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Abstract: We have developed a magnesia (MgO)-supported
iron—copper (FeCu) catalyst to accomplish the growth of single-
walled carbon nanotubes (SWNTSs) using carbon monoxide (CO)
as the carbon source at ambient pressure. The FeCu catalyst
system facilitates the growth of small-diameter SWNTs with a
narrow diameter distribution. UV—vis—NIR optical absorption
spectra and photoluminescence excitation (PLE) mapping were
used to evaluate the relative quantities of the different (n,m)
species. We have also demonstrated that the addition of Cu to
the Fe catalyst can also cause a remarkable increase in the yield
of SWNTSs. Finally, a growth mechanism for the FeCu-catalyzed
synthesis of SWNTs has been proposed.

The electrical properties of single-walled carbon nanotubes
(SWNTSs) depend greatly on their diameter and chirality. To realize
most potential applications of SWNTSs,* one prerequisite is the
ability to produce a large quantity of SWNTSs exhibiting a single
chirality. Different separation techniques have been developed in
the past decade to obtain SWNTSs as asingle (n,m) species,>> though
these processes are usually complicated and costly. Therefore,
several catalyst systems, such as CoMoCAT# and alcohol CCVD,®
have been developed to grow SWNTswith some predominant (n,m)
species. However, either high pressure in the case of CoOMoCAT#
or low pressure in the case of alcohol CCVD® has to be applied
during the growth process. With methane as a carbon source, an
iron—ruthenium (FeRu) catalyst has proven to be efficient for the
more desirable growth of (6,5) SWNTs at ambient pressure.®
Nevertheless, the use of an expensive noble metal such as Ru might
limit the scale-up potential of SWNT production. Furthermore, in
all cases, either silica™® or zeolite,® which is difficult to remove
after growth, was selected as catalyst support. It is therefore highly
desirable to develop a cheaper catalyst system for selective growth
of SWNTs in which the support is easy to remove.

Porous MgO is highly preferred as a catalyst support for SWNT
growth because it is easily dissolved by hydrochloric acid (HCI).
The MgO used in the experiment was obtained by thermal
decomposition of magnesium carbonate hydroxide hydrate. The Fe,
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Figure 1. (& b) TEM images of carbon nanotubes grown on (a) Fe/MgO
and (b) FeCu/MgO at 600 °C. Scale bars in both images represent 5 nm.
(c, d) Raman spectra (632.8 nm) of (c) carbon nanotubes grown on Fe/
MgO at 600 °C and (d) SWNTs grown on FeCu/MgO at 600 °C.

Cu, and FeCu catalysts were deposited on MgO by atomic layer
deposition and used for subsequent carbon nanotube growth
(Supporting Information 1). The Fe catalyst is efficient for dis-
sociating CO and isthus used in, for example, the Fischer—Tropsch
synthesis (FTS) because of its good availability and low cost.”®
However, for materials produced using a monometallic Fe/MgO
catalyst at 600 °C, only multiwalled carbon nanotubes were
observed by transmission electron microscopy (TEM) characteriza-
tion (Figure la and Supporting Information I1). This was also
verified by the absence of the radial breathing modes (RBMs) in
the Raman spectra (Figure 1c). At a higher growth temperature of
over 700 °C, SWNTs were observed to grow on the Fe/MgO
catalyst, but the yield was relatively low (10% at a growth
temperature of 700 °C; Supporting Information 111). On the Cu/
MgO catalyst, however, no carbon deposition could be achieved
under the same growth conditions. This was expected because Cu
is a poor catalyst for FTS.° However, it has been demonstrated
that SWNTSs can grow on Cu catalysts on flat silica substrates.*®

In contrast to the monometallic Fe and Cu catalysts, successful
growth of SWNTSs on the FeCu catalyst at 600 °C was confirmed
by combining TEM characterization (Figure 1b and Supporting
Information 11) with the Raman spectrum (Figure 1d). Therelatively
high G/D intensity ratio in the Raman spectrum suggests that the
quality of the SWNTs s high. The high-frequency RBMs indicate
the presence of small-diameter SWNTSs in the product grown at
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Figure 2. UV —vis—NIR optica absorption spectra of the dispersions of
SWNTs grown on FeCu catalysts at temperatures of 600, 750, and 800 °C.
Si1, Sz, and My represent the wavelength ranges of the lowest-energy
semiconducting, second-lowest-energy semiconducting, and lowest-energy
metallic absorption peaks, respectively.
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Figure 3. Contour plots of normalized PL emission intensities under various
excitation energies for the FeCu SWNTs grown at temperatures of 600,
750, and 800 °C.

600 °C. This observation is in agreement with the data obtained
by UV —vis—NIR absorption spectroscopy (Figure 2 and Supporting
Information 1) and photoluminescence (PL) spectroscopy (Figure
3, Supporting Information V). Both spectroscopic characterizations
were performed on SWNT suspensions that were prepared by
sonication of an HCl-purified sample in a sodium cholate hydrate
agueous solution and subsequent centrifugation (more details are
presented in Supporting Information V). In Figure 2, two dominant
peaks at 981 and 570 nm, corresponding to the excitation transition
energy E;; and E,; sub-bands for (6,5) tubes, respectively, were
observed in the suspension of SWNTs grown at 600 °C. The
photoluminescence excitation (PLE) map measurements on the
sample also indicated the existence of a mgjority of (6,5) tubesin
the map (Figure 3). The normalized PL emission intensities of
different SWNTSs species presented in the sample are shown in
Figure 4. The PLE (6,5)/(n,m) signal ratios were used to evaluate
the relative quantities of the (6,5) tubes. The (6,5)/(7,5), (6,5)/
(8,4), and (6,5)/(7,6) signa intensity ratios were 5, 7, and 13,
respectively. All of these values are higher than that obtained for
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Figure 4. Normalized PL emission intensities of SWNTs grown at
temperatures of 600, 750, and 800 °C.

FeRu tubes® or COMoCAT tube dispersion.* This clearly shows a
very high selectivity for (6,5) tubes in the 600 °C growth process.

On the other hand, an increase in the SWNT diameter and a
broadening of the diameter distribution at higher growth temper-
atures were observed, in accordance with previous reports on SWNT
synthesis.*~® On the basis of the absorption spectra (Figure 2) and
PLE maps (Figure 3) of the samples produced on the FeCu catalyst
at 600, 750, and 800 °C, it is easy to discern atrend of increasing
SWNT diameter with increasing growth temperature. At a growth
temperature of 750 °C, (7,5) tubes became the predominant species,
at a growth temperature of 800 °C, (7,5) tubes continued to be the
predominant species, but the amounts of (8,4) and (7,6) tubes also
increased. Among the samples produced using the FeCu catalyst
at different temperatures, the growth temperature of 750 °C provided
the most preferable conditions for the growth of (7,5 SWNTSs.
Moreover, the yields of SWNTs grown at 750 °C on monometallic
Fe and FeCu catalysts were compared. It was demonstrated that
the FeCu catalyst caused at least a 10-fold increase in the yield of
SWNTSs (Supporting Information 111). This result implies that the
presence of Cu in the FeCu catalyst plays a very important role in
the SWNT growth process.

To understand the Cu-promoted SWNT growth mechanism,
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) characterizations of the catalysts were performed. As shown
by the XRD patterns of the Fe/MgO, Cu/MgO, and FeCu/MgO
catalysts (Supporting Information V1), no indication of aloy
formation was found because of the limited miscibility of the two
metals in the FeCu/MgO catalyst. The absence of iron oxide
reflections in the Fe/MgO and FeCu/MgO patterns suggests that
the Fe was well-dispersed in both catalysts. In the XPS spectra
(Supporting Information V1), the Fe 2pz, binding energy in FeCu/
MgO was found to be higher than that in F/MgO. Meanwhile, a
satellite feature™ between the Fe 2psy, and Fe 2py, peaks was
observed in the FeCu/MgO spectrum. These observations indicate
that more Fe*' is present in the FeCu/MgO catalyst than in Fe/
MgO, and this can be interpreted as the result of Fe being deposited
adjacent to CuO in the FeCu catalyst.

In comparison with carbon filaments grown on a monometallic
Fe catalyst, thinner carbon filaments have been reported to grow
on an FeCu catalyst because of the dilution of Fe atoms by Cu in
FTS.? It has also been proven that the reduced Cu triggers a
reduction of ferric (Fe*") to ferrous (Fe?") ions and a partial
reduction to metallic Fe (Fe®).>*? In our FeCu catalyst system, the
same mechanism is anticipated. Although no H, was introduced
into the catalyst system, some H,, which was involved in the water-
gas shift reaction, was detected by mass spectrometry during the
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growth process (Supporting Information VII1). The reductive CO
and H,, which first reduce CuO to metallic Cu and then adsorb on
it, could “spill over” to the adjacent Fe phases and facilitate the
reduction of the Fe.**> Reduced Fe thus forms subnanometer clusters
that could be stabilized in the Cu matrix.® Consequently, the SWNT
growth that occurs on Fe clusters at Fe—Cu interfaces can be
envisaged as the growth of thin carbon filaments.® The reduced
metallic Fe clusters are thus supposed to act as the catalyst, leading
to the high yield of SWNTSs.

In summary, we have developed a FeCu/MgO catalyst that
provides a growth predominantly of (6,5) SWNTs at 600 °C. Both
the MgO support and the Cu promoter can be removed easily after
the growth process. The role of Cu is to enhance the reducibility
of Fe and inhibit the aggregation of Fe clusters. Asaresult, growth
of SWNTsisfavorable at low temperature, and the yield of SWNTs
is greatly enhanced. Both the quality and the purity of the carbon
nanotubes are expected to be increased by tuning the ratio between
Fe and Cu in the catalyst.
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Supporting Information Available: Experimental details of the
catalyst preparation and the carbon nanotube growth as well as
characterizations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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