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A high strength carbon nanofiber / honeycomb cordierite
composite produced by chemical vapor deposition
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(State Key Laboratory of Chemical Engineering, East China University of Science and Technology, Shanghai 200237, China)

Abstract:摇 A carbon nanofiber (CNF) / honeycomb cordierite composite with a compressive strength of 50 MPa was
prepared by chemical vapor deposition, using C2H4 as the carbon source and Ni鄄Cu alloy as the catalyst. The CNFs with
a diameter of 20鄄30 nm in the cells of the honeycomb interweave with each other to form a 5滋m鄄 thick layer. The CNF
content is 25. 3wt% . The Cu has remarkable effects on the particle size of the Ni鄄Cu alloy, which further affects the
growth rate, loading level and nanostructures of the CNFs. The CNFs are not well graphitized and the insertion of the
CNFs into the honeycomb can increase its compressive strength from 10 to 50MPa.
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1摇 Introduction
In the last decade, carbon nanofibers (CNFs)

were extensively studied especially for their use as
catalyst support. Compared with traditional catalyst
supports, CNFs display high activity and peculiar se鄄
lectivity due to the one鄄dimensional (1D) nanostruc鄄
tures, absence of micropores, abundant graphene
edge sites and high thermal conductivity[1鄄3] . Re鄄
cently, Su et al[4] . have found that when carbon
nanomaterial (e. g. CNFs) is used directly as the cat鄄
alyst for catalytic dehydrogenations reactions, it ex鄄
hibits an outstanding catalytic activities because of the

詤詤C O bond. The graphene arrangement of CNFs
has been found to have great effect on the 1D nano鄄
structures, graphene edge sites and surface chemistry,
and therefore on the catalytic activity in heterogeneous
catalysis[5] . Baker investigated the influence of CNF
microstructures on supported Pt, Cu and Ni particles
and found that the atomic arrangement of active parti鄄
cles is dictated by the graphene arrangement and
hence plays an important role in their activities[6] .
Zhao reported that a larger amount of oxygen鄄contai鄄
ning groups, such as carboxyl, was strongly depend鄄
ent on the graphene arrangement of CNFs[7] . There鄄

fore, how to control the graphene arrangement of
CNFs is crucial to their catalytic performance.
摇 摇 Owing to the powder form, CNFs suffer from
their high mass transfer resistance to liquid鄄phase cata鄄
lytic reactions and are difficult to be used directly in
fixed鄄bed reactors because of a high pressure drop. So
it is of great importance to find out new methods to
synthesize CNFs with a formed shape for a subsequent
use as catalyst support or catalyst. Currently, many
types of porous carbons, foams and monoliths have
been reported as substrates for CNF growth[8鄄9] . It is
noteworthy that the macroscopic shape of CNF / sub鄄
strate composites should have a high mechanical
strength to avoid breaking and catalytic bed plugging,
have high specific surface area to disperse metal cata鄄
lyst or to afford abundant active sites, and have a low
flow resistance in order to be used under aggressive
flow. Among them, ceramic monoliths may be the
most promising candidates to satisfy the engineering
requirements.
摇 摇 The aim of this article is to study the synthesis of
thin CNFs on ceramic monoliths by using Ni鄄Cu alloy
as the catalyst and C2H4 as the carbon source. The
effects of the Ni鄄Cu alloy on the nanostructures and
the yield of CNFs were discussed.
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2摇 Experimental
2. 1摇 Catalyst preparation

The ceramic monolith (2cm in diameter, 5cm in
length, 200 cells per square inch) was coated with an
alumina layer by the sol鄄gel dip鄄coating method. The
monolith was impregnated with a solution mixture of
nickel nitrate and copper nitrate to give a nickel oxide
loading mass fraction of about 0. 5% and a Ni / Cu
atomic ratio of 6 颐1, and dried at 50益 and then
110益 for 8 h. Finally, the dried monolith was cal鄄
cined at 600益 for 2h. For comparison, the monolith鄄
supported NiO sample, with a NiO loading of 0. 5%
by mass fraction, was also prepared using the same
method.
2. 2摇 Synthesis of CNFs on ceramic monolith

The alumina鄄coated ceramic monolith was placed
in a horizontal quartz reactor. Initially, the monolith
was reduced with H2 / He mixture (H2, 20% by vol鄄
ume fraction) at 600益 for 2h. Then, when the mon鄄
olith was heated up to the growth temperature (500鄄
750益), the gas was switched to C2 H4 / H2 mixture
with a C2H4 颐H2 volumetric ratio of 160 颐40 at a flow
rate of 200 mL / min. The CNF growth was stopped
after a certain time, and the CNF / ceramic monolith
composite was obtained.
2. 3摇 Characterization

Scanning electron microscopy (SEM) of as鄄syn鄄
thesized samples was carried out using a FEI Quanta
200FEG operated at 5 kV. Transmission electron mi鄄
croscopy (TEM) was carried out on a JEOL 2010F
operated at 200 kV. And the porous characterization
was performed by the nitrogen adsorption / desorption

isotherms at 77 K, using an automatic adsorption ap鄄
paratus (ASAP2020, Micromeritics) . The specific
surface area of the samples was determined using the
standard Brunauer鄄Emmett鄄Teller ( BET ) method.
The compressive strength of the samples was deter鄄
mined by a universal material testing machine ( In鄄
stron 1185) .

3摇 Results and discussion
Fig. 1a presents the morphology of the CNF / ce鄄

ramic monolith prepared at 700 益 for 120 min. The
thickness of the CNF layer is about 5 滋m and the
opening pore structure of the ceramic monolith is kept
unchanged. The strong attachment of the nanofibers,
one of the characteristic features of the composite, is
afforded by the deep鄄rooted CNFs in the alumina鄄coa鄄
ted layer. As can be observed from Fig. 1b, the syn鄄
thesized CNFs with diameters of 20鄄30 nm interweave
one another, forming some mesopores and macro鄄
pores. The Ni鄄Cu alloy cannot be observed from the
tips of the CNFs, suggesting that the CNFs are
formed by the base growth mechanisms. The TEM
image (Fig. 2a) indicates that the synthesized CNFs
are of tubular type with the graphitic planes parallel to
the fiber axis, and the thickness of the tube walls is
about 10nm. Another feature of the CNFs is that there
are some knots along the axis. The high resolution
TEM (Fig. 2b) shows that the graphite layers are not
well developed and many defects can be observed
among the layers, indicating that there are abundant
graphene edge sites in CNFs.

Fig. 1摇 SEM images of CNFs synthesized at 700益 for 120min

Fig. 3a presents the yields of CNFs with the
growth time of 30 min at different growth tempera鄄
tures. Compared with individual Ni catalyst, the Ni鄄
Cu alloy is inactive in decomposing hydrocarbons at
low temperatures (500鄄600益), but it becomes active

at high temperatures of 600鄄750益. This suggests that
the growth temperature plays an important role in
CNF growth. The yields of CNFs prepared using a
Ni鄄Cu alloy catalyst gradually increases with
the growth temperature , probably because high
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Fig. 2摇 (a) TEM and (b) high鄄resolution TEM images of CNFs synthesized at 700益 for 120min

Fig. 3摇 Relationships between (a) the growth temperature, (b) growth time and the yield of synthesized CNFs

temperature easily results in sintering of the Ni cata鄄
lyst particles and carbonaceous products are deposited
on the surface of the Ni catalyst, leading to an activi鄄
ty loss of the Ni catalyst in the temperature range 600鄄
750益. It can also be deduced that the addition of Cu
into Ni significantly raises the activity temperature of
the Ni鄄Cu catalyst and thus improves its catalytic ac鄄
tivity for CNF growth at high temperatures.
摇 摇 Fig. 3b shows the yield of CNFs as a function of
growth time over individual Ni and Ni鄄Cu alloy cata鄄
lysts. At a growth temperature of 700益, the yield of
CNFs prepared using Ni鄄Cu alloy catalyst increases
with the growth time ( Fig. 3b) . When the growth
time is 120min, the yield of CNFs is 25. 3% by mass
fraction. However, in the time range from 30 min to
120min, the yield of CNFs obtained from Ni catalysts
at 550益 does not change, which is around 12% by
mass fraction. The BET surface areas of the CNF / ce鄄
ramic monolith prepared using Ni鄄Cu alloy catalyst at
700益 for 120min and Ni catalyst at 550益 are 58. 2
and 37. 6 m2 / g, respectively. However, it is worth
noting that the BET surface area of the Al2O3 鄄coated
ceramic is only 9. 2m2 / g. It is therefore deduced
that pores are formed during the CNF growth . The

Fig. 4摇 Nitrogen adsorption / isotherms of CNF / ceramic monoliths

hysteresis loop between adsorption and desorption
branch at p / p0 = 0. 45 and the almost vertical tail at
p / p0 near 1. 0 (Fig. 4) reveal the presence of meso鄄
pores and macropores, which agree well with the re鄄
sults as discussed in Fig. 1b. Additionally, the origi鄄
nal ceramic and the Al2O3 鄄coated one exhibit a com鄄
pressive strength of 10 and 11MPa, respectively. The
compressive strength of the CNF / ceramic monolith
obtained from Ni catalyst at 550益 for 30min and that
of the monolith prepared from Ni鄄Cu alloy catalyst at
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700益 for 30min are 34 and 15. 6MPa, respectively.
Increasing the growth time at 700益 results in an in鄄
crease in the compressive strength of the CNF / ceram鄄
ic monolith produced from Ni鄄Cu alloy catalyst from
32. 4MPa for 60min to 50. 0MPa for 120min. As can
be seen, the compressive strength of the CNF / ceram鄄
ic monolith increases roughly linearly with the CNFs
yield, suggesting the importance of the contribution of
CNFs to the compressive strength of monoliths.

4摇 Conclusions
When CNFs were grown using C2H4 as the car鄄

bon source and Ni鄄Cu alloy as the catalyst, a thin lay鄄
er of CNFs around 5 滋m in thickness can be synthe鄄
sized on a ceramic monolith with a yield of 25. 3%
and a compressive strength of 50. 0MPa. The graphite
layers of the synthesized CNFs are not well developed
and many defects exist among the layers, which is ad鄄
vantageous as catalyst support. Compared with CNFs
prepared using Ni catalyst, the addition of Cu into Ni
can inhibit the growth of metal particles, which fur鄄
ther improves the growth rate, yield and nanostruc鄄
tures of CNFs at high temperature.
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化学气相沉积法合成高强度纳米
炭纤维 /蜂窝堇青石复合材料

王艳莉,摇 王绪建,摇 詹摇 亮,摇 乔文明,摇 梁晓怿,摇 凌立成
(华东理工大学,化学工程国家重点实验室,上海 200237)

摘摇 要: 摇 以 C2 H4 为碳源、Ni鄄Cu 合金作催化剂,采用化学气相沉积法在蜂窝状堇青石表面生长纳米炭纤维

(CNFs),获得压缩强度为 50. 0MPa 的纳米炭纤维 /蜂窝堇青石复合材料。 在堇青石表面蜂窝腔内生长的 CNFs 直

径为 20 nm ~ 30 nm,CNFs 之间相互交织形成 5 滋m 厚的纤维层 ,CNFs 的质量分数为 25. 3% 。 金属 Cu 的掺杂对

Ni鄄Cu 合金的颗粒尺寸产生重要影响,进而影响 CNFs 的生长速率、纤维层厚度及其微结构。 所合成 CNFs 的石墨

化程度不高,在蜂窝堇青石中生长纳米炭纤维可以把其压缩强度从 10MPa 增加到 50MPa。
关键词:摇 纳米炭纤维;蜂窝状堇青石;微结构;缺陷
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