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Single-walled carbon nanotubes (SWNTS) are potential materials ‘f/
for future nanoelectronics? Since the electronic and optical 06} /
properties of SWNTs strongly depend on tube diameter and
chirality, obtaining SWNTSs with narrown(m) chirality distribution
by selective growthr® or chemical separatién® is important.
Progress has been made on selective growth of (6,5) SWNTs by .
chemical vapor deposition (CVD) of CO on a CoMo catalyst
(CoMoCATY) and by ethanol CVD to a certain degreblethane 0.2
CVD has been widely used for SWNT synthesis in bulk and on
substrates for basic physics studies and device integratiSisit % . :
the nanotubes tend to exhibit wide diameter distribution in the 400 600 800 1000
~1—3 nm range. SWNT growth in theé ~ 1 nm range with high Wavelength (nm)

diameter or chiral selectivity has been difficult by methane CvD Figure 1. UV—vis—NIR spectra of cholate suspended SWNTs grown by
thus far methane CVD on FeRu catalysts at various temperatures. The wavelength

. . ranges of lowest energy semiconducting, second lowest semiconducting,
Here, we demonstrate that a new, bimetallic FeRu catalyst can ang jowest metallic absorption peaks are shaded pink, yellow, and blue,

afford SWNT growth with narrow diameter and chirality distribution  respectively.
in methane CVD. At 600°C, methane CVD on FeRu catalyst
produced predominantly (6,5) SWNTs according to-tis—NIR
absorption and photoluminescence excitation/emission (PLE) spec-
troscopic characterization. At 83C, the dominant semiconducting
species produced are (8,4), (7,6), and (7,5) SWNTs, with much
narrower diameter distributions than previous methane CVD-grown
SWNTSs. Further, we show that narrow diameter growth by methane
CVD combined with chemical separation by ion exchange chro-
matography (IEC) facilitates achieving highly single-chirality
enriched SWNT samples. This is demonstrated by obtaining SWNT
samples highly enriched in the (8,4) tube and free of metallic
species.

Methane CVD synthesis was preformed at various temperatures
between 600 and 85 on a new silica-supported FeRu bimetallic
catalyst (see Supporting Information). We purified and suspended
the synthesized SWNTSs in surfactant solutions for characterizations.
The UV—vis—NIR optical absorbance spectra (Figure 1) of our
FeRu SWNTSs grown at various temperatures showed one or several
dominant peaks in the first van Ho®; range (906-1400 nm)
corresponding to SWNTSs in thé¢ ~ 1 nm region (see Figure S2 G4 @.8)
for atomic force microscopy images). Photoluminescence excitation/
emission (PLE) spectroscopy was used to assigm{* of SWNTs (7,5)
grown from the FeRu catalyst. The 60C growth produced the O o
narrowest i,n) distribution with a dominant single peak corre- o(a"”
sponding to the (6,5) tube (Figure 2a). Higher growth temperature
led to larger diameter tubes and widem,f) distribution of 1000 Eml;;‘l’gn wa::'l’: th g‘% 1400
semiconducting tubes (Figure 2b,c). Growth at 7@produced "9

; - . Figure 2. Contour plots of normalized photoluminescence emission
mainly (6,5), (7.5), and (8,4) SWNTs (Figure 2b), while 83D intensities under various excitations for thefRu SWNTs grown at various

growth produced mainly (8,4), (7.5), (7,6), with few (6,5) tubes temperatures;nt,n) is labeled at the right corner of each peak.
(Figure 2c). Metallic SWNTs existed in the as-grown materials

evident from the metalli€&;, absorption peaks in the 4600 nm signals from t,n) = (7,6), (7,5), and (8,4) tubes (Figure 2a). It is

region (Figure 1). difficult to analyze the absolute percentages of (6,5) tubes in the
The FeRu SWNTs grown at 60T are enriched in the (6,5) material due to the unknown optical absorption cross section and

tube with high photoluminescence (PL) (Figure 2a) and weak quantum yields for variousngn) SWNTs!2-14 Note that recent

1200

Prey (b)

Excitation wavelength (nmj

(7,6}

15770 = J. AM. CHEM. SOC. 2007, 129, 15770—15771 10.1021/ja077886s CCC: $37.00 © 2007 American Chemical Society



COMMUNICATIONS

(a) (b)

7t I (6,5)/(8,4)| 8} I (8,4)/(6,5)
6l - (6,5)(7,5)| 87| I (8,4)/(7,6)
5. I (6,5)/(7,6)| ‘Gg| I (8,4)/(9,4)
g4 L ES i
: 2t
5ok 3!
5 2

1t 1t

0 FeRu 600°C CoMoCAT 0 FeRu 850°C Hipco

Figure 3. (a) PL intensity ratios between the (6,5) SWNT and the (8,4),
(7,5), and (7,6) tubes in 600C grown FeRu tubes versus commercial
CoMOoCAT tubes. (b) PL intensity ratios between the (8,4) SWNT and (6,5),
(7,6), and (9,4) tubes in 85T grown FeRu tubes versus Hipco tubes.

experiments suggested no drastic chirality dependence for the PL

brightness of SWNT#%! In a relative sense, we compared our
material with CoMoCAT SWNTs known to be highly selective to
the (6,5) tube. We analyzed the (6,5)t¢n) [for (m,n) = (7,6),
(7,5), and (8,4), respectively] PL intensity ratios for both materials
(Figure 3a and Figure S1 for COMoCAT) and found that the FeRu
600°C SWNTs are similarly enriched in the (6,5) SWNT relative
to other (n,n)’s tubes compared to CoMoCAT.

For FeRu SWNTs grown at 85T, the (8,4) SWNT exhibited
the highest PL intensity over othemf)'s (Figure 2c). We
compared this material with Hipco SWNTs known to be broad in
(m,n) distribution. We found much higher (8,4)/(6,5) and (8,4)/
(m,n) [(mn) = (7,6), (9,4)] PL intensity ratios for FeRu 85C
material than for Hipco (Figure 3b and Figure S1 for Hipco). This
suggested that, compared to Hipco, the 8350-eRu grown SWNTs
are more selective to (8,4) SWNT than to (6,5), (7,6), and (9,4)
SWNTSs. Note that we compared the (8,4) tube to (7,6) and (9,4)
tubes due to their similar diameters a@&d emission peak positions
(Figure 2c). Thus, the 850C FeRu methane CVD produced
abundant chiral (8,4) SWNTs (chiral angte 19.2) away from
the arm-chair configuration. These growth results of narrow
diameter distribution differ from typical previous methane CVD
growth, suggesting that the FeRu catalyst, used here for the first
time for CVD of nanotubes, might be unique and responsible for
the growth results.

For the same methane CVD growth condition with other catalysts
such as Fe/silica and FeMo/silica, SWNTs withdnm diameters
are produced with little selectivity in diameter and chiralitythe
current Fe-Ru/silica catalyst produces SWNTs with a diameter
less tham~1.2 nm (Figure S2) and certain chiral selectivity. We
suggest that the FeRu catalyst is unique owing to the lowHie
eutectic temperature~600-650 °C).1®> The intimate alloying of
FeRu and strong FeRu interactions afford small catalytic nano-
particles stable against high-temperature sintering for producing
small diameter SWNTSs. Indeed, transmission electron microscopy
revealed much smaller FeRu alloy particles (average sizem),
smaller than particles in pure Fe or Fe/Mo catalysts after CVD
growth. The large populations of FeRu nanoclusters in th@ 1
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Figure 4. (a) UV—vis—IR and (b) PLE spectra of ion exchange chroma-
tography separated SWNTs from 8350 FeRu growth.

600 nm range in Figure 4a). Compared to the as-grown material,
the smaller diameter (6,5) and (7,5) tubes were eliminated by 3-
and 5-fold, respectively, and the similar diameter (7,6) and (9,4)
tubes were reduced by 2- and 3-fold, respectively. Thus, narrow
diameter distribution growth and chemical separation combined
facilitated obtaining highly enriched single chirality SWNT samples.
In summary, we developed a unique FeRu catalyst for selective
growth of SWNTs. This combined with chemical separation of the
as-grown materials led to nearly single chirality SWNT materials.
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