanotubes ends
and the TEM results, we propose that SWNTs
grow via the “base-growth” model. And to
explain the growth mechanism of carbon
nanotubes in methane CVD process, we

propose the vapor-liquid-solid (VLS) model

which was introduced to explain the growth of

carbon nanotubes.

In our “base-growth” model, at the early
stage of the CVD reaction, carbon atoms
catalytically decomposed from the methane are
absorbed onto the nanoparticles surface,
forming carbon-active catalyst liquid-state. As
discussed above, this liquid-state is reached
because of the active catalyst particles have
nanometre sizes: leading to reduced melting
points. If the methane supply to the process
continues, a super saturation point of carbon in
liquid state is reached, carbon precipitates out
from the nanoparticles surface. This leads to
the growth of single-walled carbon nanotubes.
The growth stops when the methane becomes
insufficient or the active catalyst particle is

poisoned by reaction (fig. 10).

Active catalyst

methane \

AI203 support

Figure 10. A schematic growth mechanism of

individual SWNTSs from catalyst nanoparticles

For bundles of single-walled carbon
nanotubes, the growth mechanism is the same
as with individual SWNTSs.
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g

Figure 11. Some parallel SWNTSs in bundles
In our SWNTs products, we obtain two
kinds of bundle:

- Parallel SWNTs in bundles (fig 11)
- As-rope SWNTs in bundles (fig 12):

some individual nanotubes are twisted into a
rope

These bundles of SWNTs products can
explain by the important role of the fume and
porous alumina support. As already stated, the
fume alumina material (y-Al,O3) are
anisotropic since they contain crystal edges,

corners, and hydroxyl groups (-OH).

So, the active catalyst particles form the
strongly interaction with the support’s surface.
This phenomenon allows to the formation of
numerous of active centers on the support’s
surface. These active centers are very close
together. This leads to growth of the bundles of
nanotubes. The kinds of bundles of SWNT
depend on the position of active catalyst and
the growth direction (fig. 13)

Figure 12. TEM images of as-rope SWNTs

As-tope SWNTs in bundles

Figure 13. Growth mechanism of bundles SWNTs
during CVD process

4. CONCLUSION

The production of high-quality of single-
walled carbon nanotubes by catalyst CVD
method has been achieved. The produced-
SWNTs are a mixture of the semiconducting
and metallic SWNTSs with the diameters in the
range of 0.8-1.8 nm. However, the experiment

results also confirmed that our products

Trang 78



TAP CHI PHAT TRIEN KH&CN, TAP 16, SO K1- 2013

contained impurities (amorphous carbon, nanotubes in methane CVD process. Besides,
graphite layer) we have demonstrated the formation of two

We have suggested the ‘base-growth” kinds of bundles of SWNTs (Parallel bundles
mechanism of individual single-walled carbon and as-rope bundles).

NGHIEN CUU CO CHE PHAT TRIEN CUAONG NANO CARBON PON THANH
TONG HQP TREN XUC TAC Fe/Mo-Al BANG THIET BI NGUNG TU HOI HOA
HQC

Lé Van Thang
Trudng Dai hoc Bach Khoa, PHQG-HCM

TOM TAT: Co ché pht trién ong nano carbon don thanh dwgc tong hop bang thiét bi ngung tu
hoi hod hoc d& duoc xdc dinh. Phiong phdp phdn tich bang kinh hién vi dién tir truyén qua (TEM) da
duoc sir dung aé quan sdt vi tri, hinh thai ciia cdc hat xiic tac. Nghién cuu da xUc dinh dugc cdc hat xic
tac déu duoc co dinh 6 chan ciia cac éng nano carbon don thanh. Pdy chinh la két qua quan trong nhat
cho thdy co ché phat trién ong nano carbon don thanh trong nghién ciru nay la co ché “phat trién tir
chan”. Bén canh do, tir két qua TEM, hai co ché phdt trién méi cia ong nano carbon dang bé ciing
dwgc xdc dinh: co ché phat trién “ bo song song” va co ché phat trién “b6 xoan”. Nghién ciru ciing
dong thoi khang dinh cdc hat xiic tac khong hé ton tai & trong va trén dinh ciia ong nano carbon, diéu
nay cho thay day 1a mét co ché dac trung cho truwong hop tong hop ong nano carbon bang thiét b
ngung tu hoi hoa hoc tir pha hoi.

Tir khéa: Ong nano carbon don thanh, co ché phat trién tir goc, kinh hién vi dién tir truyén qua.
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