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HIGHLIGHTS

» The structural transformation of Co/SiO- catalysts dispersed CNTs treated by microware treatment.
» The defect density of the CNTs has been effectively modified based on the microware treatment.
» The local structural translation is useful to the modification of the structure of CNTs.
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ABSTRACT

This study presents a detailed structural investigation of Co/SiO, catalysts dispersed carbon nanotubes
(CNTs) treated by microwave in Ar and CO ambient, using X-ray absorption spectroscopy and Raman
scattering. For the local structure of the cobalt site in the Co/SiO, catalysts dispersed CNTs treated by
microwave in Ar, the coordination number (N¢o—co) of the first shell is 10.8 with a Co—Co bond length of
2.496 A, corresponding to the Co—Co bonding in cubic cobalt metal. After the microware treatment in CO,
partial amounts of the cobalt species in the Co/SiO; catalysts are translated to Co?*. In terms of the local
structure of carbon site, the 7 orbital in CNTs are more delocalized than those in graphite and the defects
are significant in the case of treating by microwave in Ar. For the microwave treatment in CO, the C—C *
transition energy shifts to that of graphite and the C—C ¢* increases, indicating that the defect density is
reduced by the microwave treatment in CO ambient. This detailed knowledge of the local structural

translation is useful to the modification of the structure of CNTs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Direct methanol fuel cells (DMFC) are widely encountered
portable power sources because of their wide power range for
small electronic devices, their improved energy efficiency and their
ambient operating conditions [1,2]. Carbon nanotubes (CNTs) with
PtRu catalysts have proved useful as electrocatalysts in fuel cell
applications because of their superior electrocatalytic ability in
methanol oxidation. Electrocatalysts in fuel cells must have
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sufficient electrical conductivity, high electrocatalytic ability and
long-term stability. It is believed that the microstructure of CNTs
plays an important role in sustaining the performance of these
electrocatalysts.

Since the first CNTs, were produced in a plasma discharge in the
presence of an iron catalyst [3], a variety of methods have been
applied for the synthesis of CNTs, such as laser-induced decom-
position and chemical vapor deposition (CVD) techniques, using the
supported or floating catalysts [4]. Recently, cobalt-based catalysts
have been widely used for the growth of CNTs [5]. The particular
characteristics of this metal are thought to be related to its high
catalytic activity in the decomposition of carbon precursors, the
formation of meta-stable carbides, the ease of diffusion of carbons,
and the formation of graphitic sheets [6]. It is also well known that
both the support and catalyst metals play an important role in the
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growth of CNTs [7]. In addition, the diameter of CNTs strongly
depends on the characteristics of the catalysts, such as the particle
size, shape and its dispersion on the support. The properties of
surface active species are strongly dependent on the preparation
method. To increase its catalytic activity, cobalt is often supported
on carriers with a high surface area to ensure good metal disper-
sion. Commonly used carriers with high surface areas are silica,
alumina, and, to a smaller extent, carbon, titania, and magnesia
[8—11].

Microwave treatment is a relatively new method which uses
a high heating rate and volumetric heating for the processing of
ceramics, metals and carbides [12]. Microwave treatment saves
considerable time and energy [13], so it is regarded as one of most
useful heating techniques for material processing [14]. Thus the
modification of the structure of CNTs using microwave treatments
in different atmospheres presents an attractive prospect.

Zhonghua and Louis found that the electronic properties of CNTs
depend strongly on the adsorbed, oxidizing molecules [15]. Oxygen
contamination, during the fabrication process, leads to the forma-
tion of defects on the nanotube walls. The defect sites act as
continuous oxidation centers, resulting in the degradation of the
electronic properties of CNTs [16]. In order to understand the effect
of adsorbed molecules on the structure of CNTs, microwave treat-
ment in CO ambient was performed.

In this study, the Co/SiO, catalysts were synthesized using
a direct sol—gel method to stimulate the growth of CNTs using CVD.
The CNTs were pressed into pellets and treated in Ar and CO
atmospheres in a microwave oven. X-ray absorption spectroscopy
(XAS) and Raman scattering were used to identify the local struc-
ture of the Co/SiO, catalysts, as well as the structure of the carbon
in CNTs. XAS is known as a powerful tool for the characterization of
the electronic and geometric structure of the active species in
catalysts. For recent two decades, it has been used to determine the
structural parameters of poorly ordered materials on the atomic
scale. The technique is used not only for the study of the local
structural transformation of mono- or multi-metallic systems
supported by carbon and inorganic oxides [17—19], but also for the
investigation of the structure of metallic catalysts in mesoporous
molecular sieves [20—23]. In addition, XAS at the C K-edge [24,25]
and Raman scattering [26—28] can also be used to analyze the
carbon structure of CNTs. The detailed information of the local
structural variations of both the Co/SiO; and the carbon in the CNTs
treated by microwave in CO atmosphere, as identified by the XAS
and the Raman scattering, will be useful in the design and modi-
fication of the properties of defects as well as the conductivity for
many future applications.

2. Experimental procedure

The silica supported cobalt catalyst used in this study was
prepared using a sol—gel method. Firstly, 21.5 g acetic acid were
mixed with 12 ml water using a magnetic stirrer for 10 min. After
mixing, 3.9 g cobalt nitrate were added and the mixture was stirred
for another 10 min. Then, 19 g tetraethyl orthosilicate (TEOS) were
slowly added dropwise, and the stirring was continued for 20 min.
It is estimated that the molar composition of TEOS:CH3COOH:-
H,0:Co(NO3),-6H,0 was 1:4:8:0.15. After 1 h, the solution became
a gel and was subsequently dried at 80 °C. The dried bulk catalyst
was ground into a fine powder and calcined at 500 °C for 5 h in air.

The synthesis of CNTs was then performed in a quartz-tube
reactor. 300 mg of the catalyst powder was spread on an alumina
boat, which was placed in the center of quartz tube. The catalysts
were activated by passing argon gas over them. Prior to the reac-
tion, the catalyst was reduced under hydrogen at 600 °C for 1 h at
optimum pressure to convert the cobalt to nanoparticles on the

silica support. The temperature was immediately raised in the
presence of argon. The CNTs were grown at 800 °C and 2.5 Torr
pressure under Ar, C;Hy and Hy with a flow rate of 75: 20: 5 sccm.
The reactor was cooled down to room temperature and the flow of
argon was maintained after growth of the CNTs. In order to control
the microstructure obtained after microwave treatment, the as-
grown CNTs were cleaned by ethanol and separated into two
equal amounts and lightly pressed into pellets using a pressing
machine at 2 kgr for 2 min, to avoid the powder floating during
microwave treatment. After pressing, the two pellets were put in
a microwave oven (Milestone Pyro system) and heated to 800 °C.
Before heating, the oven was purged with Ar gas for 5 min. One
pellet, named sample [, was heated in Ar with a flow rate of 20 sccm
for 8 h, and the other, named sample II, was heated under Ar and CO
ambient with a flow rate of 10:10 sccm for 8 h.

X-ray diffraction (XRD) measurement was performed on the
catalysts using the Cu K, radiation of a Rigaku Dmax-B powder
diffractometer. The XRD pattern was recorded in the 26 range from
35 to 80° with a 0.005° 26 spacing and the exposure time was 3 s.
The identification of the phase was achieved with the help of JCPDS
(Joint committee on powder diffraction standards) files. The
structure of the CNTs was examined in a JEOL JSM-1010 trans-
mission electron microscope (TEM). Samples were prepared by
suspending the CNTs in ethanol under ultrasonic vibration. Some
drops of the suspension were poured onto a porous carbon film on
a copper grid.

Hard XAS measurements were carried out at room temperature.
The hard XAS data was collected in the transmission mode at the
beam line BL17C at the National Synchrotron Radiation Research
Center (NSRRC) in Hsinchu, Taiwan. The storage ring had the energy
of 1.5 GeV and a current of 300 mA. Higher order harmonics were
eliminated by adjusting the Si (111) double monochromatic crystal.
Energy calibration was performed for each scan using the first
inflection point of the Co (7709 eV) metal foil as a reference. Three
gas-filled ionization chambers were used in series to respectively
measure the intensity of the incident beam (Ip), the beam trans-
mitted by the sample (I;), and the beam subsequently transmitted
by the reference foil (I;). The control of parameters for hard XAS
measurements, data collection modes, and calculation of errors
were all done according to the guidelines of the International X-ray
absorption fine structure (XAFS) Society Standards and Criteria
Committee [29]. In order to eliminate the surface oxygen adsorbed
onto the cobalt species, the two samples were put in a homemade
stainless steel cell chamber, wherein a flow of 10% H, was estab-
lished, before the measurements were taken.

Soft XAS measurements were made at the BL20A1 station at the
NSRRC and measurements were performed in the total electron
yield mode for the C K-edge in an ultra high-vacuum (UHV)
chamber with a base pressure of 1 x 10~ 1° Torr. Before the soft XAS
measurement was performed, the two samples and one standard
graphite specimen were treated 10% Hy, in order to remove the
surface interference caused by oxygen. Extended X-ray absorption
fine structure (EXAFS) data reduction was conducted using the
standard procedures. The EXAFS function yy was obtained by sub-
tracting the post-edge background from the overall absorption. It
was then normalized with respect to the edge jump step. The
normalized (E) was transformed from energy space to k-space,
where ‘k’ is the photoelectron wave vector. The (k) data were
multiplied by k> for the Co K-edge to compensate for the damping
of EXAFS oscillations in the high k-region. Subsequently, (k) data
in the k-space ranging from 3.36 to 12.69 A~! for the Co K-edge
were Fourier transformed (FT) to r-space, to separate the EXAFS
contributions from the different coordination shells. A nonlinear
least-squares algorithm was used for the fitting of the curve of
EXAFS data with the phase correlation in r-space between 1.5 and
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3.3 A for the Co K-edge, depending on the bond to be fitted. The
effective scattering amplitude [f{k)] and phase shift [d(k)] for the
Co—0 and Co—Co were generated using the FEFF7 code. The Co—O
shell is based on the CoO structure with an Fm3m space group, with
the O atom at the (1/2,1/2, 1/2) position and the Co atom at the (O,
0, 0) position in the cubic unit cell model; the Co—Co shell is based
on the Co foil structure with a P63/mmc space group, with the Co
atom at the (1/3, 2/3, 1/2) position in a hexagonal unit cell model.
The lattice parameter for the FEFF7 calculation of CoO was set to
a = 4.262 A and that of the Co foil was set to a = 2.506 A and
c = 4.089 A, respectively. The structural model of Co304 is based on
the Fd-3m space group, with a lattice parameter of a = 8.109 A. All
of the computer programs were carried out in the UWXAFS 3.0
package [30] with the backscattering amplitude and the phase shift
for the specific atom pairs calculated using the FEFF7 code [31].
From these analyses, structural parameters, such as coordination
number (N) and bond distance (R), were calculated. By analyzing
the Co foil reference sample and by fixing the coordination number
in the FEFFIT input file, the value of the amplitude reduction factor
(5(2)), which accounts for the energy loss due to multiple excitations,
was found to be 0.746 for the Co K-edge. Raman scattering spectra
were acquired using the Uni-Ram system with/one TE cooled CCD of
1024 x 128 pixels and one 532 nm diode laser head, which were
integrated by Protrustech Corporation Limited.

3. Results and discussion

Fig. 1(a) shows the XRD pattern of the Co/SiO, catalysts in the
as-grown CNTs, sample I and sample II. It can be seen that the
structure of the Co/SiO; catalysts in all samples is metallic cobalt,
corresponding to the Co metal phase with an FCC structure. It is
interesting that the structure of the Co/SiO; catalysts after the CNT
growth is different from the normal hexagonal structure of Co foil
with a space group P63/mmc [32]. In order to determine whether
the abnormal Co structure is induced by the formation of CNTs or by
the preparation conditions, a blank Co/SiO; sample was prepared
by using Ar (75 sccm) and H; (5 sccm) flow. The phase of the blank
Co/SiO; sample was checked using XRD, as shown in Fig. 1(b). It can
be seen that the structure of the blank Co/SiO; sample is the same
as the normal hexagonal structure of the Co foil, indicating that the
FCC structure of the Co metal phase is induced by the growth of the
CNTs. This synthesis process may provide a special route for the
formation of an abnormal cobalt structure. As shown in Fig. 2, the
TEM image reveals that the Co/SiO; catalyst is well dispersed, as
dense bundles, in the high purity CNTs. In order to realize the
revolution of Co/SiO, catalysts before and after the gas treatment in
microwave, Scherrer formula was employed to analyze the average
sizes of Co/SiO; catalysts in as-grown CNTs, sample I, and sample II,
as shown in Fig. 3. It can be seen from Fig. 3(a) that the average size
of Co/SiO; catalysts in as-grown CNTs is about 4 nm. When the
samples were treated by microwave in Ar and CO atmospheres, the
average sizes of Co nanoparticles increased to 10—15 nm, as indi-
cated in Fig. 3(b) and (c). The result reveals that the Co nano-
particles agglomerated to become large ones after the Ar and CO
gas treatment in microwave at 800 °C. Fig. 3 also shows the analysis
of the size distribution of all samples using TEM. From the TEM
analysis, we can observe that the average sizes of Co nanoparticles
of sample I and sample II are larger than that of as-grown CNTs,
which is in good agreement with the XRD analysis. In addition, we
can observe large Co nanoparticles were agglomerated by small
ones, as shown in Fig. 2. The larger average sizes of all samples
estimated by XRD than TEM might result from the local sampling in
the TEM analysis.

Hard XAS, comprising of X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS)

regions, was used to determine the variation in the local cobalt
structure in the CNTs after the microwave treatment. The corre-
sponding Co K-edge XANES spectra (Eg = 7709 eV) are shown in
Fig. 4, along with Co304, CoO and Co foil, as the reference
compounds. The Co K-edge XANES spectra exhibit the character-
istic pre-edge, main edge, and post-edge peaks and provide
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Fig. 4. The Co K-edge XANES spectra of sample I and sample II.

information concerning the state of the Co/SiO, catalysts in the
CNTs. The first feature, between 7707 and 7717 eV, is the pre-edge
assigned to the Co (1s) — Co (3d) transition which is generally
dipole forbidden in the cobalt site octahedral symmetry. Its pre-
edge intensity is a function of the local symmetry of the Co atoms
or ions. The second feature, between 7720 and 7730 eV, is the white
line peak which results from the Co (1s) — Co (4p) transition, and
which is obviously associated with changes in the hole density in
the d-orbital/band above the Fermi level of the cobalt species [33].
In the case of sample I, the XANES spectrum for the Co/SiO, cata-
lysts in the CNTs is identical to that of the reference Co foil, indi-
cating that all of the Co species in sample I are present as Co® metal.
The higher white-line intensity, as compared with that for the
reference Co foil, may be due to the greater degree of oxidation
caused by the catalyst or the d-band vacancies in cobalt species,
induced by ligands due to the dispersion of cobalt species on the
silica. The XANES spectra for sample Il shows that the energy of the
pre-edge state is shifted to a higher energy position, tending
toward that of the reference CoO. The intensity of the white line is
greater than that of sample [, indicating that partial amounts of the
cobalt species are oxidized after microwave treatment in CO
atmosphere.

Fig. 5 shows the Fourier transforms of the Co K-edge k-
weighted EXAFS spectra for the Co/SiO, catalysts in the CNTs after
the microwave treatments under various conditions, as well as
those of commercial Co304, CoO and the Co foil reference. It can be
clearly seen that all of the experimental EXAFS spectra closely
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Fig. 3. Size distribution of Co/SiO, catalysts in (a) as-grown CNTs; (b) sample I and (c) sample II.
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Fig. 5. The Co K-edge k>-weighed EXAFS spectra of sample I and sample II.

match the theoretical fitting curve obtained by the FEFFIT software
package. In the case of the Co/SiO; catalysts in sample I, the EXAFS
spectrum exhibits only one peak centered between 2 and 3 A,
corresponding to individual scattering of the first coordinated
cobalt atoms around the central cobalt atom. It is found that the
Nco—co coordination is 10.8 and that the bond length of the Co—Co is
2.496 A, with no other backscattering shell as shown in Table 1. This
implies that sample I contains no apparent ligands coordinated
with the core cobalt species. The phase oscillation of the Co/SiO,
catalysts in the CNTs is different from that of the Co foil. This may be
attributable to the cubic structure with the space group Fm3m of
the Co/SiO; catalysts after the growth of the CNTs, as is indicated by
the XRD pattern. For the case of the Co/SiO; catalyst in sample II,
the Nco—co coordination is found to be 9.2 with a Co—Co bond
length of 2.496 A, and N¢,_o coordination of 1.4 with a Co—O bond
length of 2.140 A. This suggests that the oxidation reaction occurs
after the microwave treatment in CO atmosphere. The bond length
of Co—0, derived from the data of the CoO standard, is 2.141 A and
that of Co304 standard is 1.916 A. It is believed that partial amounts
of the cobalt species in sample II are transformed into the Co®*
state, as seen by the result of fitting the CoO standard based on the
bond length of Co—O. In this work, we proposed that two types of
Co surface of the Co/SiO; catalysts in sample Il can be distinguished;
one is the free Co surface without C and the other is the Co and C
interface. If the CoO is formed in the area local of the free Co surface
without C, the shape of the CNTs remains similar to that of the as-
grown CNTs. If the CoO is produced at the interface between the Co

Table 1
Structural parameters derived from the EXAFS results at the Co K-edge.
Samples Shell N R(A) AEy (eV) ¢ x 1073 R factor
(A)
Sample I Co—Co 10.8(0.4) 2.496 (0.005) 75 8(0.5) .2(0.7) 0.0042
Sample II Co—0 1.4 (0.2) 2.140 (0.005) 5(0.2) (0 5) 0.0152
Co—Co 9.2 (0.3) 2.496 (0.004) —98( 9) 0(0.8)
Co foil Co—Co 11.7 (0.2) 2.505(0.007) —3.2(0.3) 7(0.3) 0.0009
CoO Co—O  5.4(04) 2.141(0.005) 6.2(1.0) —l 5(1 1) 0.0113
Co—Co 11.6(0.5) 3.018(0.012) 9.5(1.1) -5.3(1.3)
Co304 Co—0 5.2(0.3) 1.916 (0.009) 8.7 (0.5) —13.2(1.7) 0.0226
Co—Co 3.8(0.3) 2.823(0.011) 2.5(0.9) -11.1(0.7)
(Short)
Co—Co 7.2(0.3) 3.066(0.014) 4.7(09) -7.7(1.3)
(Long)

N: Coordination number, R (A): bonding distance, 6 (A2): Debye-Waller factor, AEy
(eV): inner potential shift.

and C, the average length of the CNTs is shortened due to breaking
of the CNTs at the center of the Co/SiO, catalysts.

From the TEM image of sample Il shown inFig. 2(c), it can be
seen that the shape of the CNTs around the center of the Co/SiO,
catalysts shows no notable cracks or breaks, implying that the CoO
formation may occur at the free Co surface without C. Nikolaev et al.
[34] produced SWNTs by flowing CO mixed with a small amount of
Fe(CO)s through a heated reactor. The Fe(CO)s produced iron
clusters in the gas phase due to thermal decomposition. These iron
clusters act as nuclei for the growth of SWNTs, and the production
of solid carbon by CO disproportionation occurs because of catalysis
on the surface of the iron. In this case, CO disproportionation was
catalyzed by the cobalt clusters, producing carbon solids and CO5. It
can be inferred that partial amounts of oxygen are captured by the
cobalt clusters during CO disproportionation to form the Co?* state.

Soft XAS and the Raman scattering were used to determine the
variation in the local structure of the carbon in the CNTs after
different microwave treatments. Fig. 6 plots the C K-edge XANES
spectra in total electron yield mode of samples I and II treated by
microwave under various conditions, as well as the standard
graphite. The photon energy is calibrated with the C 1s to ©*
transition of graphite at 285 eV. In the total electron yield mode,
which is surface-sensitive, three main peaks can be clearly seen at
~285 eV, ~287 eV, or ~288 eV, and ~291 eV for all samples.
These can be attributed to the transitions from C 1s to unoccupied
states of C—C ©*, C—H ¢* or C—0 ¢*, and C—C c* characters,
respectively [35,36]. Fig. 6 shows that there is no appreciable C—0
¢* transition as seen in the graphite standard, indicating that the
greater part of the surface oxygen is removed after the H, treat-
ment before the soft XAS measurement. For the C K-edge spectrum
of sample I, the two states of C—H ¢* and C—O ¢* are clearly
observed. It can be inferred that the C—H ™ is contributed from the
remains of the CoH; during growth of the CNTs, and that the C—0 ¢*
is possible because of the bonding between the CNTs and the silica.
The C—C =* transition energy of the CNTs in sample I exhibits
a downshift of 0.2 eV—0.3 eV and has a slightly broader transition
peak, relative to that of the graphite standard. This can be explained
by the fact that the CNTs are formed by rolling a graphene sheet,
which causes the m orbital to become more delocalized [37].
Moreover, the shape of the C—C ¢* for the CNTs in sample I is
broader, indicating a relatively high defect density in the CNTs [37].
The C—C r* transition energy of the CNTs in sample Il is close to that
of the graphite and the peak intensity of the C—C ¢* is greater,
suggesting that the CO not only modifies the 7 orbital to become
graphite-like, but also gives rise to a decrease in the defect density
during the microware treatment. An additional peak also occurs at
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Fig. 6. The C K-edge spectra of sample I and sample II.
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around 288.9 eV for sample II, which might originate from the free-
electron-like interlayer states as o-symmetry [38]. It can be
ascribed to the influence of the adsorption of CO molecules or the
interference of the intermediate species in CO disproportionation.

Fig. 7 shows the Raman spectra of samples I and II. The disper-
sive D band has been shown to be related to defect-induced double-
resonant scattering processes, which involve the elastic scattering
of electrons by structural defects, and is often used to assess the
quality of CNTs [39,40]. The graphite-related optical mode (G-band)
usually exhibits a doublet structure composed of a higher
frequency component (G*-mode) corresponding to the longitu-
dinal carbon vibrations, i.e., those along the nanotube axis [41,42],
and a lower frequency component of the doublet (G -mode)
associated with the transverse carbon vibrations [43]. We calcu-
lated the ratio of the D band to the G band (D/G) based on their
integral areas. The values of D/G are 0.63 and 0.29 for samples I and
II, respectively, indicating that the defect density is suppressed in
the CNTs treated by microwave in CO atmosphere. This is consistent
with the result of the soft XAS in the C K-edge. The observations
from soft XAS and the Raman scattering allow two possible
explanations for this phenomenon. One is that the CO molecules
are highly selective in their occupation of the vacancy defect sites,
and are guided to perform the CO disproportionation catalyzed by
cobalt clusters to generate the carbon solids and to eliminate the
vacancy defects in the CNTs. The other is that the carbon forms on
Co/Si0; sites during the CO disproportionation, and transfers to the
defect sites via a spillover-like process to fill the vacancies or
dislocations in the CNTs. A low defect density caused by the
microwave treatment in CO is beneficial to CNTs, giving them
a longer operation life in fuel cells, together with higher con-
ductively, chemical stability and mechanical strength.

4. Conclusion

The details of the structural transformation of Co/SiO catalysts
dispersed CNTs treated by microwave in CO atmosphere were
reported. Hard XAS at the Co K-edge was used to identify the local
structure of the cobalt species in the CNTs. Soft XAS at the C K-edge
and Raman scattering were used to analyze the local carbon
structure of the CNTs. For the local structure of the cobalt species in
the CNTs, the Co/SiO; catalysts were kept in Co® metal without
other apparent ligands for the sample treated with microwave
radiation in Ar ambient. Partial amounts of the cobalt species in the
Co/SiO; catalysts were translated to Co®* as the CoO structure after

the microwave treatment in CO atmosphere. In terms of the local
carbon structure of the CNTs after the treatment with microwave
radiation in Ar atmosphere, the 7 orbital in the CNTs became more
delocalized and the defects were significant. However, the C—C ©*
transition energy became the same as that of graphite and the
defect density was suppressed after the microwave treatment in CO
ambient. This detailed understanding of the local structural varia-
tions of both the cobalt and the carbon sites enables modification of
the structure of CNTs and a further improvement in their electrical
conductivity and the long-term stability of the electrocatalysts in
fuel cell applications.
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