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Abstract

Two different ferrous compounds, iron nitrate and ferrocene, were applied as the iron precursor in sol-gel processing
in order to produce two different iron-containing alumina catalysts. Methane gas was decomposed over the two
catalysts under the same conditions to produce carbon nanotubes. Multi-walled carbon nanotubes were formed on the
catalyst with iron nitrate, but not obtained on the catalyst produced with ferrocene. X-ray diffraction, transmission
electron microscopy, field emission scanning electron microscopy, Raman spectroscopy and nitrogen adsorption/
desorption characterization were performed to compare the catalysts and discuss the effect of the catalysts obtained
with the different ferrous compounds on the formation of the multi-walled carbon nanotubes.
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I. Introduction

Carbon nanotubes (CNTs) are a relatively young and
new class of materials that have attracted tremendous at-
tention since their discovery in 1991 thanks to their ex-
traordinary structural, electronic, mechanical and chemi-
cal properties. They have therefore been intensively stud-
ied with regard to their synthesis, characterization and ap-
plications!-10. Many methods have been reported for syn-
thesizing carbon nanotubes. Of these methods, chemical
catalytic vapour deposition (CCVD) has the major advan-
tages of low cost, easy scale-up, high yield of carbon nano-
tubes and moderate temperature of less than 1000 °C2-6. In
CCVD, various hydrocarbons such as CH,, C,Hg, C,H,,
and C,H, have been used as a carbon source over catalysts
of Fe, Ni, Co or Fe-Ni supported on alumina, silica and
other materials® 7-%. The formation of carbon nanotubes
in good quality and quantity depends to a large extent on
the catalytic properties of the catalysts, i.e. the interaction
between the support and the metal particles, which in turn
is dependent on the preparation methods, pre- and post-
synthetic treatments and the presence of other active com-
ponents and their percentage, etc.8: 10,

The sol-gel method is a good way to synthesize cat-
alysts since it allows the design of the materials (parti-
cle size, morphology, surface area, pore diameter, etc.)
based on control of the process conditions (temperature,
precursors, concentration of reagents, amount of water,
drying, etc.)!1. The sol-gel method has the advantages of
high chemical purity, high chemical homogeneity, low cal-
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cining temperatures and good control of particle sizel2.
Metal-containing catalysts can be prepared by the sol-gel
method by dispersing the metal precursors into solution
during the support material synthesis*. Sol-gel synthesis
may introduce unique metal-oxide interactions or oxide-
oxide interactions, which will influence the catalytic prop-
erties of the catalysts!3.

We studied the synthesis of nanocrystalline transi-
tion aluminas (y-, 8-, 0-alumina) in the morphologies
of nanoparticles and nanorods!#. And we also obtained
nanocrystalline o-alumina with novel morphology at a
relatively low temperature of 1000 °C for 40 h15-16, In this
study, we prepared alumina/iron catalysts by modifying
the sol-gel synthesis of alumina. Two different ferrous
compounds, iron nitrate and ferrocene, were used as the
iron source. Methane gas was decomposed over the two
catalysts in the same conditions to produce carbon nano-
tubes. Multi-walled carbon nanotubes were formed on
the catalyst when iron nitrate was used, but not obtained
when ferrocene was used. The two catalysts obtained from
different precursors were characterized and compared in
order to tentatively discuss the influence of the ferrous
precursors on the formation of the carbon nanotubes.

II. Experimental Details

The sol-gel method was used to prepare two different
alumina/iron catalysts based on different ferrous com-
pounds, iron (III) nitrate nonahydrate (FeN3;04-9H,0)
and ferrocene ((CsHjs),Fe). The catalysts were prepared
by introducing the ferrous compound into the process
of synthesizing alumina by using aluminium tri-sec-
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butoxide (C{,H,7AlO3), isopropyl alcohol (C;H,OH)
and ethyl acetoacetate (C4H{,O3) in accordance with a
previous study!>. The molar ratio of the ferrous com-
pound to aluminium tri-sec-butoxide was 9.1 %. The gel
was dried at 120 °C to obtain fine powder, which was then
reacted with boiling water for 10 min and dried again into
fine powder at 120 °C. The powder resulting from the use
of iron nitrate is designated NB, and the powder with fer-
rocene is named FB. The NB and FB powders were then
heat-treated at 600 °C in air for 30 min to form alumina.
The heat-treated NB and FB powders were then placed
in a tube furnace with a silica glass tube in order to grow
carbon nanotubes on the powders. The furnace was evacu-
ated by a Pfeiffer Balzers Uno 2.5 single-stage rotary vane
vacuum pump and heated to 800°C. Then methane gas
(CH,) was slowly fed into the furnace until atmospheric
pressure was reached. After that the flow of methane gas
was stopped. The growth time of carbon nanotubes was 1
hour and no more methane was fed into the furnace during
their growth. The methane-treated samples are designated
NCM when the catalyst was produced with iron nitrate
and FCM for the catalyst produced from ferrocene. For
comparison with the methane-treated NCM and FCM
powders, blank tests were conducted with the NB and FB
powders heat-treated in the same conditions but without
any feed of methane gas. The blank test powders are des-
ignated NC and FC based on the NB and FB powders,
respectively.

The crystalline phase composition was determined by
X-ray diffraction (XRD, Kristalloflex D-500, Siemens)
with Cu Ka radiation. The morphology was examined
by means of transmission electron microscopy (TEM,
Jeol JEM 2010) and field emission scanning electron mi-
croscopy (FESEM, Zeiss ULTRAplus). The structures
of the carbonaceous materials were studied with Raman
spectroscopy using two different excitation wavelengths:
532nm (Alphalas Monolas-532-100-SM) and 632.8 nm
(Melles Griot 25-LHP-991-230). The specific surface
areas were calculated from N, adsorption/desorption
isotherms (Coulter Omnisorp 100 CX, Beckman Coulter
Inc.) with Coulter SA-reportsT™ software based on the
Brunauer-Emmett-Teller (BET) equation using the data
in a P/Py range of 0.05-0.4.

III. Results and Discussion

We studied the formation of y-alumina nanorods by heat-
treating boehmite powder at 600 °C in a previous paper!4.
In this study, iron nitrate and ferrocene were introduced
as the iron source to prepare the alumina/iron catalysts.
The XRD patterns of the NB, FB, NC and FC powders
areshowninfig. 1. NB and FB powders are those obtained
after the boiling water treatment and NC and FC pow-
ders are those obtained after heat-treatment at 600 °C. The
XRD pattern of FB is due to boehmite (y-AIOOH, JCPDS
card No. 74-1895), while the XRD pattern of NB could be
from boehmite, but the very broad diffraction peaks could
also suggest an amorphous state in NB. After the blank
tests, Y-alumina (JCPDS card No. 10-425) was formed in
both NC and FC. In all the XRD patterns, iron-contain-
ing compounds are not observed, probably owing to the
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fact that their amount is too small to be detected or they
are in an amorphous state.
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Fig. 1: XRD patterns of the NB, FB, NC and FC powders.

Fig. 2: Special morphology of the NC powder: (a) a TEM image and

(b) a FESEM image. Bundles of carbon nanotubes from the NCM
powder: (¢, d) FESEM images.

NCM was prepared by treating the heat-treated NB
powder with methane gas and NC was obtained in the
same conditions but without feeding methane into the
furnace. The only difference between NC and NCM is
the use of methane gas. The morphology of the NC pow-
der is shown in the TEM and FESEM images in figs. 2(a)
and (b). The spherical particles with diameters of about
10nm in fig. 2(a) could be crystallites of y-alumina co-ex-
isting with a small amount of iron oxide. The crystallites
aggregated into large crystals and the surface image of a
large crystal are shown in fig. 2(b). After methane gas was
fed into the furnace, bundles of carbon nanotubes could
be observed as shown in figs. 2(c) and (d). Meanwhile, in
fig. 2(c), shining particles of about 10-20 nm in size and
carbon nanotubes can be seen on the surface of a large
crystal of y-alumina, which has a similar morphology to
the NC powder in fig.2(b). The shining particles with
a size of about 10-20 nm are probably the reduced iron.
Methane gas is decomposed at 800 °C and the iron oxide
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on the surface of y-alumina crystals is reduced into iron.
The carbon is then dissolved into the particles of iron,
oversaturated by diffusion and precipitated on the rear
surface of the iron to form carbon nanotubes.

On the other hand, carbon nanotubes were not formed
on FC after methane gas was fed into the furnace. No shin-
ing particles with a size of about 10-20nm can be seen
in fig. 3(a) and the morphology of the y-alumina is very
similar to the flaky boehmite powder described previ-
ously without using ferrous precursor in the preparation.
FC was obtained by using the same conditions without
methane gas, as compared to FCM. FC has the morphol-
ogy of nanorods with lengths of about 50 nm and widths
of about 5 nm, as shown in fig. 3(b). The surface image of a
large crystal in FC is shown in fig. 3(c), which is similar to
in fig. 3(a). As known, the presence of reduced iron parti-
cles is crucial for the formation of carbon nanotubes. Most
probably, iron particles were not formed after the decom-
position of methane, which might be due to the non-exis-
tence of iron oxide on the surface of the alumina crystals or
because the heat treatment at 600 °C is not high enough to
form iron oxide when ferrocene is used. Clearly the differ-
ent ferrous compounds have an influence on the formation
of CNTs, i.e. CNTs were formed on the heat-treated NB
powder with iron nitrate but not formed on the heat-treat-
ed powder FB with ferrocene. The effect of different fer-
rous compounds needs to be carefully considered togeth-
er with the crystalline phase of the supporting material, the
amount of ferrous compound, particle size, morphology,
processing method, etc.

Fig. 3: Special morphology of the FCM powder: (a) a FESEM image.
Morphology of FC powder: (b) a TEM image and (c) a FESEM

image.

The structures of the carbonaceous materials were al-
so studied with the help of Raman spectra. When the
iron nitrate was used as iron source, the appearance of
the spectrum in fig. 4(a) is characteristic for carbonaceous
material, as evidenced by the G-band at 1590 cm-!, D-
band at 1330 cm™! and the RBM (radial breathing mode) at
190 cm~117.1n particular, the detection of the RBM mode,
which does not appear in graphite, confirms the presence
of carbon nanotubes in the sample. The RBM peak sig-
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nifies the presence of CNTs with small diameters. By us-
ing the relationship of mgpy = 218/d + 16 (wrp: radial
breathing mode frequency, d: diameter)18, the diameter is
estimated to be 1.25 nm, which could correspond to the
inner tube of a double-walled or a multi-walled carbon
nanotube. However, when ferrocene was used as the iron
source, the Raman spectrum, as shown in fig. 4(b), does
not have a RBM band, and the large intensity ratio of the
D to G band as well as the relatively weak G’ band sug-
gest that the sample mainly contains carbonaceous mate-
rial other than MWCNTs19.
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Fig. 4: Raman spectra of the NCM powder in (a) and of the FCM
powder in (b) measured with 532 nm excitation. The inserted Raman
spectrum in (a) was measured with 633 nm excitation. The peaks (*)

at 2330 cm™! are noise peaks from the testing environment, but not
from the samples.

A nitrogen adsorption/desorption test was conducted to
determine the isotherms and the specific surface areas of
the samples, as shown in fig. 5. All the isotherms are type
IV isotherms, which are related to mesopores. However,
a large number of micropores exists, indicated by the ad-
sorption at very low relative pressures in the isotherms.
The isotherms in red colour are from the samples with fer-
rocene, and theisothermsinblack colourare from the sam-
ples with iron nitrate. After reaction with water, FB and
NB powders have similar shapes in their isotherms and
close surface area values. After the blank tests, the surface
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area of NC decreases from 261 to 119 m2/g, while that of
FC decreases from 231 to 193 m2/g. After treatment with
methane gas, the surface area of FCM is 248 m?/g, while
the surface area of NCM is 128 m2/g. The higher surface
areas of FCM and NCM than those of FC and NC are the
result of the deposition of carbonaceous materials from
the decomposition of methane gas. In FCM, nano-sized
carbonaceous materials such as graphite and amorphous
carbon were formed, resulting in a much higher surface
area in the FCM than in FC. While in NCM the formation
of MWCNTs did not increase the surface area much since
the openings of many MWCNTs are blocked by the iron
particles and the narrow inner diameters of the MWCNTs
so that N, cannot adsorb into the carbon tubes, besides
the carbon nanotubes measure many microns in length.
Therefore the surface area of NCM is only 9 m2/g larger
than that of NC since most of the carbonaceous materials

are MWCNTs.
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Fig. 5: Nitrogen adsorption/desorption isotherms and the corre-
sponding surface areas of the FB, FC, FCM, NB, NC and NCM

powders.

IV. Conclusions

Two different alumina/iron catalysts were prepared by
the sol-gel method with the use of different ferrous com-
pounds, iron nitrate and ferrocene, as the iron source.
Over the heat-treated NB powder of using iron nitrate,
methane gas was decomposed at 800 °C and the iron ox-
ide on the surface of y-alumina particles was reduced into
iron. However, on the heat-treated FB powder with fer-
rocene, carbon nanotubes were not obtained, possibly ow-
ing to the non-formation of the iron particles after decom-
position of the methane. The right choice of ferrous com-
pound is therefore also an important factor for the growth
of CNTs by the catalytic decomposition of methane.
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