Direct growth of carbon microfibres on SiO, particles by chemical vapour deposition
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Carbon microfibres (CMFs) were synthesised on SiO, particles by catalytic chemical vapour deposition at 1200°C using ethanol as carbon
precursor, iron nitrate as the catalyst precursor, and nitrogen as a carrier gas. The structure and morphology of the products were
characterised by X-ray diffraction, scanning electron microscopy, high-resolution transmission electron microscopy and Raman
spectroscopy. CMFs obtained after a deposition time of 5 h have a diameter of 5-10 um and a length of a few hundred micrometres. In
the deposition process, Fe—Si—O—C droplets were first formed on the surface of SiO, particles, and then carbon fibres grew as a result of
the catalysis of the droplets. Carbon fibres have the higher graphitic structures when the deposition process is conducted at 1200°C.

1. Introduction: Since the landmark paper on carbon nanotubes
(CNTs) was reported by lijima in 1991 [1], carbon and
carbon-based materials have received wide attention owing to
their excellent physical, chemical, mechanical, electrical, thermal
and optical properties [2-9]. As a result, many methods have
been proposed to synthesise carbon materials with the different
morphologies. For example, Ma et al. [10] reported the synthesis
of centimetre-size multi-branched tree-like carbon structures by
the catalytic chemical vapour deposition (CCVD) of toluene
using ferrocene as the catalyst precursor. Wang er al[ll]
prepared well-aligned freestanding arrays of mesoporous carbon
nanofibres on silicon wafers using non-ionic triblock copolymer
F127 as a soft template and anodic aluminium oxide membranes
as hard templates. Qi et al. [12] fabricated CNTs with various
helical structures by means of catalytic pyrolysis of acetylene at
450°C over Fe nanoparticles prepared by a coprecipitation/
reduction method. Xiao er al. [13] obtained carbon sheets
composed of two layer planes by an easy solvothermal process at
600°C for 12 h. In addition, Wang et al. [14] generated helical
carbon nanofibre by the pyrolysis of acetylene using Cu
nanoparticle catalyst. Mehraban et al. [15] synthesised carbon
spheres in the presence of cobalt—silicon-mesoporous aluminium
silicate by chemical vapour deposition (CVD) using C,H, as the
source of carbon at 850°C. In the preparation of carbon materials,
CVD is the main synthesis method with a variety of metal
catalysts, such as Fe, Ni, Mg, Zn, Sn and their alloys.

In this work, we present a simple and economical thermal
CCVD process to synthesise CMFs on SiO, particles at 1200°C
using ethanol as a carbon precursor. The graphitisation of carbon
phase in SiO,-C composites was confirmed by Raman
spectrometry.

2. Experimental procedure

2.1. Preparation of carbon microfibres (CMFs): All chemical
reagents were of analytical grade and used without further
purification. Firstly, the silica xerogel was prepared by a sol-gel
method using tetracthoxysilane as the silica source. An alumina
boat with silica xerogel was placed in the centre of a horizontal
alumina tube furnace and heated to 1200°C in the air to obtain
SiO, particles. At the same time, 3.0 g iron nitrate (Fe
(NO3);'9H,0) was dissolved in absolute ethanol (100 ml) under
stirring. Then ethanol vapour and iron nitrate were introduced
into an alumina tube furnace by a carrier gas of nitrogen with a
flow rate of 400 ml/min. Carbon fibres grew on the surface of
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SiO, particles during the deposition. After a deposition time of
5h, the carrier gas and power were turned off. The system was
cooled down to room temperature naturally under the protection
of nitrogen. Finally, CMFs were obtained on SiO, particles.

2.2. Characterisation of CMFs: The crystalline phase of the
products was characterised by X-ray powder diffraction (XRD)
with a Rigaku D/max2500VPC diffractometer using CuKa
radiation. The morphology and structure of the products were
examined by scanning electron microscopy (SEM, JSM-5610LV)
and high-resolution transmission electron microscopy (HRTEM,
JEM-2010). Raman spectrometry analysis was recorded to
characterise the structure of the carbon phase using a LabRAM
HR800 spectrometer (Horiba Jobin Yvon Corp., France,
A=632.8 nm).

3. Results and discussion: Fig. 1 shows the optical photographs of
the products on SiO, particles after a deposition time of 5 h. Fig. la
shows an overview of the products in an alumina boat. From the
figure, it can be seen that there are black products on the surfaces
of SiO, particles. This shows that carbon has been deposited on
the surfaces of SiO, particles. Fig. 15 reveals a high
magnification optical photograph of the products marked with
white frame in Fig. la. It can be seen that there are many carbon
fibres on SiO, particles. The growth direction of carbon fibres is
in good agreement with the flow direction of carrier gas. This
displays carbon fibres grown along the flow direction of ethanol
vapour and iron nitrate.

The XRD patterns of the SiO, particles obtained before and after
the deposition from ethanol are shown in Fig. 2. From Fig. 24, it can
be seen that SiO, particles have a very good crystalline phase struc-
ture, and all the diffraction peaks can be indexed as a pure cristo-
balite SiO, phase (JCPDS Card No. 39-1425) [16]. After a
deposition time of 5 h, the diffraction peaks of the SiO, particles
become obviously weaker as shown in Fig. 2b. A new diffraction
peak at about 20=26° is also found in the XRD pattern. It can be
indexed as the characteristic diffraction peak of carbon. This
shows that the formation of carbon fibres on SiO, particles. In add-
ition, a very weak diffraction peak corresponding to Fe;C can be
formed at 26=43° as a result of carbon atoms dissolution in iron
during carbon fibre growth [17, 18]. To imply further the formation
of carbon fibres, the sample was treated by HF to get rid of SiO,.
Fig. 2¢ shows the XRD pattern of the sample treated by HF.
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Fig. 1 Optical photographs of the products on SiO, particles after a
deposition time of 5 h shows

a Formation of carbon

b Growth of carbon fibres on SiO, particles
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Fig. 2 XRD patterns of the samples obtained before and after the deposition
from ethanol

a Before the deposition

b After the deposition

¢ After the deposition and treated by HF

Strong peaks at 260=25.7° and 43.2° are clearly visible thanks to the
(002) and (100) planes of graphite carbon [3, 19], respectively.
The SEM images of carbon fibres are shown in Fig. 3. Figs. 3a
and b reveal the growth of carbon fibres on a SiO, particle. From
the images, it can be seen that many carbon fibres grew on the sur-
faces of the SiO, particle. The high magnification SEM image of
carbon fibres is shown in Fig. 3¢, the image shows the carbon
fibres have a diameter of 5-10 um and a length of a few hundred
micrometres. The surfaces of the fibres are not smooth and have a
wavy structure. As shown in Fig. 3d, there are a large number of
droplets (spherical nodules) on the surfaces of the SiO, particle.
The corresponding EDS spectrum (Fig. 3¢) shows that the droplets
mainly consist of Fe, Si, O and C elements, which is also in good
agreement with the XRD result. Then these droplets serve as cata-
lyst active points for the direct growth of CMFs on the surfaces of
SiO, particles. The possible formation process of the carbon fibres
can be described as follows. In the initial stage of deposition, C and
Fe from the decomposing of ethanol and iron nitrate are deposited
on the surfaces of SiO, particles to form the Fe—Si—O-C droplets at
the high reaction temperature (1200°C). The Fe-Si—-O—-C droplets
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Fig. 3 SEM and HRTEM images of CMFs prepared on SiO, particles by
CCVD from ethanol

a, b SEM images of CMFs grown on a SiO, particle

¢ High magnification SEM image of carbon fibres

d SEM images of a large number of droplets (spherical nodules) on the
surfaces of SiO, particles

e EDS spectrum of the droplets

/' SEM image of the direct growth of CMFs marked with red circles

g SEM image of the top of a carbon fibre with a spherical and smooth
structure

h TEM image of the alloy droplets with core—shell structure

i HRTEM image of the red rectangle region in (h)

continually absorb carbon atoms from the ambience with the
deposition. After the concentrations of carbon atoms in the droplets
approach saturation, carbon precipitates from the droplets. With the
extension of the reaction time, carbon fibres are formed. The direct
growth of CMFs marked with red circles on the surfaces of SiO,
particles was shown in Figs. 3d and f. The SEM image of the top
of a carbon fibre is shown in Fig. 3g. It is found that the top end
of carbon fibre has a spherical structure with the smooth surface,
which is agreement with the morphology of the droplets on the sur-
faces of SiO, particles. The structure of the droplets was further
characterised by HRTEM. Fig. 3/ displays a TEM image of the
droplets marked with blue arrows. The TEM image clearly shows
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Fig. 4 Raman spectrum of CMFs prepared on SiO, particles by thermal
CCVD from ethanol

that the droplets have core—shell structure. Fig. 3i shows the
HRTEM image of the red rectangle region in Fig. 34. From the
image, the spacing of the shell between two adjacent fringes is
0.34 nm, which is consistent with the (002) plane of graphitic
carbon [20]. The inter-lattice distance of the core is calculated to
be 0.125 nm, which is in good agreement with that of Fe;C (322)
planes [21]. These results prove that the direct growth of CMFs is
practical on the surfaces of SiO, particles with the deposition
from ethanol.

Raman spectroscopy was employed to examine the graphitisation
of the amorphous carbon phase in the SiO,/C composites. Fig. 4
presents the Raman spectrum of carbon microfibers prepared on
SiO, particles by thermal CCVD from ethanol. The two typical
peaks located at 1328 and 1598 cm™" were registered as the D
and G bands of carbon, respectively. The D and G bands repre-
sented disordered carbon and graphite, respectively. The G band,
corresponding to the scattering of the E>g mode (stretching vibra-
tions) observed for sp® domains, is characteristic for graphitic
sheets, whereas the D band can be assigned to the scattering of
the A;g mode associated with sp-bonded disorder carbon
[18, 22, 23]. The intensity ratio of the D to G bands (/p/lg) pro-
vides useful information for comparing the degree of graphitisation
of various carbon materials, and the ratio of Ip/lg is smaller, the
degree of ordering of the carbon material is higher [24, 25]. In
addition, the second-order Raman peaks in the range from about
2500 to 3000 cm™" are visible in this figure, which is consistent
with the 2D peaks of graphite including graphene [5, 26]. In our
experiment, a lower Ip/Ig value (0.83) indicated that a dominant
graphitic carbon structure is developed at the deposition tempera-
ture of 1200°C.

4. Conclusions: In conclusion, CMFs have been synthesised on
SiO, particles by thermal CCVD from ethanol. CMFs have a
diameter of 5-10 um and a length of a few hundred micrometres.
During the deposition, Fe-Si—-O-C droplets were first formed on
the surface of SiO, particles, and then carbon fibres grew as a
result of the catalytic activity of the Fe-Si-O-C droplets. The
graphitic structures are developed at the deposition temperature of
1200°C.
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