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Abstract Cobalt incorporated SBA-15 (Co-SBA-15)
catalysts were prepared by using hydrothermal synthesis
and over which very straight carbon microfibers were made
by cracking CHy. The influence of Co loading (from 0.5 to
3 wt%) in SBA-15 and cracking temperature on the
methane conversion, structures and morphologies of the
microfibers was investigated. The highest yield of
microfibers was obtained at 800 °C over the 2 wt% Co
loaded SBA-15 catalyst. After 16 h reaction, the carbon
fibers almost stopped further growth. The diameter of the
carbon microfibers could be roughly controlled by judi-
ciously adjusting the Co concentration in SBA-15. The
carbon microfiber’s growth followed a root-growth mech-
anism. XRD, HRTEM and Raman studies confirmed that
the microfibers were graphitic. The microfiber grown over
the 0.5 wt% cobalt loaded SBA-15 catalyst had a higher
degree of graphitic structural order than that obtained over
the 2 wt% cobalt loaded one.
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1 Introduction

The early reports on the production of graphitic filaments
including nanofibers can be dated more than a century
years ago [1-3]. Initially, the carbon fibers were regarded
as an impediment because they blocked the reactors,
reduced the heat transfer coefficient and deactivated the
catalysts [4, 5]. Carbon nanotubes and fibers did not attract
much attention until the 1980s when their extraordinary
physical and chemical properties were discovered. Hillert
and Lange in 1958 produced carbon nanofilaments exhib-
iting hollow cavity structures [6]. The interest in fibrous
carbon has science then been recurrent [7-9] and a sig-
nificant boost in the research in carbon nanostructure field
coincides with the discovery of multiwalled carbon
nanotubes (MWNTSs) by lijima [10] and the successive
production of single walled carbon nanotubes (SWNTs)
[11, 12]. Carbon solid fibers can be derived from several
precursors, with polyacrylonitrile (PAN) as the most fa-
vored precursor by far for manufacturing high-performance
fibers due to the high carbon yield. Vapor-grown carbon
fibers (VGCFs) are of great interest to scientific and
industrial communities, especially in car and aerospace
industry, due to their peculiar properties such as high
mechanical strength and good electron transportation
[13—15]. VGCFs by the decomposition of hydrocarbons are
distinctively different from PAN derived carbon fibers. The
former are composed of higher concentration of carbon and
are of higher degree of graphitic structure. The growth of
carbon micro/nano fibers and nanotubes from hydrocarbon
catalytic decomposition is also an important alternative to
the carbonization of organic precursors. The organic
feedstock, metal catalysts such as Fe, Co and Ni and cat-
alytic process parameters can be tuned to optimize the
carbon fibers and tubes [16-20]. Methane is often used as a
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carbon source because of its low cost, easy handling and
scaling up [21]. Even though a lot of efforts have been paid
on the growth mechanism revelation of the carbon micro/
nano fibers/tubes, the mystery of their generation has not
been completely solved. One consensus has been reached,
i.e., carbon fibers are grown through the interaction of
metal catalyst particles with hydrocarbon vapor at high
temperature. The hydrocarbon dissociates at the interface
between catalyst and vapor, and carbon atom participates
into a graphite trail in the shape of a cylindrical nano tube
or fiber [22]. Ngrskov et al. observed the MWNT’s grow-
ing steps over their time resolved, in situ HRTEM facilities
and found that that the catalyst particles moved with the
growth nanofiber and always stayed at the MWNT’s tip.
The growth of nanotube was promoted by abrupt shape
changes in the catalyst particle itself, which were in turn
driven by the reaction between the catalyst and the vapor
[23]. The large catalyst particles are inefficient for nano-
fiber growth. For the very smaller SWNTs the mechanism
is far from clear. For SWNT, the catalyst particle is not
always seen attached to the nanotube structure. For the
growth mechanisms of solid fibers, particularly the solid
microfibers, we still know very little. Their formation
mechanism may differ from the tube growth. It is inter-
esting to compare the formation process of the carbon solid
microfibers and nanotubes, which may lead to well
understand the growth nature of fibrous carbon materials.
On the other hand, in view of the realistic application, in
the near future, the microfibers may be more hopeful than
the nanotubes or fibers. For example, the manufacture of
microfibrous electrode is viable while the manipulation of
nano electrode may have a long way to go. The carbon
fibers reported are mostly in coiled features while in
application the straight fibers are more expected.

SBA-15 is a purely siliceous phase synthesized in strong
acidic media. It is by far the largest pore size mesoporous
material with highly ordered hexagonally arranged meso-
channels, with thick walls, adjustable pore size from 3 to
30 nm. Its synthesis and utilization have been investigated
by many researchers because of its peculiar characteristics
such as large internal surface area, uniformity of pore size,
easily controlled size of pores, and high thermal stability
[24, 25]. It is expected to be useful in the synthesis of ultra
fine nanorod arrays, protein separation and highly efficient
catalysis [26-30]. The Co/SBA-15 has been used to study
the Fischer-Tropsch synthesis. The nanosized cobalt par-
ticles (~5.3 nm) were generated in the Co/SBA-15 [31].
Ordered mesoporous carbon has been synthesized by using
SBA-15 as template [32]. Nano Pt particles have been
supported on SBA-15 for cyclohexene hydrogenation
reaction [33]. Another mesoporous material of MCM-41
with uniform mesopore channels varying from about 1.5 to
10 nm has been doped with Co ions. Over Co-MCM-41
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catalyst, SWNTs were synthesized [34]. Herein, we report
the synthesis of cobalt incorporated SBA-15, over which
the very straight carbon microfibers were produced by
cracking of methane.

2 Experimental
2.1 Hydrothermal Synthesis of Co-SBA-15

About 2 g of amphiphilic triblock copolymer, poly(ethyl-
ene  glycol)-block-poly(propylene  glycol)-block-poly-
(ethylene glycol), was dispersed in 15 g of water and 60 g
of 2 M HCI solution while stirring, followed by the addi-
tion of 4.25 g of tetraethyl orthosilicate to the homoge-
neous solution with stirring. Co(NO3), - 6H,O and citric
acid were then dissolved into the solution and heated at
60 °C with stirring for 1 h. This gel mixture was continu-
ously stirred at 60 °C for 40 h, and finally crystallized in a
Teflon-lined autoclave at 100 °C for 2 days. After crys-
tallization the solution product was centrifuged, filtered,
washed with de-ionized water, and dried in air at 550 °C
for 24 h to decompose the triblock copolymer and obtain a
powder (Co-SBA-15). The 0.5 wt% Co-SBA-15, 1 wt%
Co-SBA-15, 2 wt% Co-SBA-15 and 3 wt% Co-SBA-15
samples (referred to as Cogs-SBA-15, Co;-SBA-15, Co,-
SBA-15 and Cos-SBA-15 respectively) were prepared
according to such procedures.

2.2 Methane Cracking to Grow Carbon Microfibers

The carbon microfibers were produced according to the
following procedures: The 0.5 g of Co-SBA-15 catalyst
was loaded in a tubular stainless steel reactor. Pure N,
(30 ml/min.) was flowed into the reactor to purge the cat-
alyst at 600 °C for 2 h. H, (Hy/N, = 1/4, v/v; 30 ml/min.)
was introduced into the reactor to reduce the catalyst at
800 °C for 3 h. A mixed gas of CHy, H, and N, (CH4/H,/
N, = 5/5/90, v/v/v; 30 ml/min.) was passed through the
catalyst for methane cracking at desired temperatures.
After cracking, the methane gas was switched off and the
reactor was cooled down in the H,/N, atmosphere to room
temperature. The influent and effluent gases were analyzed
by GC on line.

2.3 Characterization

Crystallographic information of carbon microfibers was
investigated with powder X-ray diffraction (XRD)
(Shimadzu 6000) using filtered Cu Ko radiation as the
X-ray source (4 = 1.5406 A). High resolution transmission
electron microscope (HRTEM) (JEOL 3000F FEGTEM),
transmission electron microscope (TEM) (JEOL, JEM
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2010) and field emission scanning electron microscope
(FESEM) (JEOL, JSM 7600F) were used to observe the
morphologies of Co-SBA-15 and carbon microfibers. Laser
Raman spectra were recorded using a Nicolet 560 FT
Raman spectrometer with a He-Ne laser operating at a
power of 1 mW.

3 Results and Discussion

Figure 1a—d show the TEM images of catalysts of Cog s-
SBA-15, Co;-SBA-15, Co,-SBA-15 and Cos-SBA-15,
respectively after being reduced in hydrogen at 600 °C.
The black dots are the cobalt particles. They are dispersed
and localized in the SBA-15 matrix. The sizes of cobalt
particles are from several to 10 nm and seem bigger at the

Fig. 1 TEM images of

(a) C00'5-SBA-15,

(b) Co,-SBA-15,

(c) Co,-SBA-15 and

(d) Cos-SBA-15 after being
reduced in hydrogen at 600 °C,
(e) HRTEM of Co3-SBA-15
after being reduced in hydrogen
at 600 °C

higher cobalt loading. The cobalt nano particles are densely
dispersed and formed clusters. Figure le is the HRTEM
image of the hydrogen-reduced Cos;-SBA-15. The ordered
lattice structure of metal crystallite in black area can be
seen. Such metallic crystallite cobalt is the active site to
dissociate methane. Figure 2a—d are the FESEM images of
as-synthesized carbon microfibers over the catalysts of
Cop5-SBA-15, Co;-SBA-15, Co,-SBA-15 and Coz;-SBA-
15, respectively by cracking methane at 800 °C for 2 h.
The carbon microfibers are quite straight. The diameter of
microfibers are ca. 1, 2, 4 and 6um, respectively, same
order as the concentration of cobalt doped in SBA-15. We
assume that the cobalt clusters agglomerated to bigger
particles during methane cracking at temperatures of
800 °C. The structure of SBA-15 is fragile at 800 °C.
Figure 3a—c are the FESEM images of carbon microfibers
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Fig. 2 FESEM images of
carbon microfibers obtained
over (a) Cops-SBA-15,

(b) Co;-SBA-15,

(¢) Co,—SBA-15 and

(d) Cos-SBA-15 by cracking
methane at 800 °C for 2 h

Fig. 3 FESEM images of tips
of carbon microfibers obtained
over (a) Co;-SBA-15,

(b) Co,-SBA-15 and

(¢) Co3-SBA-15 by cracking
methane at 800 °C for 1 h

collected from methane cracking over the catalysts of Co;-
SBA-15, Co,-SBA-15 and Co3-SBA-15 at 800 °C for 1 h
respectively. It is clear that the carbon fibers are solid rods
rather than hollow tubes. We can not observe the catalyst
particles on the carbon fiber tips. Thus we speculate that
the Co catalytic particles are immobilized in SBA-15.
During methane cracking, carbon is initially nucleated on
the Co particles. The carbon fibers are always exposed to
the methane gas. Carbon microfibers are grown through the
interaction of Co metal catalysts at the root with methane
vapor. In general, as to nanotubes, the catalyst might stay at
the growing end of the nanofibre (called tip growth), or it
might sit at the starting end (root growth). The particle size
and fiber diameter are similar [22, 23]. In most case,
multiwalled carbon nanotubes follow the tip growth
mechanism in which the Co particles are present at the tips
of the MWCNTs as an active site for growth. In the catalyst
of Co-SBA-15, we got large straight microfibers. When we
increased the cobalt concentration up to 5 wt%, we only

@ Springer

harvested carbon particles rather than fibers or tubes. Quite
how the microfiber forms is still unknown. It is clear that
the carbon accumulation follows the root-growth mecha-
nism while not tip-growth.

Figure 4 shows the carbon microfibers obtained over the
Co,-SBA-15 sample at 600 °C for 1 h. The carbon fibers
are about 12 nm in diameter. It is clear that the carbon
fibers grow from inside Co,-SBA-15. We could not
observe the nano metal catalyst particles on the tips of
nanofibers as well. We deduce that at low temperature and
in the initial step, the fiber is actually growing over the
isolated nanometal catalyst and the fiber is nanosized.
When the reaction temperature was elevated, the fiber was
grown thicker and thicker and finally reached micro scale
in diameter.

Figure 5 shows the methane conversion as a function of
cracking temperature over the catalysts of Cogys-SBA-15,
Co;-SBA-15, Co,-SBA-15 and Co3-SBA-15. When the
cobalt concentration is as low as 0.5 wt%, the methane
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Fig. 4 FESEM image of carbon nanofibers obtained over
Co,-SBA-15 by cracking methane at 600 °C for 1 h
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Fig. 5 Methane conversion versus reaction temperatures over
Co-SBA-15 catalysts

conversion is linearly dependent on the reaction tempera-
ture. When the cobalt loading are up to 1, 2 and 3 wt%, the
maximum methane conversions on each catalyst are all
obtained at the temperature of 800 °C. Amongst the four
series catalysts in the temperature ranging from 500 to
900 °C, the catalyst Co,-SBA-15 always shows the highest
methane conversion and at 800 °C it reaches 53.0%.

The formation of carbon nanotubes by the methane
decomposition over the Co catalysts supported on several
other supports (MgO, Al,O;, SiO,, and TiO,) has been
investigated. The catalytic activity was strongly dependent
on the type of support. The cobalt metal particles with
diameters from 10 to 30 nm grew carbon nanotubes from
methane preferentially, while ones larger than 30 nm were
inactive for the reaction. The Co metals were present at the
tip or in the hollow of MWNT. The carbon tubes were not
straight [35]. Over the iron catalysts, methane (CH,/
H, = 30/70, v/v) cracking at 1150 and 1075 °C produced

relatively straight carbon microfibers (diameter: ca. 10 pm)
and coiled fibers (diameter: ca. 0.5 umS) respectively. 10%
methane diluted in 90% hydrogen at 1150 °C produced
coiled fibers (diameter: ca. 1 um). The growth of the
microfibers was very sensitive to the reaction conditions
which can be tuned to produce either microfibers or fibers
rather in the nanometer range. When lowering the reaction
temperature down to 1075 °C, fibers with diameters of
several hundred nanometers were obtained [15]. Over this
catalyst, catalytic decomposition occurred at about 997 °C,
whereas the pyrolysis of methane dominated at higher
temperatures leading to a core-and-shell structure of the
fibers. To prolong cracking time of methane
(CH4/H, = 30/70) at 1150 °C for 8 h resulted in the
formation of fibers with diameter more than 20 pm and
length approaching a limit of 40 mm. The detailed mech-
anism was not studied. Over the Co-SBA-15 catalysts,
when we elevated the reaction temperatures to 1150 °C,
neither carbon nanotubes nor microfibers were created. We
think that at such temperature the structure of SBA-15 has
already been demolished. We also found that increasing the
methane concentration was not good at producing uniform
carbon microfibers over the Co-SBA-15 catalysts.

The yields of carbon microfibers at reaction temperature
of 800 °C over 0.5 g catalyst for 8 h are listed in Table 1.
The yield keeps the order of Co,-SBA-15 > Co3-SBA-15
> Co0;-SBA-15> Cog5-SBA-15. The cobalt concentration
is not the higher the better for the carbon production.
Acetylene decomposition over the catalysts of Co/MgO
(Co loading: 10-75%) for the formation of carbon na-
notubes has been studied. The yield of MWNTs increased
with an increase in Co loading (up to 50%). Active Co
nanoparticles (12—18 nm) were responsible for the growth
of coiled-like MWNTs [36]. SWNTs have been synthe-
sized over the Co-MCM-41 catalysts by CO dispropor-
tionation. Increasing the cobalt loading could be used to
increase the yield of the SWNT, but cobalt loadings larger
than 3 wt% altered the uniformity of the diameter distri-
bution of the SWNT produced. Cobalt clusters with an
optimal size of approximately 6-8 A led to the growth of
SWNT with uniform diameter. The lowest 0.5 wt% cobalt
loading in MCM-41 produced just a few Co clusters in the
sample large enough to grow SWNT. The highest (4 wt%)
cobalt concentration produced large cobalt particles, which
led to the growth the graphite. If the cobalt was not initially
strongly stabilized in the MCM-41 framework, the catalyst
could not produce SWNT with narrow diameter distribu-
tion. Incorporation of up to 3 wt% Co in MCM-41 pro-
duced anchored small clusters and SWNTSs with a narrow
diameter distribution [37]. MCM-41 and SBA-15 are two
most important mesoporous materials. The pores in MCM-
41 are smaller than those in SBA-15. The larger porous
structures of SBA-15 are easier to be demolished at higher
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Table 1 The carbon yield over 0.5 g of catalyst by methane cracking at 800 °C for 8 h

Catalysts Cog5-SBA-15

Co-SBA-15

Co, —SBA-15 Co3-SBA-15

Carbon yield (g) 0.085

0.106

0.147 0.125

temperatures. As shown in Fig. 1 no angstrom scaled
particles were generated in Co-SBA-15 materials, so we
obtained microfibers rather than nanotubes. The cobalt
particles are strongly localized in the SBA-15 substrate so
we can not detect them on the carbon fiber tips. The cobalt
loading amount in both MCM-41 and SBA-15 can be low
as 0.5 wt% but cannot exceed 4 wt% for producing either
nanotubes or microfibers.

Figure 6a and b are the FESEM images of carbon mi-
crofibers obtained over the catalysts of Co;-SBA-15 and
Co,-SBA-15 respectively by methane cracking at 800 °C
for 8 h. From the images the carbon microfibers at least
several hundreds micrometers in length can be observed.
During FESEM observation, we estimated that some
microfibers were about 2 mm in length.

Over the 0.5 g of catalyst Co,-SBA-15, we studied the
dependence of reaction time on the fibers yield and the
results are listed in Table 2. The carbon yield is growing up
until at the 16th hours. We observed that lasting the reac-
tion time longer than 16 h was not able to make the carbon
microfibers grow continuously, indicating that the catalyst
has been deactivated. When the reaction time was longer
than 16 h, further reaction did not prolong the carbon mi-
crofibers any more. This result demonstrates that the car-
bon microfibers actually came from the catalytic cracking
of methane rather than thermal pyrolysis.

Fig. 6 FESEM images of
carbon microfibers obtained
over (a) Co;-SBA-15 and (b)
Co,-SBA-15 by methane
cracking at 800 °C for 8 h

Bk4s8 Sown

The XRD pattern of as synthesized carbon microfibers
over the catalyst Co,-SBA-15 at 800 °C for 8 h is shown in
Fig. 7. A strong diffraction peak at 2 0 of 26.36 is ob-
served. This is the identical peak of graphitic carbon,
indicating that the carbon microfibers are graphitic. Fig-
ures 8a and b are the HRTEM images of the carbon mi-
crofibers obtained over the catalysts of Cogs-SBA-15 and
Co,-SBA-15 by the cracking of methane at 800 °C for 8 h
respectively. There are mainly three types of carbon
nanofibers (CNFs): the fishbone or herringbone CNFs,
platelet CNFs and the ribbon CNFs [38]. In Fig. 8a and b,
the fringes of graphite sheets are clearly observed. No
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Fig. 7 XRD pattern of carbon microfibers obtained over Co,-
SBA-15 by methane cracking at 800 °C for 8 h
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Table 2 The carbon yield over 0.5 g of Co,-SBA-15 catalyst by methane cracking at 800 °C

Reaction time (h) 2 4 6

8 10 12 14 16

Carbon yield (g) 0.043 0.077 0.105

0.147 0.160 0.171 0.175 0.175
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Fig. 8 HRTEM images of
carbon microfibers obtained
over (a) Cogs-SBA-15 and (b)
Co,-SBA-15 by methane
cracking at 800 °C for 8 h
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Fig. 9 Raman spectra of carbon microfibers obtained over (a)
Co0,-SBA-15 and (b) Coys-SBA-15 by methane cracking at 800 °C
for 8 h

hollow tube structures can be detected. There are many
defects in the graphitic sheets. The graphene layers in
Fig. 8a are more ordered than those in Fig. 8b. The
graphene layer seems in herringbone structure. The outer
graphitic structures in Fig. 8b are more complicated. The
graphene layers exist in several orientations. Some people
considered that the outer graphitic sheets are caused by
non-catalytic thickening of CNTs [39].

Figure 9a and b are the Raman spectra of the carbon
microfibers obtained over the catalysts of Co,-SBA-15 and
Cop5-SBA-15 by cracking methane at 800 °C for 8 h

respectively. The band at 1568 cm™ is the one exhibited by
highly ordered graphite and is therefore designated as G
band. The band at 1341 cm™" is attributed to the defect in

graphite and is therefore designated as D band. The inte-
grated intensity of the D and G bands (Ip, Ig) is generally
used to evaluate the structural order of carbon fibers, i.e., a
lower value of the ratio of Ip/lg indicates a higher degree
of structural order [40]. The D band in the spectrum of
Fig. 9a is stronger than that in the Fig. 9b while the G band
in Fig. 9a is weaker than in Fig. 9b. This result indicates
that the carbon microfibers obtained over the catalyst of
Co,-SBA-15 are of more defects than those obtained over
the catalyst of Cog s-SBA-15. In other words, the graphitic
level of the carbon fiber (thin fiber) obtained over the
catalyst of Coys-SBA-15 is higher than that (thick fiber)
obtained over the catalyst of Co,-SBA-15.

4 Conclusion

(i) Co-SBA-15 (Co: 0.5, 1, 2, 3 wt%) catalysts were
prepared by hydrothermal synthesis process.

(i) Methane cracking over Co-SBA-15 catalysts pro-
duced straight carbon microfibers. The carbon mi-
crofibers were graphitic. Over the catalyst of 2 wt%
Co loaded SBA-15 at 800 °C, we harvested the
maximum amount of carbon microfibers. The con-
centration of cobalt loaded in SBA-15 influenced the
diameter of microfiber.

(iii) The fiber production followed the root-growth
mechanism. At low temperature (600 °C), carbon
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(iv)
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nanofibers were created while at high temperature
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Cops-SBA-15 had a higher degree of graphitic
structural order than that obtained over the catalyst of
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