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ABSTRACT High-quality single-walled carbon nanotubes (SWNTs) with tunable diameters were synthesized

by an improved H,/CH,-based floating catalyst method. Transmission electron microscopy observations and Raman

results demonstrated the overall quality of the as-synthesized samples with finely tailored large diameters at

1.28, 1.62, 1.72, 1.91, and 2.13 nm, depending on the experimental conditions. In addition, Raman analysis

revealed that the abundance of specific (n, m) SWNTs could be selectively enriched simultaneously along with

the diameter modulation. It was found that the selective etching effects of high hydrogen flow stabilized the

decomposition of ultralow CH, flow and considerably suppressed the deposition of amorphous carbon and small

nanotubes, leading to very pure samples with high structural homogeneity suitable for further applications in

practical electronic systems.
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walled carbon nanotubes (SWNTs) in

1993, they have been widely recog-
nized as potential building blocks in future
high-performance nanoelectronics. The
characteristics of SWNTSs strongly depend
on their diameter and chirality denoted by
the structural indices (n, m). For instance,
about one-third of SWNTSs exhibit metallic
properties (M-SWNTs, if n — m = 3p, where
p is an integer), while the remaining two-
thirds act as semiconductor (S-SWNTs, if n
— m = 3p *+ 1).2 Moreover, the band gap of
S-SWNTs is inversely proportional to tube
diameter.* However, conventional as-
synthesized SWNTs, a mixture of both types
of nanotubes, vary sharply in diameter and
chirality, which results in striking changes in
their electronic properties and optical
behaviors.>® Therefore, the currently un-
avoidable structural heterogeneity of as-
synthesized SWNTSs substantially prevents
their potential applications in practical elec-
tronic systems.” Accordingly, for the realiza-
tion of SWNT-based electronics, it is techno-
logically critical to synthesize uniform
SWNTs with high quality.

S ince the pioneering reports of single-
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Recently, uniform SWNTs with small di-
ameters (0.6—1.1 nm) have been directly
grown on Fe/MgO,® Fe/Co,” Fe/Mo,"°
Co-MCM-41,""""3 and Co—Mo'*"* using
various carbon sources such as methane,
CO, as well as alcohol by chemical vapor
deposition (CVD). However, compared to
small nanotubes, large-diameter SWNTSs
(>1.0 nm) can provide sufficient band gaps
for high on/off ratios, enhance mobility,
and allow for good electrical contacts'® and,
therefore, are expected to exhibit high per-
formance for nanoelectronics. Postproduc-
tion separation methods provide a possible
way to obtain uniform SWNTs with small di-
ameters by taking advantage of difference
in their physical and chemical
properties.'” 2" However, these methods
share a common feature that the quality of
the resulting SWNTs strongly depends on
the starting SWNT materials, besides the re-
sulting SWNTs may be damaged during
these harsh treatments. For example, it is
not easy to obtain pure S-SWNTs from
large-diameter SWNT materials via selec-
tive etching and gasifying of M-SWNTs by
gas-phase plasma.?? In particular, diameter-
based separation is more difficult because
differences in physical and chemical proper-
ties caused by diameter change are smaller
and because variations in tube length can
be a dominant factor in physical-based
separation methods.?* Therefore, lager-
scale synthesis of large-diameter SWNTs
with tunable diameters and (n, m) enrich-
ment in a narrow distribution is the most ur-
gent and fundamental step toward further
separation of SWNTs with desired structure
and property for various industrial applica-
tions in any field.

Here, we report selective synthesis of
large-diameter SWNTs with narrow diam-
eter distribution and high quality by a fur-

www.acsnano.org



ther improved floating catalyst chemical vapor deposi-
tion (FCCVD) technique that is based on our earlier
methods of producing large-scale SWNTs.?*?° The as-
synthesized samples have showed a SWNT percentage
of more than 95% without any amorphous carbon.
Moreover, the diameter of the SWNTs can be finely tai-
loredintherange of 2.1 £0.2,1.9 2 0.2,1.7 £0.2,1.6 =
0.2, and 1.3 = 0.2 nm, dependent on the experimental
conditions. Raman analysis reveals that the abundance
of specific (n, m) SWNTs can also be tuned simulta-
neously along with the diameter modulation. Such
structural homogeneity of the as-synthesized SWNTs
has been guaranteed by the selective etching effect of
high H, flow, which can stabilize the decomposition of
ultralow CH, flow during the growth reaction.

Figure 1a illustrates a photograph showing the ac-
tual size of the as-synthesized SWNT films after a
growth time of 30 min. Given that scale up is not lim-
ited by the growth process, the synthesis of high-
quality SWNTs is easily scaled up by using a larger reac-
tion tube. Figure 1b shows a typical scanning electron
microscope (SEM) image of the pristine SWNTs. It can be
seen that this sample consists of abundant very clean
bundles without any amorphous carbon. Compared to
conventional FCCVD-
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Figure 1. (a) Photograph of the as-synthesized SWNT material

after a growth time of 30 min. (b) SEM and (c) TEM images of

the pristine SWNTSs. Inset in (c) is an enlarged HRTEM image of
the framed portion, showing the cross section of a SWNT

bundle.

produced SWNTs, the
metal particles in the as-
synthesized sample are
greatly reduced, as ob-
served by transmission
electron microscope (TEM,
Figure 1c). In our experi-
ments, the growth rate
was finely controlled by
precisely controlling the
sublimation temperature
of ferrocene within a 5 °C
temperaure range at low
temperatures of

60—120 °C, in which fer-
rocene was very slowly
sublimated (Figure S1,
Supporting Information),
and its subsequent pyroly-
sis at high temperatures
in situ produced a limited
amount of iron clusters
with high activity. High-
resolution transmission
electron microscopy (HR-
TEM, the inset in Figure
1c) reveals a perfect hex-
agonal packing structure
in cross section, demon-
strating that the bundle
consists of uniform
SWNTs. These results
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Figure 2. (a) SWNT diameter distributions of sample S;—S, and their Gaussian fits with means of 2.13, 1.91,
1.72, 1.62, and 1.28 nm, respectively, measured from a total of 1841 nanotubes from HRTEM images. (b) Ra-
man spectra of sample S;,—S,, excited by a laser energy of E,.., = 1.96 eV.
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Figure 3. (a) Correlation between E;; (interband energy), wggy, and d,. Horizontal solid line splits
the figure into top and bottom panels. Solid circles indicate calculated RBMs from the equation:
Wgem = 223.5/d, + 12.5. M-SWNTs (open red circles) and S-SWNTs (blue X’s) are easily distin-
guishable by their RBMs at excitation wavelenghth A= 633 nm. (b) Relative intensity of G bands
after comparison—normalization for S;—S,. (c) Peaks deconvolved from the RBMs. Red and blue
lines indicate M-SWNTs and S-SWNTs, respectively.

there is only one narrow peak in the
RBM regions, and it shifts from low to
high frequency from S, to S, further
demonstrating that the structure of
SWNTs is exceptionally homoge-
neous and tunable. The D band in
graphite involves scattering from a
defect which breaks the basic sym-
metry of the graphene sheet, and it
can be observed in SWNTs contain-
ing vacancies, impurities, or other
symmetry-breaking defects.?’ In Fig-
ure 2b, the D band is almost absent
for S,—S,,, indicating high quality of
the SWNTs, which is consistent with
the above SEM and TEM
observations.

According to the Kataura plot
(the upper panel of Figure 3a),?® giv-
ing the resonant van Hove singular-
ity in the joint density of states for all
(n, m) SWNTSs as a function of tube di-
ameter (d, = 0.249(n*> + m* + mn)"/
2/m),?” we can obtain information
about the abundance of M/S-SWNTs
in each sample. It is apparent that
the enrichment of metallic tubes in
S, is dramatically increased, com-
pared to other samples. If there were
some M-SWNTs with diameters in
the range of 1.2—1.5 nm (the lower
panel of Figure 3a) for S;;; and S,,, cor-
responding RBM peaks would rather
be expected than be suppressed.
This allows us to conclude that all
nanotubes with a diameter in the

strongly indicate that the improved H,/CH,-based FC- range of 1.2—1.5 nm are semiconducting for S;; and
CVD is a promising method for larger-scale production S, . Additionally, comparison of the G band regions fur-
of pure SWNTs with high quality and structural ther supports this argument.?® Typically, both M-SWNTs
homogeneity. and S-SWNTs can characteristically show two domi-
Depending on the growth conditions (Table S1, Sup-  nant features between 1500 and 1600 cm ™" at room
porting Information), five kinds of samples were ob- temperature, the lower frequency component (wg_) as-
tained and denoted as S, S;;, S;ii, S;v» @and S,,. Figure 2a sociated with vibrations along the circumferential direc-
displays the diameter distribution of SWNTSs in each tion, and the higher frequency component (g ) attrib-

sample, from the analysis of a total of 1841 nanotubes  uted to vibrations along the direction of the nanotube
measured from HRTEM images. It can be seen that the  axis. Both wg_ and wg.,. in S-SWNTs show a narrow and

diameter of over 80% SWNTs from S; to S, is finely tai- ~ symmetric Lorentzian line shape, while w¢_, in

lored in a narrow range of 2.1 £ 0.2, 1.9 £ 0.2, 1.7 £ 0.2, M-SWNTs has a Lorentzian line shape that is almost as
1.6 = 0.2,and 1.3 = 0.2 nm, with the Gaussian mean narrow as that for S-SWNTs, but o _ is a very broad and
at 2.13,1.91, 1.72, 1.62, and 1.28 nm, respectively. It is asymmetric Breit—Wigner—Fano (BWF) line.?” There-
known that the frequency of radial breathing mode fore, the much broader wg_ component (centered at
(RBM, wggp,) of SWNTSs is inversely proportional to the ~1540 cm™ ") of S, (Figure 3b) not only provides addi-
tube diameter (d,): wggy = 223.5/d, + 12.5.2° Therefore,  tional confirmation that this sample is enriched with

it can also be estimated from RBMs (Figure 2b) that metallic tubes but also reflects the smaller diameter in

the SWNTs from S; to S, have average diameters of 2.24,  S,. Furthermore, the resistivities of S; to S, were mea-
2.04,1.77,1.61, and 1.25 nm, respectively, well in agree-  sured by using four-point probe technique. The elec-
ment with the above statistical analysis. Moreover, tric conductivity of the bulky film from S, (~6.2
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m{-cm)is 1.6—11 times
higher than those of S,—S,,,
which qualitatively indi-
cates the existence of more
metallic nanotubes, in
agreement with the Raman
data.

Additionally, according
to the Kataura plot, there
are many different (n, m)
SWNT species within the
resonance window
(1.86—2.06 eV) for the laser
excitation energy of 1.96
eV, for a SWNT product
with the same diameter dis-
tribution as S, to S,,. How-
ever, only several peaks
(Figure 3c) are deconvolved
from the RBM features.
Considering the very nar-
row line width of each de-
convolved peak, we believe
that the number of (n, m) species should be much
smaller than those theoretically predicted, meaning
that there is a (n, m) selectivity of SWNTSs in these
samples. Note that some deconvolved RBM peaks have
similar frequencies for S, to S,, such as 103, 112, 114,
122, 140, and 193 cm ™. This makes it possible to iden-
tify the (n, m) selectivity of these samples from RBM
analysis. Here, the relative quantities of (n, m) SWNTs
for each sample are evaluated by the relative integrated
intensities of the Lorentzians, which allows us to elimi-
nate the unknown resonance enhancement factors for
the individual (n, m) SWNTs contributing to the spectra,
thus avoiding a specific (n, m) assignment. Table S2 in
the Supporting Information lists the integrated intensi-
ties of all Lorentzians that fit the RBM features. It is clear
that the relative intensity of 114, 122, 140, 151, and
193 cm™ ' is largest for S,, S;, S Sivs and S,, respec-
tively. Each RBM peak of a SWNT ensemble could be
considered as a superposition of several narrower Ra-
man lines corresponding to the tubes with nearly same
diameters.° However, according to the calculated di-
ameter and the Kataura plot, the RBM peaks in Figure
3c can be tentatively assigned to five groups of (n, m)
tubes: (18, 18)/(26, 4)/(22, 9)/(20, 9)/(19, 5), (18, 18)/(27,
2)/(16, 14)/(19, 5), (22, 9)/(20, 9)/(19, 5), (29, 2)/(22, 9)/
(20,9)/ (19, 5) /(15, 8), and (16, 1)/(14, 2)/(9, 9)/(15, 0), re-
spectively. This result suggests that the abundance of
(n, m) SWNTSs can be also tuned simultaneously with di-
ameter by adjusting experimental parameters.

In our experiments, ultralow carbon feeding rate
(<~6 sccm) and high hydrogen flow rate (1500—3000
sccm) are two key factors to obtain uniform SWNTs.
Once the rate of CH, flow is over 10 sccm, the as-
synthesized SWNTs typically have a broad diameter dis-
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Figure 4. HRTEM images for FCCVD-based SWNTs grown from catalyst particles.

tribution, which can be seen from their Raman spectra
(Figure S2, Supporting Information). Meanwhile, when
pure Ar flow is used as carrier gas, the diameter distri-
bution of the SWNTs remarkably increases (Figure S3,
Supporting Information). Generally, with the above two
prerequisites, larger SWNTs are closely related to higher
flow rates of carrier gas, lower sublimation tempera-
tures of ferrocene, lower carbon feeding rates, and
lower growth temperatures. It should be noted that
the microstructure of SWNTs is independent of the re-
action duration time because FCCVD is a continuous
process, in which SWNTSs are grown and quickly trans-
ported out of the reaction zone by carrier gas.

It is well accepted that kinetic rather than thermody-
namic should be considered to explain the population
of a given nanotube sample."*">3" For instance, when
coordinated to the metal surface, the nanotube cap for
an armchair nanotube (a regular array of atoms) tends
to be most stable, and thus the growth of the armchair
nanotube has the lowest (kinetic) activation energy.>?
Clearly, the activation energy for SWNT growth varies
from one type to another. It is conceivable that varia-
tions of experimental conditions will result in different
kinetic behaviors and consequently lead to the diam-
eter and (n, m) selectivity of SWNTs. Hydrogen, which
is also a byproduct of CH, decomposition, can suppress
the CH, decomposition on the metal cluster surface.
So the molar ratio of H,, CH,, and ferrocene in the reac-
tor will influence the decomposition rate of CH, on
the iron cluster surface and thus determine the forma-
tion of the nanotube cap with a certain structure, even
when the growth temperature is kept constant.

When compared to the previously reported small
SWNTs (0.6—1.1 nm),""'*'> the growth of large-
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diameter nanotube obtained by Ar/CH,-based FCCVD.

diameter SWNTs in H,/CH,-based FCCVD synthesis can
be linked to the evolution of hydrogen, which has a
dual effect on the nucleation of carbon and formation
of nanotube cap. First, H, can increase the rate of reduc-
tion (decomposing inactive surface carbides into cata-
lytically active metallic form and gasifying residual sur-
face carbon radicals to maintain a clean surface),®
sinter metal clusters, and finally cause a broad distribu-
tion of metal particles. This result contrasts with the nar-
row size range obtained with pure Ar as carrier gas (Fig-
ure S4, Supporting Information). With CH, as carbon
feedstock, the size of metal clusters is not only deter-
mined by H, but also by the extent of CH, conversion,
which in turn varies the metal cluster exposure to H,.
Second, H, can also lower the carbon surface fugacity
on the metal cluster surface, a well-known phenom-
enon in heterogeneous catalysis.>* The decrease of car-
bon fugacity on the metal cluster surface will delay the
nucleation of the cap. If during this delay the metal clus-
ter continues growing by metal sintering, the forma-
tion of the cap will occur at a larger diameter.3?

The narrow distribution in diameter and the enrich-
ment of M/S-SWNTSs deserve some discussion. In the lit-
erature, many researchers believe that the uniformity
of SWNT diameter results most likely from the unifor-
mity of catalyst particles with similar size to SWNT
diameter.2~'" However, on the basis of a great deal of
HRTEM observations, we found that the final size of
catalyst particles varies greatly, larger than the diam-
eter of SWNTs grown from them, as shown in Figure
4a—f. Clearly, these findings have painted a more com-
plex picture than the simple idea that the SWNT diam-
eter is determined by the size of catalyst particles. For
example, Yao et al.>> also found that the diameter of a
SWNT could vary with growth temperature even
though the catalyst particle at the growing tip remains
the same. As mentioned above, two prerequisites for

AMCNTA N . ]
/“@1%\@) VOL.2 = NO.8 = LIU ET AL.

the synthesis of uniform SWNTSs in our experi-
ments are ultralow carbon feeding rate and high
hydrogen flow rate. As far as the dependence of
the SWNT diameter on carbon feeding rate is
concerned, Lu et al.>® believed that the diameter
of SWNTs was closely related to the concentra-
tion of carbon atoms (or carbon feeding rate) via
selective activation of catalyst nanoparticles;
here we will not discuss it in detail but focus our
attention on the role of hydrogen, which exerts a
determinant influence upon the structural homo-
geneity of the as-synthesized SWNTs. It is wor-
thy noting that, in previous publications,?”® hy-
drogen is notoriously unfavorable to SWNT
formation and growth, likely due to attacking of
the sp? C to form sp? structures,***° giving a low-
yield growth of SWNTs. For example, Zhang et
al*” pointed out that even 10% H, would sub-
stantially yield a blocking effect of reactive H radi-
cals on SWNT growth in CH,-based plasma-
enhanced chemical vapor deposition (PECVD) even at
room temperature. In our experiments, however, uni-
form SWNTSs can be synthesized only with high hydro-
gen flow (H, = ~99.7%), strongly indicating that H, has
a positive effect on the structural uniformity of SWNTs
in H,/CH,-based FCCVD synthesis.

In fact, when compared to the PECVD case, the con-
centration of reactive H radicals in thermal CVD is about
10° times lower,*" which may not considerably change
the surface kinetics or block the formation of sp*-like
SWNTs; nevertheless, the moderate etching effects of
these atomic hydrogens on SWNTSs should be expected
at high temperatures via the following reactions:

(i-SWNTs + r-SWNTs) + H— (i-SWNTs) +
CH,, GH,, CH, ...

CH,, CH,, C3H, ..+ H—CH, 1, CH, t, CHg 1.

where i-SWNTs and r-SWNTs are relatively chemically in-
ert and reactive SWNTSs, respectively, and x, y, and z
are integers. Especially, such selective etching of low
concentration of reactive H radicals is more pro-
nounced for small-diameter or metallic nanotubes since
both types are more reactive to be attacked
preferentially.***2 This hypothesis is consistent with
our results that large SWNTSs (>1.0 nm) were synthe-
sized by H,/CH,-based FCCVD, with few tubes with a di-
ameter <0.7 nm. In stark contrast, Ar/CH,-based FC-
CVD synthesis produces abundant small SWNTs with a
diameter <0.7 nm, which can be seen from their Raman
spectra (Figure 5a). Interestingly, even the smallest free-
standing tubes with diameter of 0.40 nm can be fre-
quently found during HRTEM observations, as shown
in Figure 5b. Meanwhile, lower growth temperature will
decrease the etching effects and the amount of reac-
tive H radicals; therefore, smaller M-SWNTs largely as-
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semble in sample S,. On the contrary, higher growth
temperature leads to the enrichment of larger S-SWNTs
in samples of S; to S,,. This process is very similar to
the separation progressing of S-SWNTs via selectively
etching and gasifying M-SWNTs by gas plasma.?? There-
fore, we believe that the selective etching effects of
low concentration of reactive H radicals are respon-
sible for the structural homogeneity of the SWNTs in H,/
CH,-based FCCVD synthesis. Second, the deposition of
amorphous carbon on SWNTs can also be easily gasified
and removed by the etching effects of reactive H radi-
cals via the following reactions:

(SWNT)-CH, +H— (SWNT)-CH, ., (n=0,1,2)
(SWNT)-CH, + H— (SWNT) + CH,

and thus high-quality SWNTSs are obtained without
amorphous carbon on tube surface, which is well in
agreement with the above results of SEM, TEM, and Ra-
man. Finally, CH, dissociation process can be enabled
by atomic hydrogen due to the abstraction reaction
(CH, + H — CH; + H,),** thereby facilitating carbon

METHODS

The synthesis was performed in a quartz tube reactor inside
an electrical furnace. In a typical experiment, 100—4000 sccm
H, (or H,/Ar) flow was introduced through the quartz tube.
When the reaction temperature reached 900—1200 °C, a mix-
ture of ferrocene/sulfur powder (S = 0.5 wt %) was sublimated
at 50—120 °C and transported into the reaction zone by the gas
flow. At the same time, no more than ~6 sccm CH, flow was in-
troduced, and then SWNTs grew downstream inside the quartz
tube. After a growth time of 10—60 min, the furnace was cooled
naturally to room temperature under the protection of H,. It is
worth noting that, when compared to our earlier preparation
procedure,*?*> some improvements were made to obtain uni-
form SWNTs, including the following: (i) high H, flow and ul-
tralow CH, flow were used to stabilize the decomposition of ul-
tralow CH, flow in order to realize a better structural control; (ii)
to avoid the influence of heat inertia of the furnace that could in-
duce an additional sublimation of ferrocene and thus increase
the amount of iron particles in the as-synthesized SWNT samples,
ferrocene was removed quickly to the sublimation zone from
the cold zone (near to room temperature) when the growth re-
action started, and then removed to the cold zone after the
growth reaction; (iii) the sublimation rate of ferrocene was finely
restricted by controlling its sublimation temperature within a 5
°C temperaure range; and (iv) sulfur powder was used as growth
promoter instead of thiophene, and then a precise ratio of cata-
lyst/promoter can be maintained during the growth reaction.
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synthesized SWNTs by Ar/CH,-based FCCVD; diameter
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deposition and diffusion on the surface of metal cata-
lyst. It should be noted that, once hydrogen flow is used
as only carrier gas with a rate of >3000 or <200 sccm,
this method gives a poor yield of SWNTs because the
etching effects are enhanced in both extreme cases, ex-
cessively gasifying surface carbon (before solvation) or
even preventing dissociative adsorption by blocking ac-
tive sites.>® The former is attributed to the increasing
concentration of reactive H radicals, besides the nano-
tube growth time is simultaneously shortened; the lat-
ter may be due to the increase of etching time because
SWNTs are transported more slowly out of the reaction
zone at a lower flow rate.

In summary, we have demonstrated that high-
quality SWNTs with tunable diameter distribution and
(n, m) enrichment can be synthesized by H,/CH,-based
FCCVD method. The diameter and (n, m) selectivity of
SWNTs are attributed to the selective etching effects of
low concentration of reactive H radicals, which pro-
vides a remarkable tool for tailoring specific carbon
nanotubes even without the need of postgrowth sepa-
ration methods and thus opens up a possibility for
large-scale SWNT electronics with high performance.

distributions of the Fe-NPs in H, (Ar)/CH,-based FCCVD synthe-
sis. This material is available free of charge via the Internet at
http://pubs.acs.org.
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