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Effect of growth time on the morphologies
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The microstructure of vapour grown carbon fibres is two-double layered. This paper addresses the
question of morphology transformation of vapour grown carbon fibres. Special attention is given to de-
veloping understanding of the growth mechanism of the outer layer of the fibres. The influence of growth
time on the morphologies of as-prepared carbon fibres was investigated using scanning electron micros-
copy. Results showed that with the prolongation of reaction time, their morphology changed from linear
fibres to carbon micro-bead chains and then again to thicker linear fibres, which led to the increase of the
carbon fibres diameters from 200 nm to several micrometers. Furthermore, several kinds of carbon fibres
with special morphology such as carbon micro-beads, chains, etc., could be obtained by adjusting the
growth time. A growth mechanism, henceforth referred to as fibre—bead—thicker fibre, for the outer layer
of vapour grown carbon fibres is proposed.
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1. Introduction

Vapour grown carbon fibres (VGCF) have attracted much attention in recent
years, due to their desirable properties and potential applications [1-4]. Chemical va-
pour deposition (CVD) is a widely used method to prepare VGCF based on the depo-
sition of hydrocarbons or other gaseous carbon sources over small metal particles such
as iron, cobalt, nickel or their alloys [5—8]. It is well known that the deposition process
plays an important role in the morphology and structure of VGCF. It is very important
to understand clearly the growth mechanisms of VGCF in further technical improve-
ments and innovations for large-scale synthesis and structural controls. Up to now, the

"Corresponding author, e-mail: liulang@public.ty.sx.cn



886 H. ZHANG et al.

structure of VGCF is two-double layers [9, 10]: the inner layer is the core structure of
VGCF formed of oriented carbon layers, while the outer layer is made of decomposed
carbon. The most popular mechanism of catalytic growth of VGCF has two stages, as
follows: in the first stage, metal-catalytic growth of the core structure occurs, and then,
in the second stage, deposition growth of the outer layer of VGCF occurs. The growth
mechanism of the metal-catalytic growth of the core structure of VGCF has been ex-
tensively studied. The adsorption—diffusion—precipitation (ADP) model developed by
Baker et al. [11] has been widely accepted [12—15]. In this model, C, species are first
adsorbed on the surface of a metal particle, then they diffuse through the metal parti-
cle, and finally they precipitate in a crystalline tubular form. However, little informa-
tion about the growth of the outer layer of VGCF in the second stage has been re-
ported in the published literature.

The aim of this work was to to obtain VGCF synthesized at various growth times,
in order to clarify the growth mechanism of the outer layer of VGCF.

2. Experimental

VGCF was synthesized through the catalytic pyrolysis of methane. A graphite
substrate was merged in a catalyst-contained solution, dried at room temperature for at
least 8.0 h and then heated in an oven at 383 K for 2.0 h. The catalytic decomposition
of methane was carried out in a flow reactor under the atmospheric pressure. The
graphite substrate was placed in the centre of the reactor tube (inner diameter 36 mm,
length 800 mm). A methane/hydrogen gas mixture (volume ratio 1:1) was introduced
into the reactor when the temperature was raised to 1373 K. The growth time was
varied from 0.5 h to 6.0 h. Subsequently the as-prepared VGCFs were examined by
the scanning electron microscopy (SEM).

3. Results and discussion

3.1. Morphology evolution of VGCF at prolonged growth time

The morphologies of VGCF, synthesized at various times from 0.5 h to 6 h are
shown in Fig. 1. Figure 1a shows that the linear and smooth carbon fibres coexist with
rough fibres when the reaction time is 0.5 h. The diameter of smooth carbon fibres is
about 200 nm, while the diameter of rough fibres is about 300 nm. When the reaction
time is prolonged to 1.0 h, the morphology of carbon fibre transforms from linear car-
bon fibres to carbon micro-bead chains (Fig. 1b). In addition, the surface of carbon
micro-beads is rough, while the surface of the segment 1 beside carbon micro-beads is
relatively smooth and the diameter of this part is about 200 nm. This implied a transi-
tional morphology of carbon micro-beads having diameters of approximately 200 nm.
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Fig. 1. Effect of growth time on morphologies of VGCEF:
a)0.5h,b)1.0h,c)2.0h,d)2.5h,e,f)40hand g, h)6.0h

As shown in Fig. 1c, the diameter of as-prepared fibres at 2.0 h is about 2 pm and
most of them are straight and smooth. Figure 1d shows that when the reaction time is



888 H. ZHANG et al.

prolonged to 2.5 h, the carbon fibres of the diameters of ca. 2 um are rough. The mor-
phology of carbon fibres changes from linear fibres to carbon micro-bead chains
again, when the reaction time is prolonged to 4.0 h (Figs. le, f). The carbon micro-
beads on the fibres are homogeneous and the distance between the centres of two ad-
jacent micro-beads is about 5—7 um. Figure 1f shows that the surface of carbon micro-
beads is rough, while the surface of the segment 2 between two adjacent carbon mi-
cro-beads is relatively smooth and the diameter of this part is about 2 pm, indicating
that carbon micro-bead chains transformed from linear fibres approximately 2 pm in
diameter

When the growth time is prolonged to 6.0 h, as-prepared carbon fibres having di-
ameters of ca. 6 um are straight and smooth (Figs. 1g, h). It is noticed that there are
some indistinct protuberances, just like the shadow of carbon beads among carbon
fibres, as shown in Fig. 1h. This suggested that these carbon fibres were obtained from
carbon micro-bead chains.

Gradual enlargement of fibre diameters is not the only feature characterizing the
morphological evolution of VGCF as a function of prolonged reaction time: linear
carbon fibres change to carbon micro-bead chains and then to thicker linear fibres.

3.2. Growth mechanism of the outer layer of VGCF

Based on the SEM observations, a simple growth mechanism of the outer layer of
VGCF is proposed, and henceforth referred to as fibre—bead—thicker fibre (Fig. 2).

stagea (§ )

e )

Fig. 2. Two-dimensional scheme of the proposed
growth mechanism of the outer layer of VGCF

First, the linear and smooth carbon nanofibres appear (stage a). Secondly, the car-
bon nanoparticles pyrolyzed from methane precipitate on the surface of VGCF sym-
metrically, and then carbon fibres with rough surfaces form the stage b. Thirdly, with
the prolongation of the reaction time, more and more carbon nanoparticles precipitate
on the surface of the fibres formed earlier, and, at the same time, they self-assemble to
shape micro-beads. The carbon fibres look like the carbon micro-bead chains (stage c).
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Finally, carbon nanoparticles precipitate continuously and fill in the interstice between
the adjacent carbon beads, and therefore thicker, linear and smooth fibres appear
(stage d).

In stage c, it is reasonable to ask the following question: why should carbon-bead
chains appear? It is presumed that at high temperature carbon nanoparticles from car-
bon source have high surface energy. If these nanoparticles precipitate on the former
fibres symmetrically, they will have higher surface areas and higher energies. It is
known that conglobulations possess the lowest surface area and the surface energy.
A new microstructure-like sphericity may form, which has simultaneously lower sur-
face area and lower surface energy, thus nanoparticles self-assemble to form carbon
micro-beads. In stage d, the indentations on carbon micro-bead chains might have
higher energy and higher surface areas. With the prolongation of the growth time, the
carbon nanoparticles pyrolyzed from methane are adsorbed in the interstice between
the adjacent carbon beads, and then carbon fibres with many protuberances appear.
Because the least energy principle governs the growth process at all times, thicker,
linear and smooth carbon fibres can be finally obtained with the continuous deposition
of carbon nanoparticles.

Fig. 3. SEM of as-prepared carbon fibres at 5.0 h

To test this model, an additional experiment with the reaction time 5.0 h was car-
ried out and as-prepared carbon fibres were examined (Fig. 3). Figure 3a shows many
protuberances on the carbon fibres. In Figure 3b the distance between the centres of
two adjacent protuberances is 5—7 um, which corresponds to the distance between the
centres of two adjacent carbon micro-beads (Figs. le, f). This suggests that carbon
fibres with many protuberances were representative of the transitional morphology
from carbon micro-bead chains to linear carbon fibres. This result is consistent with
the growth process fibre-bead—thicker-fibre.

4. Conclusions

The growth time has a significant influence on the morphologies of VGCF synthe-
sized through the catalytic pyrolysis of methane. As the syntheses of VGCF proceed,
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the morphology of VGCF changes from linear carbon fibres to carbon micro-bead
chains, and then to thicker linear fibres, the diameters of VGCF increase from 200 nm
to several micrometers. Furthermore, some kinds of VGCF with unusual morphology,
such as carbon micro-bead chains etc. can be obtained by adjusting the reaction time.
The growth mechanism of outer layers of VGCF fibre—bead—thicker fibre is proposed:
first, growth of linear and smooth carbon nanofibres occurs, then decomposed carbon
deposites on a smooth surface and assembly into carbon micro-bead chains occurs:
lastly, pyrolytic carbon continuously precipitates in the interstice between adjacent
carbon beads and thicker, linear and smooth fibres form.
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