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Abstract

Bamboo-structured carbon nanotubes (BCNTSs), with mean diameters of 20 nm, have
been synthesized on MgO-supported Cu and Mo catalysts by the catalytic chemical
vapour deposition of methane. BCNTSs could only be generated using a combination of
Cu and Mo catalysts. No BCNTs were produced from either individual Cu or Mo
catalysts. In combination, Mo was found to be essential for cracking the methane
precursor, whilst Cu was required for BCNT formation. Energy dispersive x-ray analysis
of the individual particles at the tips of the nanotubes suggest that Cu and Mo are present
as a ‘composite’ nanoparticle catalyst after growth. First-principles modeling has been
used to describe the interaction of the Cu/Mo catalyst with the nanotubes suggesting that

the catalyst binds with the same energy as traditional catalysts such as Fe, Ni and Co.

Introduction

Carbon nanotubes (CNTSs) have attracted considerable interest in recent years due to their
remarkable electrical, mechanical, and thermal properties and their potential applications
in nanoelectronics, sensors and as catalyst supports. 1° There have been a significant
number of reports on the synthesis of CNTSs, including single-walled and multi-walled

CNTs, using Fe, Co and Ni-containing catalysts. 104

Cu is believed to be inactive for the decomposition of methane in the traditional catalytic
system. However, it is incorrect to think that copper has no hydrocarbon reforming

capability because its role as an active catalyst in hydrocarbon fuel cells is well known. >



16 Carbon fibres, with diameters as large as 200 nm, have been prepared by methane
pyrolysis over Cu particles supported on an alumina substrate. In another study, bamboo-
structured carbon fibres were grown on Cu particles, with a mean diameter of 200 nm, at
temperatures between 960 and 1018 °C." Carbon fibers have also been prepared on K-
promoted Cu catalysts, where it was suggested that the K acts as an electron dopant to Cu
in the pyrolysis of acetylene.’® Mo is often studied as a promoter for Fe, Co and Ni
catalysts for the generation of CNTs, leading to improved yields. % For example, Liu
et al. % showed that the yield of single-walled carbon nanotubes (SWNTs) from an
Fe/MgO catalyst was less than 25 wt% relative to the weight of the catalyst, even when
the loading of Fe salts was as high as 40 wt% with regard to the weight of MgO. In
contrast, the yield of CNTs was increased up to 120 wt%, relative to the weight of
catalyst, when a small amount of Mo salt was added to the Fe catalyst as a promoter.
However, supported Mo catalysts have been shown to form molybdenum carbide, not
CNTs, when using hydrocarbons such as methane and butane as a carbon feedstock at

temperatures greater than 700 °C. 20

Recently, Cu, Ag and Au nanoparticles, supported on Si wafers, were used as catalysts
for the production of SWNTSs, 3132 These results contradict the accepted mechanisms of
CNT growth, where only significant yields of CNTs are produced from transition element
catalysts such as Fe, Co and Ni. In this paper we show that MgO-supported Cu/Mo
catalysts can generate bamboo-structured carbon nanotubes (BCNTs) by the direct
catalytic chemical vapor deposition (CCVD) of methane. Density functional theory

(DFT) calculations have been performed for Cu, Mo and Cu/Mo particles bonded to a



CNT to determine how Cu and Mo interact with the nanotubes. We show that the
catalytic metal particles must, in addition to decomposing the carbon feed-stock gas and
seeding the formation of graphitic caps on the surface, be able to stabilize the growing
end of the CNTs.2® This growth requisite requires that the CNT — metal particle binding
energies are large enough to maintain the hollow tube structure, and is thus relevant for

the growth of both single-walled and multi-walled CNTSs.

Experimental

Synthesis of Bamboo-Structured Carbon Nanotubes

BCNTs were synthesized by CCVD of methane over Cu/Mo catalysts supported on MgO.
The catalysts were formed by impregnating the MgO support with aqueous solutions of
Cu(NOz3)2.6H20 and (NH4)M060O24.H20. The mixture was sonicated for 30 min and dried
at 100 °C overnight. The dried powder was sintered at 500 °C for 6 h to produce the
catalyst. The metal content of the catalyst was recorded as a weight percent with regard
to the MgO support. 0.3 g of the catalyst was placed in a quartz tube in a tube furnace
(20 mm ID). The catalyst was reduced by heating to 850 °C in a Hao/Ar flow (20/180 ml
min) for 30 min. Methane was then fed into the quartz tube at a flow rate of 100 ml
min’* for 60 min after which time the furnace was cooled to room temperature. To isolate
BCNTs from the carbon material generated during the reaction, and remove the metal
catalyst particles, the carbon/catalyst powder was treated with 3 M HNOz and washed

with water.



Characterization of Carbon Nanotubes

Scanning electron microscopy (SEM) was performed on a LEO 1530EP scanning
microscope. Transmission electron microscopy (TEM) was conducted on a FEI Tecnai
F20 (super TWIN lens) operating at 200 kV with an EDAX RTEM detector. Samples for
TEM analysis were dispersed in ethanol and deposited onto Ni grids. Raman spectra
were recorded on a Renishaw 1000 Raman system in an ambient atmosphere using a 5

MW He-Ne laser (A = 514.5 nm) and a CCD detector.

Theoretical Details

Calculation of Metal — CNT Binding Strengths for Cu, Mo and Cu/Mo Particles

To investigate the ability of Cu/Mo nanoparticles to stabilize and support the growing
end of a CNT we have calculated binding energies of a (5,00 SWNT to a M1z metal
cluster (M = Cu, Mo) with different compositions of Cu and Mo atoms, and compared
them to the binding energies of Fe, Co and Ni clusters previously reported. 3 It has been
shown that trends in binding energy can be correctly described with a (5,0) SWNT
bonded to a thirteen atom metal cluster (Mi3) 3 that we have used in this study. The
binding energies have been calculated with density functional theory (DFT) using the
Perdew-Burke-Ernzenhof (PBE) formulation of the generalized gradient approximation
(GGA) exchange and correlation functional,® in conjunction with a polarized valence
triple-zeta (TZVP) basis set 3 and relativistic effective core potentials (ECPs) for Cu and
Mo, %37 as implemented in the Turbomole program.®4! All clusters were fully geometry

optimized in the gas phase at 0 K



Results and Discussion

Neither CNTs nor any other forms of solid carbon nanostructures formed when methane
was flowed over Cu/MgO catalysts (5 and 10 wt% with respect to MgO) for reaction
times of more than 1 h at a temperature of 850 °C (Figure la and 1b). The Cu/MgO
catalysts had a red appearance upon removal from the furnace due to the formation of
metallic Cu nanoparticles on the surface of the MgO. This lack of CNT formation is
related to the low activity of Cu for decomposing methane. Similarly, no CNTs were
formed from supported Mo catalysts, containing 5 wt% and 10 wt% Mo, with respect to
the MgO support. Although Mo is assumed to form small-sized particles on a 5 wt% Mo
catalyst, only black particles on the catalyst after CCVD of methane at 850 °C for 1 h
were observed in the TEM images (Figure 1c and 1d). Molybdenum carbide may be
formed upon heating the Mo catalyst with a carbon feed-stock gas at high temperatures.*
However, x-ray diffraction (XRD) analysis of the Mo/MgO catalysts after attempted
methane decomposition showed no evidence for the formation of molybdenum carbide,
only patterns of MgO were observed in the XRD pattern, possibly due to oxidation of the
unstable molybdenum carbide phase when the sample was exposed to air and the high

dispersion of molybdenum species on MgO.

The effect of combining Cu and Mo to enhance the formation of CNTs was investigated
in detail. When methane was passed over MgO-supported Cu/Mo catalysts at 850 °C for
1 h, no CNTs were observed by TEM when using a 10 wt% Cu - 1wt% Mo catalyst. A
low yield of carbon product, approximately 3 wt% relative to the weight of the catalyst

was formed at a Mo loading of 3 wt% (Figure 2a and 2b). In contrast, a significant yield



of carbon, 17 wt% with respect to the weight of catalyst, was obtained when the loading
of Mo was increased to 5 wt%, at a Cu loading of 10 wt% (Figure 2c). The formation of
carbon on the Cu/Mo catalysts was also investigated at a Cu loading of 2 wt% and a Mo
loading of 5 wt%, with respect to the MgO support. Only a few CNTs were observed by
TEM from the 2 wt% Cu loading. These data clearly show that obtaining the right

balance of Cu and Mo in the catalyst is essential for the generation of BCNTSs.

SEM data provides further evidence that high yields of BCNTs were obtained at Cu
loadings of 5 and 10 wt%, in conjunction with 5 wt% Mo, as shown in Figure 3. The
SEM images not only show significant amounts of CNTs protruding from the surface of
the catalyst, but metal particles can be clearly observed at the tips of the CNTs. This
observation suggests that the CNTs grow through ‘root-growth’ and/or ‘tip-growth’.:®
Much confusion is present in the literature concerning the definition of these terms, but
we note that tip-growth and root-growth are essentially the same mechanism, in that
growth occurs at the CNT — metal particle interface, with the difference that in the latter
case the catalytic metal particles are bound to a substrate surface. This growth
mechanism is sometimes referred to as substrate-grown CNTs as opposed to ‘floating’

catalyst growth, where the catalyst particle is not attached to the substrate surface.

The TEM images shown in Figure 4 were taken of purified CNTSs, prepared on a MgO-
supported Cu/Mo catalyst (10 wt.% Cu and 5 wt% Mo). 3 M HNOs was used to remove
both the MgO support and external catalyst particles. The images clearly show CNTs

with a uniform outer diameter of 20 nm, having bamboo structures. The walls of the



CNTs were constructed from 10-20 graphitic layers and the inner diameters ranged from

5to0 10 nm.

Catalyst particles were observed at the tips of the CNTs and in some cases small metal
particles were seen inside the CNTSs, after removal of excess catalyst material, which
means that the ends of the BCNTSs are closed. Furthermore, TEM analysis showed that
some spherical Cu/Mo particles that exist prior to CNT growth become elongated after
the formation of BCNTs. This elongation of the nanoparticles must be due to the
interaction of the growing BCNT with the catalyst. The change in particle shape from
spherical to elliptical leads us to believe that a “plastic” phase of the catalyst particles is
reached during BCNT growth, in which the particle shape is changing in a similar
manner as was found by Hofmann et al. “and Lin et al. *® in their in-situ observation of
catalyst particles during the early stage growth of CNTs. TEM and EDAX analysis of a
catalytic nanoparticle at the tip of BCNT are shown in Figure 5. EDAX data suggests
that the nanoparticles used to grow the BCNTSs are bimetallic in nature, consisting of both
Cu and Mo. In the EDAX spectrum shown in Figure 5, the peak at 17.4 keV can be
attributed to Mo and the signal at 8.0 keV to the K, transition for Cu. The peak at 7.4

keV is attributed to the Ni K, transition from the TEM grid.

A high-resolution TEM image of a catalyst particle after the reaction is shown in Figure 5.
The lattice spacing observed in the particle, of ca. 0.21 nm, may be attributed to either the
Cu (111) or Mo (111) planes, as Cu and Mo have very similar lattice spacings. The

lattice distance of ca. 0.37 nm between the parallel fringes (layers) is assigned to graphite



carbon sheets indexed as the diffraction plane (002) in Figure 4d. ° However, the lattice
spacing is slightly higher than that of graphite, i.e. 0.34 nm, possibly due to the formation

of defective carbon nanostructures.

The structure of the BCNTSs is indicated by the Raman spectra shown in Figure 5. Two
characteristic peaks were observed from the BCNTs. The D-band located at
approximately 1326 cm™ is attributed to defects, curved graphite sheets and lattice
distortions in the carbon structures. The G-band, at about 1588 cm™?, is characteristic of
graphite. The intensity of the D-band is stronger than that of the G-band for all three
carbon samples, but the intensity of the 1326 cm™ peak decreases with an increase in the
amount of Cu in the catalyst. The intensity ratios between the D-band and G-band (Io/lc
ratio) were found to be 1.20 for Cu loadings of 10 wt.%, indicating that some defects

exist in the structure of the BCNTSs.

The mechanism by which CNTs grow from transition elements such as Fe, Co and Ni is
well studied, but the growth mechanism associated with the growth of CNTs from a
composite catalyst of two metals is still unclear, especially when in our process Cu and
Mo alone do not result in the formation of CNTs. Using DFT we have modeled the
interaction between Cu/Mo composite nanoparticles and the (5,0) SWNT to develop an
understanding of how, when combined, Cu and Mo actively generate BCNTs. Fe, Ni and
Co are known to have larger binding energies to CNTs compared with Cu, Pd and Au,
with the former binding energies being close in energy to the carbon dangling bond

energy of the corresponding SWNT open end.3® Since a CNT open end is unstable it



needs to be stabilized during growth by the catalytic metal particle, which is one of the
fundamental tasks of the catalyst, in addition to decomposing the carbon feed-stock gas
and seeding the formation of the graphitic caps on the surface. The metal — CNT binding
strength needs to be balanced to match the CNT open end carbon dangling bond energy.
.44 For the M3 cluster — (5,0) SWNT complex, the binding energies for M = Fe, Ni
and Co are slightly larger than the (5,0) SWNT open end dangling bond energy. The
open end carbon dangling bond energy is 2.76 eV with PBE/TZVP. For the Cuss cluster
—(5,0) SWNT complex I (see Figure 7a) we get a binding energy (per carbon atom at the
open end) of 2.29 eV, which is close to the value reported by Ding et al. 3 (2.46 eV)
using a planewave basis. The binding energy for the Mo13-(5,0) complex Il is 3.63 eV.
When all of the Cu atoms of the Cuis particle that are not bonded to the nanotube are
replaced by Mo 111 (Mo7Cus, see Figure 7b), the binding energy is only slightly lowered
to 2.05 eV. Also replacing the central Cu of complex | by Mo IV (MoCuy) leads to a
lowering of the binding energy to 1.73 eV. The lowering is, however, partly artificial,
since MoCuz. is greatly stabilized by forming a closed-shell electronic state, which
decreases the calculated binding energy. This effect would be less pronounced at high
temperatures (DFT calculations are done at 0 K), and also for larger clusters. The results
for 111 and 1V show that Cu coating of Mo gives particles that, compared to Cu particles,
have the same, or slightly decreased, ability to stabilize the growing end of a CNT (i.e.
too low a binding energy). If on the other hand, there is Mo dopants in the surface layer
of Cu particles, modelled by replacing the side V, or top VI (both with stoichiometry
MoCusz2) Cu atom of complex I by Mo, then the binding energy increases, compared to I,

to 2.35 eV for the V and 2.90 eV for the VI complex. The increase in binding energy is

10



quite large for the “top’ position, and a similar increase (2.76 eV) was computed when the
top Cu atom of 111 was replaced by Mo VII (MogCus). These latter binding energies are
at a par with the open end dangling bond energy, as was also found for Fe, Ni and Co %,
This means that a composite nanoparticle containing both Cu and Mo would be able to
stabilize a CNT growing end. It would, however, not be favourable to have too much Mo,
since Mo binds carbon too strongly, thus making Mo-C bonds more favourable than C-C

bonds.

Our analysis has shown that BCNTSs are produced on Cu/Mo catalyst particles, which our
theoretical calculations show have metal — CNT binding energies that are in the correct
range to support the growth of CNTs. We show from the absence of BCNT growth from
pure Mo particles, and also from particles with small Cu/Mo ratios, that Mo alone does
not catalyze CNT growth. When the Cu/Mo ratio is increased to 1 — 2 a high yield of
CNT product is produced, thus a significant amount of Cu is essential for the formation
of CNTs. Itis also clear from the inactivity of pure Cu particles that Mo is needed for the
decomposition of the carbon feed-stock gas. Thus, we have shown that both pure Mo and
pure Cu particles are inactive at catalyzing CNT growth. It is only when Cu and Mo are
combined into composite nanoparticles that BCNTs are produced. Our theoretical
calculations using DFT explain these observations, in that Cu particles have too weak
binding strengths to stabilize the CNT hollow open-end, and that Mo particles have too
strong binding strengths to favor the formation of C-C bonds over C-Mo bonds, i.e. no
carbon nanostructures are formed from pure Mo. Contrary to pure particles, our

calculations show that Cu/Mo composite particles have binding strengths that would

11



support CNT growth. Considering the ratios between Cu and Mo in the preparation of
successful catalyst particles, it is reasonable to assume that these particles have near equal
amounts of the two metals. Another possible scenario is that the particles that produce
CNTs are Cu particles with a small percentage of Mo, but that the formation of such
particles are only produced in big enough quantities at much higher ratios of Mo due to
the difficulty of alloying Cu and Mo, i.e. Mo doped Cu particles could be the active
catalyst. There is no evidence of domains in the active catalyst particles, as we have
found no grain boundaries in the TEM images, but since Mo and Cu are so close in lattice
spacing we are not ruling out that they contain Cu and Mo domains that are not in the

form of grains.

The Cu/Mo catalyst particles grow BCNTSs in which the particles adjust their shape to the
graphitic structure that is grown with elongation and contraction at periodic intervals. In
the growth of SWNTs and MWNTSs it has been shown that such an elongation followed
by a contraction of the catalytic particles happens at the very start of the tube growth.*>+
We suggest that the repetition of this behavior in our case is connected to the presence of
Mo and its high affinity to carbon. It is probable that Mo atoms/clusters at the surface of
the particles create adhesion points for the particles to the inside of the bamboo

compartments, which are only broken at maximum particle elongation and stress.

Conclusions

BCNTs have been synthesized from a composite Cu/Mo catalyst supported on MgO.

EDAX analysis of the individual catalyst nanoparticle of 20 nm in diameter at the tip of

12



CNTs indicates that both Cu and Mo elements co-exist as a composite nanoparticle
catalyst for the growth of CNTs. The modeling of CNT growth on a composite catalyst
nanoparticle including Cu and Mo suggests that Mo binds to the surface of the Cu,
forming Mo carbide by the reaction of Mo and CH4, supplying the needed carbon species

to the Cu particle for growth.
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Figures

Figure 1. TEM images of catalysts after reaction with methane at 850 °C for 1 h: (a) 5

wt% Cu/MgO, (b) 10wt% Cu/MgO, (c) 5wt% Mo/MgO and (d) 10 wt% Mo/MgO.
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100 nm

Figure 2. TEM images of carbon nanotubes prepared on: (a) 1 wt% Mo -10 wt%
Cu/MgO, (b) 3 wt% Mo -10 wt% Cu/MgO, (c) 5 wt% Mo — 10 wt% Cu/MgO (d) 2wt%

Cu - 5wt% Mo/MgO, at 850 °C for 1h.

19



Figure 3. SEM images of carbon nanotubes prepared on (a, b) 5 wt% Cu and 5 wt% Mo

and (c,d) 10 wt%Cu and 5 wt% Mo at 850 °C for 1 h.
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Figure 4. TEM images of bamboo-structured carbon nanotubes prepared by methane

deposition over 10 wt% Cu and 5 wt% Mo at 850 °C for 1h.
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Figure 5. (a) Bright field and (b) dark field TEM images of a catalyst nanoparticle at the

tip of a BCNT, (c) EDAX analysis of the catalyst nanoparticle and (d) HRTEM image of

a catalyst nanoparticle (scale bar: 5 nm).
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Figure 6. Raman spectrum of BCNTSs after purification using 3 M HNO:s.
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Figure 7 (a) Optimized structures of the M3z cluster — (5,0) SWNT complexes I (Cuzs)
and (b) 111 (Mo7Cue). Central, Side and Top marks the atoms replaced to construct the
other composite Cu/Mo particles. Complex Il contains only Mo (Mo13). Replacing the
central Cu atom of complex | by Mo gives complex IV (MoCusi2), while replacing the
side or top Cu with Mo gives complexes V and VI (MoCuiz), respectively. For complex

V11 (MogCus) the corresponding top Cu of complex I11 has been replaced with Mo.
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