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Abstract. Novel morphologies of carbon nanotubes obtained through the solvothermal
reaction of various chlorinated solvents in the presence of various catalysts are described.
The reaction mixture, including C2Cls as solvent and ferrocene as catalyst, exhibited most
interesting novel arrangements of carbon nanotubes. Therefore, more characterizations,
such as Raman spectroscopy and thermogravimetry analysis, were performed on the

mentioned sample for further investigation into the novel pine-tree-like morphology of

carbon nanostructures.

© 2013 Sharif University of Technology. All rights reserved.

1. Introduction

The remarkable discovery of lijima [1], in 1991, which
presented carbon nanotubes to scientists, caused an
exponential growth of attention to CNTs for undertak-
ing detailed research. CNTs became fascinating due
to their unique and extraordinary physical, electronic
and thermal properties [2]. The current synthesis
methods of CNTs are classified into the following
methods: arc discharge [1], laser ablation [3], chemical
vapor deposition [4-6], solvothermal [7] etc. To the
best of our knowledge, one active research area is the
development of synthesis methods for the production of
CNTs, considering three main objectives; synthesis of
CNTs with desired properties, reduction of production
costs and large scale production. The solvothermal
method seems to be a promising approach to the
low temperature synthesis of carbon nanotubes, which
is under development. An important date in the
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timeline of solvothermal synthesis of carbon nanotubes
is 1998, when Qian and his co-workers reported the
application of a Wurtz-like reaction for the synthesis
of diamond powder via the solvothermal reduction of
carbon tetrachloride by metallic sodium in the presence
of Ni-Co alloy [8]. Wang et al. presented a novel
benzene thermal route, following previous efforts, on
the solvothermal synthesis of CNTs [9]. The reaction
mixture consisted of CyCly, benzene, and different
catalysts. Their proposed mechanism is similar to
the one reported by Jiang et al. [7]. It is seen that
using Fe-Au catalysts leads to the production of carbon
nanotubes, while using Ag ends in the formation of
carbon nanorods. In 2008, Shen et al. [10] proposed
a new deposition method for the synthesis of CNTs,
based on decomposition of CCly, in the presence
of ferrocene and through a free radical production
pathway.

According to our knowledge, further studies on
synthesis parameters, such as different catalysts and
solvents in various amounts, are still required. In
this paper, we intend to report the effect of adding
co-catalysts, such as FeCl3.6H,O, CoCl,.6H>O and
NiCl,.6H50, to the reaction mixture to investigate the
effect of bimetallic catalysts on the reaction product.
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The effect of changing the CCly with other chlorinated
solvents such as dichloromethane, tetrachloroethylene
and chloroform was also investigated.

2. Experimental

2.1. Materials

Carbon tetrachloride (CCly), tetrachloroethylene
(C2Cly), chloroform (CHCIl3), ferrocene (FeCps),
iron(III) chloride hexahydrate, cobalt(II) chloride hex-
ahydrate, nickel(II) chloride hexahydrate and ethanol
were purchased from Merck and used as received.

2.2. Synthesis

The synthesis procedure was similar to [10] with slight
modification. Ferrocene was dissolved in 25 ml of
the desired solvent. Then, 0.2 g of the desired
catalyst was added to the reaction mixture. For bi-
metallic reaction mixtures, appropriate amounts of
FeCl3.6H,0, CoCl;.6H>0 or NiCl;.6H,O were mixed
with FeCps before adding to the reaction mixture in
1:1 molar ratio and a total weight of 0.2 g. In the case
of examination of the effect of different solvents, an
appropriate amount of ferrocene was dissolved in the
mentioned solvents. Then, the reaction mixture was
transferred into a stainless steel autoclave and kept at
180°C for 24 h. Afterward, the black precipitate was
filtered off and washed several times with ethanol and
distilled water. The list of synthesized samples, along
with their corresponding synthesis condition, is given
in Table 1.

2.3. Characterizations

Scanning Electron Microscopy (SEM) was carried out
on a LEO 1455VP instrument. Raman spectra were
recorded using a Brucker SENTERRA Raman mi-
croscope equipped with a 785 nm laser and CCD
detector.  Thermogravimetric analysis (TGA) was
performed on a Q50 instrument of Thermal Analysis
(TA) from ambient temperature to 800°C with the
ramp rate of 10°C/min. The Ny adsorption-desorption
isotherms were measured on a BELSORP mini-II at
-196°C. All samples were degassed at 100°C before
measurement.

Table 1. List of synthesized samples at reaction
temperature of 180°C and reaction time of 24 h.

Sample Catalyst Solvent
S1 FeCly/FeCps  CCly
S2 CoCly/FeCpy  CCly

S3 NiCly/FeCpy  CCly

S4 FeCpo C2Cly
S5 FeCpe CHCls
S6 FeCpo CH2Cl

3. Results and discussions

The SEM images of as-synthesized S1, S2, and S3 sam-
ples are given in Figure 1. It is observed that addition
of metal salts to the reaction mixture not only does
not improve the production of carbon nanotubes, but
also dramatically diminishes the presence of tubular
structures. The main formed structures are spherical
and in a bulky shape.

Since the spherical particles are formed and no
tubular structure is observed, it is proposed that the
cleavage of ferrocene and subsequent formation of
spherical particles occurred, but further decomposition
of the solvent and cyclopentadien rings did not occur
to provide carbon feedstock for the growth of carbon
nanotubes.

The SEM images of as-synthesized S4, S5, and
S6 samples are given in Figure 2. Replacing the CCly
with C2Cly exhibits the most interesting structures.

Figure 2. SEM images of a) S4, b) S5, and c) S6 samples.
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It is obviuos in Figure 2(a) that tubular stuctures
formed in the product different from previusly reported
structures for the CCly/ferrocene system. Herein, a
novel arrangment of carbon nanotubes is observed in
the form of pine-tree-like or ramified structures with an
average outer diameter of ~ 350 nm and closed ends.

It is also observed that there are long CNTs,
as it is the main stem having shorter CNT growth
prependicular to the main stem that is making the
ramified structure. Figure 2(b) and (c¢) show that
chloroform /ferrocene and dichloromethane/ferrocene
systems did not produce tubular structures. The
former system’s main product consisted of sheet-like
structures, however, the latter produced thinner sheets
that formed flower-like structures.

It should be mentioned that among the tested
systems, only the CyCly/ferrocene system provided
tubular stuctures and, therefore, is favored in our fu-
ture research. Then, furthor characterization were per-
formed on the synthesized sample. Figure 3 provides
the Raman spectrum of the mentioned sample. Two
main characteristic peaks of carbonecous structures are
obvious in the spectrum. The D-band that corresponds
to disordered structures is observed at 1340 cm™!, and
the G-band indicates that the graphitized sp? carbon-
carbon bonds are observed at around 1600 cm~!.

Figure 4 shows the TGA curve of the CyCly
sample that is used to evaluate the yield of carbon
nanotube production. Three weight loss regions can
be attributed to this curve. The first small weight loss
occurred from ambient temperature to 150°C, which
is attributed to the removal of physically adsorbed
volatiles. Then, the main weight loss is observed,
which can be attributed to the removal of carboneceous
materials. It shows that 60% of the sample was
removed. Finally, it can be observed that almost 40%
of sample weight remained after heating to 800°C. This
ash content can be referred to the remaining materials
in the sample, such as remaining catalysts etc.

The Ny adsorption-desorption isotherms of the

G
D
3
&
>
z
g
g
g
3
&
1000 1200 1400 1600 1800 2000

Raman shift (cm™1!)

Figure 3. Raman spectrum of S4 sample.
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Figure 4. TGA curve of S4 sample.
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Figure 5. Ny adsorption-desorption isotherms of S4
sample.

C2Cly sample is given in Figure 5. It is similar to the
type III TUPAC standard isotherm, which corresponds
to the presence of porousity in the material with special
adsorbate-adsorbant interaction. The observed open
hysteresis loop indicates that desorption of adsorbed
nitrogen molceules cannot have taken place at the
measurement temperature.

The calculated specific surface area is 52 m?/g,
which is dramatically lower in comparison with pre-
viously reported values by Shen et al. [10] for the
CCly /ferrocene system (413 m?/g). Considering the
TGA observation on high ash content, besides the
siginificant lowering of specific surface area, it can
be proposed that metallic species formed during the
solvothermal process and remained in the sample.

4. Conclusion

Different solvothermal systems, consisting of various
metal ions or chlorinated solvents, have been examined
for the synthesis of carbon nanotubes. Adding FeCls,
NiCl; and CoCl, introduced a negative effect on the
synthesis of carbon nanotubes and, then, no tubular
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structure formed. The CyCly/ferrocene system pro-
duced carbon nanotubes with novel interesting arrange-
ments consisting of pine-like or ramified structures.
Using CHCl3 and CH4,Cl; instead of CCly also resulted
in non-tubular structures and is not favored for carbon
nanotube production. So, further characterizations
were undertaken on the synthesized sample in the
CyCly /ferrocene system by Raman, Ny adsorption-
desorption measurements and TGA for more detailed
investigation to provide basic information for future
studies. These investigations revealed that tubular
structures were successfully synthesized and that prob-
ably catalysts or carbonaceous nano and microparticles
exist in the product. Therefore, it can be proposed
that the suggested reaction mechanism changed by
altering the catalyst or reaction solvent. Probably, the
presence of CoCly and oxygen in the reaction mixture
caused the formation of iron species, which remained
in the product, and were initially observed as high ash
content. At this point of time, further investigation of
the CoCly /ferrocene system is being undertaken by our
research group to obtain more explanations regarding
the effect of different parameters on the properties of
synthesized materials.
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