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PREPARATION AND CHARACTERIZATION OF BAMBOO-LIKE CARBON NANOTUBES BY ETHANOL CATALYTIC

COMBUSTION TECHNIQUE

PRZYGOTOWANIE 1 CHARAKTERYSTYKA NANORUREK WEGLOWYCH O STRUKTURZE BAMBUSOWE]J METODA

KATALITYCZNEGO SPALANIA ETANOLU

A simple combustion approach for synthesizing bamboo-like carbon nanotubes was proposed by using liquid ethanol
flame on the substrates. Copper plate was employed as substrate, ethanol as carbon source and fuel, and iron chloride or
iron nitrate solution as catalyst precursors, respectively. The as-grown black powder was characterized by means of scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and Raman spectroscopy. The results show that some
carbon nanotubes with good bamboo-like structure were obtained in our products, and these bamboo-like carbon nanotubes have
diameters of about 10-100nm and length of up to several tens of micrometers. However, the morphology and microstructure
of bamboo-like carbon nanotubes are affected by synthesis conditions, such as concentration of catalyst precursor solution,
synthesis temperature, synthesis time, and flame perturbations etc.. According to observation and analysis of TEM images, we
tentatively propose and discuss for the possible growth mechanism of bamboo-like carbon nanotubes. The results also show
that the present method is simpler to synthesize carbon nanomaterials, such as nanotubes, carbon nanofibers, and nanoparticles
etc.. In addition, this method has some advantages, such as flexible synthesis conditions, simple setup, easier to be controlled,
more economic, and environment-friendly.
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Zaproponowano prostg metode spalania w celu przeprowadzenia syntezy nanorurek weglowych o strukturze bambusowe;j
przy uzyciu ptomienia z cieklego etanolu na podtozu. Jako podloze zastosowano plytke miedziana, etanol jako paliwo wglo-
we oraz roztwéw chlorku zelaza spetniajacych funkcje prekursora katalicznego. Powstaly czarny proszek scharakteryzowano
przy uzyciu skaningowej mikroskopii elektronowej (SEM), transmisyjnej mikroskopii elektronowej (TEM) oraz spektroskopii
Raman’a. Wyniki wskazujg, Ze w naszych wyrobach udato si¢ otrzymaé nanorurki weglowe o silnej strukturze bambusowej o
$rednicy okoto 10 — 100nm i diugosci dochodzacej do kilkudziesieciu mikrometréw. Jednakze na morfologie i mikrostrukture
tychZe nanorurek wplynely warunki syntezy, takie jak, st¢zenie roztworu prekursora katalitycznego, temperatura syntezy, czas
syntezy, niestabilno$¢ plomienia etc., Jak wykazaly obserwacje i analiza obrazu TEM nalezatoby przyjrzeé sie i przedyskutowaé
mozliwy mechanizm wzrostu nanorurek weglowych o bambusowej strukturze. Ponadto wyniki wskazuja, Ze obecnie stosowana
metoda syntetyzowania nanomaterialéw weglowych takich jak nanorurki, nanowtékna welowe i nanoczasteczki jest prostsza.,
Ponadto posiada zalety w postaci dobieralnych warunkéw syntezy, prostego oprzyrzadowania, tatwego monitorowania, a takze
jeat mniej kosztowna i przyjazna $rodowisku.

1. Introduction applications have been proposed for carbon nanotubes,

including conductive and high-strength composites, ener-

Since the first observation of carbon nanotubes
(CNTs) in 1991[1], extensive research has been fo-
cused upon the synthesis of carbon nanotubes; there has
been great interest in synthesizing carbon nanotubes due
to their unique physical and mechanical properties[2,3]
such as remarkable electronic structure[4], high mechan-
ical strength, and capillary properties[5]. Many potential
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gy storage and energy conversion devices, sensors, field
emission displays and radiation sources, hydrogen stor-
age media, and nanometer-sized semiconductor devices,
probes, and interconnect [6].

For several decades, the different shapes and struc-
tures of carbon nanotubes have been found, such
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as single-walled carbon nanotubes[7], multi-walled
carbon nanotubes{8], Y-shaped carbon nanotubes[9],
multi-branched carbon nanotubes[10], and they have
been successfully synthesized by various methods,
such as arc-discharge[11], chemical vapor deposition
(CVD){12], solar method[13], and combustion ap-
proach[14]. However, combustion approach is a newly
developed method, which utilizes the energy of flame
to synthesize various carbon materials. In our previous
work, combustion approach for synthesizing carbon nan-
otubes (CNTs) and carbon nanofibers (CNFs) were pro-
posed by using liquid ethanol flame on the substrates,
and without directly seeding catalyst into the flame.
Herein, we report the new results for fabricating the nov-
el bamboo-like carbon nanotubes.

The bamboo-like carbon nanotubes are tubes, which
have compartment layers between the walls. Lee et al.
[15] synthesized bamboo-like carbon nanotubes using
thermal chemical vapor deposition. Su et al. [10] ob-
served bamboo structure within Y-junction carbon nan-
otubes which were synthesized by catalytic chemical
vapor deposition at 1000-1200°C [10]. Liu et al. [16]
synthesized bamboo-like carbon nanotubes earlier by an
ethanol thermal reduction process. However, these meth-
ods suffer from complex setup and rigorous synthesis
conditions.

In this paper, bamboo-like carbon nanotubes were
synthesized by using ethanol catalytic combustion (ECC)
technique. Compared with above methods, combustion
approach offers several inherent advantages [17]: (1)
Ethanol flame can quite naturally provide both the
high-temperature and the hydrocarbon reactant for car-
bon nanotubes synthesis at atmospheric pressure; (2) It
can provides an economical method for large areas by
larger flames or with multiple flames; (3) Allows a con-
trollable residence time within a desired flame region,

etc. So, it provides a potential way to synthesis the mass
production a future broader application.

2. Experimental

In a typical experiment, 0.01 mol/L,0.Imol/L iron
chloride solution and 0.1 mol/L iron nitrate solution
were employed as catalyst precursor solution, respec-
tively. The diameter of copper plate is about lcm, was
used as substrates for the growth of bamboo-like car-
bon nanotubes, and was ultrasonically washed in ace-
tone for several minutes to clean the surface of plate.
After drying, the catalyst precursor solution was applied
to the clean surface of the copper plate. Then the cop-
per substrate was baked at 60°C for several minutes to
remove the solvent. At last, the modified surface was
faced down against the flame when it was inserted into
the central core of the flame for about 10 min. Then the
black wool-like products were obtained on the copper
substrate. The products were cooled naturally in atmo-
sphere.

The as-grown black wool-like products were char-
acterized by means of scanning electron microscopy
(JEOL 6500F SEM), and structural analysis was car-
ried out using transmission electron microscopy (TEM,
JEM-200CX). The specimens for TEM analysis were
prepared by dispersing the samples in ethanol followed
by sonication for 10 min. A few drops of the suspension
were dropped onto a copper microgrid covered with a ho-
ley carbon thin film. The Raman spectrum was measured
with a Rainshaw optical confocal Raman spectrometer at
room temperature. The 514 nm line of an Ar* laser was
used as the excitation source.

3. Results and discussion

Fig. 1. SEM images of carbon nanotubes grown on copper substrate (a) with 0.01mol/L iron chloride catalyst precursor solution; (b) with
0.1 mol/L iron chloride catalyst precursor solution; (c) with 0.1 mol/L iron nitrate catalyst precursor solution

Fig.1 shows SEM images of a typical samples of

carbon nanotubes grown on copper substrate with 0.01
mol/L, 0.1 mol/L iron chloride catalyst precursor so-

lution and 0.1 mol/L iron nitrate catalyst precursor for
about 10 min synthesis duration, respectively. It is very
clearly shown that the large quantity of carbon nanotubes



was obtained by using ethanol catalytic combustion tech-
nique. From the morphologies and appearances, these
carbon nanotubes grew disorderly and randomly. The
same sample has a relatively good uniformity conditions,
and lengths range from hundreds of nanometers to sev-
eral micrometers. From these SEM images, it also shows
that different samples have different diamters. So we can
conclude that the diameters of these carbon nanotubes
are relative to different synthesis conditions.

Fig.2 shows the TEM images of bamboo-like carbon
nanotubes grown with 0.01 mol/L, 0.1 mol/L iron chlo-
ride catalyst precursor solution and 0.1 mol/L iron nitrate
catalyst precursor solution, respectively. These TEM im-
ages revealed the carbon nanotubes have a bamboo-like
structure clearly, which have some compartment layers
between the walls. The black arrows in Fig.2 mark the
compartment layers (see arrows 1) whose curvature is
always directed toward the growth direction (see arrows
2), a closed tip without any encapsulated with Fe parti-
cles (see arrows 3). However, the TEM images of carbon
nanotubes grown with 0.1 mol/L iron nitrate catalyst pre-
cursor solution (Fig.2f) reveals Fe particles (see arrows
4) within the tip of carbon nanotubes, which can be due
to unique synthesis conditions in our experiment. From
Fig.2 a and b, it shows the diameters of bamboo-like car-
bon nanotubes grown with 0.01mol/L catalyst precursor
solution are range from several nanometers to and 20 nm.
If the concentration of catalyst precursor solution was
increased more, these of bamboo-like carbon nanotubes
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(Fig.2c-f) grown with 0.1 mol/L catalyst precursor solu-
tion are relatively uniformly distributed in the range of
30-40nm, and they have a clear bamboo-like structure.
Here, our observations are consistent with that of the
SEM images of carbon nanotubes.

Comparing with different TEM images as shown in
Fig.2, it is not difficult to find that the diameters of
bamboo-like carbon nanotubes decrease with decreas-
ing concentration of catalyst precursor solution. So it
can conclude that the diameters of bamboo-like carbon
nanotubes are affected by the concentration of catalyst
precursor solution. The catalyst precursors are aggregat-
ed to form nanoparticles of different sizes from catalyst
precursor solution of different concentrations because of
different viscosities of precursor solutions. The precursor
solution with lower concentration has lower viscosity,
so it tends to form smaller catalyst precursor particles
which tend to form smaller catalyst. The smaller cata-
lysts could produce the thinner carbon nanotubes with
more regular bamboo-like structure, while the catalysts
with larger size tend to form irregular bamboo-like struc-
ture or solid nanowires. However, we used 1 mol/L iron
chloride solution as catalyst precursor, with the other ex-
perimental conditions being identical. The results shown
that there are no carbon nanotubes except for solid car-
bon nanowires with diameter ranging from about 50 to
150nm were found in the products from TEM. The re-
sults show the optimal concentration of catalyst precur-
sor solution is 0.1mol/l preparation processes.

Fig. 2. TEM images of bamboo-like carbon nanotubes grown on copper substrate (a) and (b) with 0.01 mol/L iron chloride catalyst precursor
solution; (c) and (d) with 0.1 mol/L iron chioride catalyst precursor solution; (¢) and (f) with 0.1 mol/L iron nitrate catalyst precursor solution

In addition to, we also wanted to synthesis
bamboo-like carbon nanotubes by other catalyst precur-
sor solutions, such as cobalt nitrate, nickel nitrate etc..
However, we have not found the bamboo-like carbon
nanotubes in our products, which can be due to Fe play-
ing a key role in synthesizing bamboo-like carbon nan-
otubes by ethanol catalytic combustion technique.

Laser Raman spectroscopes were used to charac-
terize the graphite structures of the combustion materi-

als. Fig.3 shows the Raman spectrum of carbon nan-
otubes which was obtained with a REINSHAW op-
tical confocal Raman microscope. The sample exci-
tation was performed using 5mW of 514.5nm laser
with 3um spot sizes. Two samples produced exhibit
mainly two Raman bands at about 1345.7cm™! (in fig-
ure 3(a)), 1340cm™! (in figure 3(b)), and 1593.6cm™!
(in figure 3(a)), 1586.5cm™! (in figure 3(b)). The for-
mer corresponding to the defect-induced Raman band
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called the defect mode (D-band) and the latter to the
Raman-allowed E2g> mode called the graphite mode
(G-band). Figure 3(b) shows a strong G peak and a weak
D peak, indicating relatively large size graphite clusters
within the carbon nanotubes structure. While Fig. 3(a)
exhibit that the intensity of G band is either approxi-
mate to that of D band, indicating relatively small size
graphite clusters within the carbon nanotubes structure
and their degree of graphitization is lower than that of
representative sample exhibited in Fig. 3(b). Careful ob-
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servation of the Fig. 3(a) and Fig. 3(b), it was found
that with the increase of concentration of the precursor
solution, the position of G peak shifts toward right direc-
tion. The values of ’f” (the amount of disordered carbon)
are respectively calculated in the sequence of 0.01mol/l,
0.1mol/l, and as follows: 48.377%, 44.8105%. It is not
hard to find that there is an optimum concentration that
favors good carbon nanotubes in quality. The sample, us-
ing 0.1 mol/l iron chloride as catalyst precursor, exhibits
lower value of ’f* than other samples.
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Fig. 3. (a) Raman spectrum of typical sample produced by using 0.01mol/l iron chloride as the catalyst precursor; (b) Raman spectrum of
typical sample produced by using 0.1mol/l iron chloride as the catalyst precursor

However, compared with the Raman spectrum of
carbon nanotubes synthesized from other methods, such
as arc-discharge [11] and chemical vapor deposition [12]
the present Raman spectrum reveals a large intensity of
D peak. It indicates that the carbon nanotubes are synthe-
sized by ethanol catalytic combustion (ECC) technique
have a lot of disorder structure or defects. We speculate
that it is possibility related to flame synthesis conditions
and absolute ethanol fuel.

The catalytic growth mechanism of carbon nan-
otubes, up to now, the most popular mecha-
nism of catalytic growth is as following [18, 19]:
“deposition-diffusion- nucleation-growth-deactivation of
catalyst”. For the growth model of bamboo-like carbon
nanotubes, LEE et al. [15] proposed a base growth model
that carbon atoms produced from hydrocarbon-pyrolyzed
were first deposited on metal particles and then formed
graphitic sheets as a cap. As the cap lifts off the parti-
cle, a close tip with a hollow inside is produced. When
the wall grows up towards, the next compartment layer
is produced. However, LEE et al. [15] could not bring
forward better explanation for compartment layer’ for-
mation. BAO et al. [20] also presented a growth mod-
el of bamboo-like carbon nanotubes, which described
as follows: carbons were first deposited on metal par-
ticles, then carbons on the edge of particle tends to
form wall through base growth mechanism due to the
edge of particle possess strong activity, carbon atoms
on the surface of particle tends to form graphitic sheets

as a compartment layer due to the surface of particle
possess weak activity. So the speed of wall formation
is quicker than compartment layers. Following growth
of wall, the compartment layers are formed. Finally the
bamboo-like carbon nanotubes were synthesized. So, the
growth model proposed by BAO et al. [20] the compart-
ment layer’ formation was owing to the weak activity
of surface of catalyst particles, carbon atoms on the sur-
face of particles accumulated slowly, so after a period
of time it could form a thin film, following the wall
grow up towards, the film formed compartment layers
of bamboo-like carbon nanotubes. So, LEE et al. [15]
and BAO et al. [20] proposed the growth model, which
proposed a better explanation for the growth mechanism
of bamboo-like carbon nanotubes. Our observations are
consistent with that of LEE et al. [15] and BAO et al.
[20], which are described as follows: carbon atoms were
first deposited on the Fe catalyst particles (see arrows 4
in Fig.2f), because catalyst particles’ edge has a stronger
affinity for carbon atoms than catalyst particles’ surface,
which is play a key role in synthesizing bamboo-like
carbon nanotubes process. Finally, bamboo-like carbon
nanotubes were formed through base growth mechanism.
TEM image of carbon nanotubes (Fig.4) is in concert
with our depiction.



Fig. 4. TEM images of bamboo-like carbon nanotubes grown on cop-
per substrate with 0.01 mol/L iron nitrate catalyst precursor solution.
The compartment layers (see arrows 1) whose curvature is directed
to the growth direction (see arrows 2), and see arrows 3 indicate Fe
catalyst particles

In this paper, schematic diagrams of growth model
are shown in Fig.5. The first step is carbon atoms (see
arrows 1) produced from the decomposition of ethanol
deposit on the catalyst metal particles (see arrows 2).
Then carbon atoms diffuse through the surface and bulk
of catalyst metal particles to form the graphitic sheets
as a cap on the catalyst metal particles (see Fig.5a). The
second and key step is the formation of hexagons may
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be catalytically promoted by the assistance of the cata-
lyst metal particles [21]. While the graphitic sheets lifts
off the catalyst metal particle, a closed tip with inside
hollow is produced (see Fig.5b). It can be due to the
strong stress function between catalyst metal particle and
graphitic sheets via the high-temperature in the process
of ethanol catalytic combustion. The diameters of carbon
nanotubes are limited by the size of catalyst metal par-
ticles. The carbon nanotubes with a few degrees angles
can be produced due to flame perturbations. If flame
is steady, the carbon nanotubes with vertical direction
can be synthesized. The compartment layers are grown
due to the carbon atoms slowly accumulate at the inside
surface of catalyst metal particle than the out surface
of catalyst metal particle. At last, the compartment lay-
ers will depart from the catalyst metal particle due to
the stress (see Fig.5c). While the wall grows upward,
the next compartment layer is produced on the catalyst
particle and will be combined with the wall [15]. A fur-
ther study of the formation mechanism and mechanical
property of bamboo-like carbon nanotubes is underway.

(b)

(c)

Fig. 5. Schematic diagrams of growth model. Carbon atoms (see arrows 1) were deposited on the catalyst particles (see arrows 2). The
compartment layers (see arrows 4) whose curvature is directed to the growth direction (see arrows 3)

4. Conclusions

Bamboo-like carbon nanotubes have been synthe-
sized through using ethanol catalytic combustion tech-
nique. These carbon nanotubes have a bamboo-like
structure clearly. The curvature of compartment layers
is directed to the growth direction, and the same base
growth model can be applicable. According to TEM ob-
servations and analysis, we found that the present method
induces more defects and impurities in our products.
It can be due to the novel synthesis process in atmo-
sphere, such as concentration of catalyst precursor so-
lution, flame perturbations, pretreatment, synthesis time,
and synthesis temperature etc.. On the basis of these ex-
perimental results, our group proposes a growth model
for the bamboo-like carbon nanotubes. And our growth
model can provide an insight into understanding the
complicated growth process of carbon nanotubes. When

compared with the other methods, the present approach
is much simpler, more economic and easier to be con-
trolled. Further extensive research will be carried out on
the physical and mechanical properties of bamboo-like
carbon nanotubes.
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