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Smaller Diameter

Zhongming Chen,"* Dong Young Kim,* Kei Hasegawa,* and Suguru Noda

+.8,%

"Department of Chemical System Engineering, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan, *Department of
Applied Chemistry, School of Advanced Science and Engineering, Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169-8555, Japan, and SPRESTO, Japan Science
and Technology Agency, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

ABSTRACT We examined the use of low purity H, (96 vol % H,
with 4 vol % CH,) in chemical vapor deposition (CVD) using a ;H, |
feedstock, and obtained vertically aligned single-wall carbon nano-
tubes (VA-SWCNTs) with unexpectedly smaller diameters, larger
height, and higher quality compared with those grown using pure
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H,. During the catalyst annealing, carbon deposited at a small I I f I I

amount from CH, on the Fe particles, which kept them small and
dense. During CVD, CH, prevented the Fe particles from coarsening,

LM

resulting in an enhanced growth lifetime and suppressed diameter

increase of growing SWCNTS. These effects were observed only for CH,, and not for C;H, or G H,. CHy-assisted CVD is an efficient and practical method that

uses H, containing CH, that is available as a byproduct in chemical factories.
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Ostwald ripening

rowing longer carbon nanotubes
G (CNTs) with smaller diameters is an

ever-lasting challenge. In 1996, Li
et al. reported the synthesis of vertically
aligned CNT (VA-CNT) arrays via chemical
vapor deposition (CVD) using Fe catalysts
supported on porous SiO,.! These were
multiwall CNTs (MWCNTs) with a diameter
of ~30 nm, and their height reached 50 um
in 2 h. Later, they improved the height to
2 mm by continuing CVD for as long as 48 h.?
For single-wall CNTs (SWCNTs), however,
several more years were required for such
growth to be achieved. Murakami et al. first
realized the synthesis of VA-SWCNTs using
CVD with C,HsOH as a feedstock, but the
height was a few micrometers after 60 min
of growth.? Hata et al. reported the “super
growth” of VA-SWCNTs via water-assisted
CVD; in this case, the height reached
2.5 mm in 10 min.* These works have driven
many researchers to investigate O-containing
precursors such as CO® in addition to
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C,HsOH,**"% and O-containing additives
such as 0,,° CO,,'® and many other species'’
in addition to H,0.">~'* Such species can
enhance the lifetime of the catalyst by
removing the carbon byproducts that cover
the catalyst nanoparticles.'? Because of such
efforts, it is now possible to grow millimeter-
tall VA-SWCNTs; however, such SWCNTs
tend to have large diameters, of ~3 nm or
larger.">~"” Catalyst nanoparticles gradually
become coarsened during CVD through
Ostwald ripening,'® resulting in the abrupt
termination of the growth and gradual increase
in diameter of the growing SWCNTs.'#17~1°
The question of how to keep small catalyst
nanoparticles stable and active for SWCNT
growth is a very difficult and important
issue. Increasing the length while retaining
the small diameter of SWCNTs is highly
demanded in applications such as transpar-
ent conducting films?® and spun-fibers?’
where the contacts between SWCNTs limit
their electrical and mechanical properties.
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Figure 1. VA-CNTs grown on combinatorial Fe/AlO, catalyst libraries under standard conditions for 10 min without and with
CH,. (a) Schematic of the Fe/AlO, catalyst library. (b) Profiles of Fe deposition rate (Rr.) and nominal Fe thickness (tg) vs
position in the library (x). Digital images (c and d) and Raman spectra (e and f) for the CNTs grown on the libraries without
(c and e) and with (d and f) CH,. Heights (g), and G/D intensity ratios (h) of the CNTs at different tg.. The Raman spectra were
taken at the top of the VA-CNTs, using an excitation wavelength of 488 nm.

To realize the full-scale practical applications of
CNTs, it is necessary to achieve low-cost and large-
scale production methods. Previously, we coupled the
rapid growth of VA-CNTs with the fluidized-bed CVD
method to realize the semicontinuous and batch pro-
duction of submillimeter-long few-wall CNTs*? and
SWCNTs,?® respectively. The bed of catalyst-supported
ceramic particles enabled the rapid conversion of C;H,
into CNTs with a carbon yield of ~70 at%, in residence
times as short as 0.2—0.3 s. A large amount of H,, which
is a common feed gas in many CVD processes for CNT
production, is needed for this process. Hence, there is a
practical motivation for replacing the expensive high-
purity H, used in laboratory processes with the low-
purity H, that is available at a low cost and/or a
byproduct in chemical factories. In the naphtha crack-
ing process, H, gas is produced as a byproduct in
addition to various low hydrocarbons (CH,; CyH,,
C,oHe, C3He, C3Hg, etc.). H, is separated by cryogenic
distillation from this mixture, but some CH, remains in
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the separated H,. In this work, we examined the use of
96 vol % pure H, containing 4 vol % CH, for the rapid
growth of millimeter-tall SWCNTs, and compared the
results with those obtained using 99.999 vol %-pure H,.
We examined whether the impurity (CH,4) disturbs the
SWCNT growth; unexpectedly, we found that CH, has
significant effects in suppressing the coarsening of the
catalyst particles and growing taller VA-SWCNTs with
smaller diameters. We also discuss the role of CH, in
improving the SWCNT growth.

RESULTS AND DISCUSSION

Overview of CH,-Assisted CVD Yielding Taller VA-SWCNTs of
Higher Quality under a Wider Range of Catalyst Conditions.
Using the combinatorial masked deposition (CMD)
method,'®**?*> we could easily optimize the catalyst
conditions for the SWCNT growth. Fe/AlO, catalysts
with a range of nominal Fe thicknesses (tr.) were
prepared by sequentially sputter-depositing Al and
Fe on silicon wafers with a thermal oxide layer

VOL.7 = NO.8 = 6719-6728 = 2013 ACSN\A

J

WL

N

Na

WWW.acsnano.org

6720



(a)wo&wo (b) w & wo

-

5

ey
N

9

Growth time /min _

1.5' 0.7 | | 07 |
10 05 0.

tFelnm ’

(c) wo & w

-

ONONONONONONONONON
Height / mm

SIIllllm

15|07| 1.5|0.7| 0.3
10 05 ;

O‘510 mm

Figure 2. Photographs of the VA-CNTs taken at 3 min intervals during growth, under the conditions of: (a) annealing and CVD
without CH,, (b) annealing with CH, and CVD without CH, (c) annealing without CH, and CVD with CH,, (d) annealing and CVD
with CH,. The top images were taken after the corresponding samples were cooled. The scale bar applies for all of the images.

(Figure 1a,b), and by annealing these samples in a
26 vol % H,/Ar mixture (named here as “without CH,"),
or a 25 vol % H,/1.0 vol% CH,/Ar mixture (named here
as “with CH4"), both with 50 ppmv H,0, at ambient
pressure and 800 °C for 5 min in a tubular CVD reactor
(see Methods). CVD was then carried out by switching
the gas mixture to 0.3 vol % C;H,/26 vol % Hy/Ar, or
0.3 vol % C,H,/25 vol % H,/1.0 vol % CH,4/Ar, both with
50 ppmv H,0, at ambient pressure.

Figure 1c,d shows digital images of the CNTs grown
on the combinatorial catalyst library using H,/without
and with CH,, respectively. The CNTs were vertically
aligned (see scanning electron microscope (SEM)
images in Supporting Information, Figure S1), and their
height was largely dependent on tg, as reported
previously.'* The VA-CNTs were 0.7 mm tall at to ~
0.5 nm and became shorter with tr. < 0.5 nm, and the
CNTs hardly grew with tg. < 0.3 nm (Figure 1g). The CVD
conditions for Figure 1d were the same as those used
for Figure 1c, except that 1.0 vol % H, was replaced
with 1.0 vol % CH,; however, the height of the VA-CNTSs
was very different. The CNTs were approximately 0.9 mm
in height at tge &~ 0.5 nm and were taller than those
produced without CH, over a wide range of tg. values
(Figure 1g). Figure 1e,f shows the Raman spectra for the
CNTs shown in Figure 1¢,d, respectively, taken at their
tops at different positions. For the VA-CNTs grown
without CH, at tre < 0.6 nm (Figure 1e), the G-band
peak at ~1590 cm ™' was branched, and the RBM peaks
appeared clearly, illustrating the growth of the
SWCNTs, as we reported previously.'*'®'® For the
VA-CNTs grown with CH, (Figure 1d), however, the
Raman spectra were quite different. The G-band peak
was sharp and branched, and RBM peaks were clearly
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observed for a wider range of tg, showing that the
SWCNTs were synthesized under a wider range of
catalyst conditions. The G-band to D-band peak inten-
sity ratios (Figure 1h) were much larger for the CNTs
grown with CH, than for those grown without CH,,
which indicated the higher quality of the former
compared with the latter. In the following sections,
we carefully examined these remarkable effects of CH,
in enhancing the height and quality of VA-SWCNTs for
0.5 < tre < 1 nm; under these conditions, the SWCNTs
grew to ~1 mm in height.

Effects of CH, during Catalyst Annealing and CVD. To
investigate the effects of CH, during the synthesis of
the SWCNTs, we used a digital camera to monitor the
growth of VA-CNTs every 10 s. The photos shown in
Figure 2 were taken at 3 min intervals under the
conditions: (a) annealing and CVD without CH,, (b)
annealing with CH, and CVD without CH, (c) annealing
without CH, and CVD with CH,, and (d) annealing and
CVD with CH,. At the beginning of the CNT growth, the
CNT heights were similar in all of the samples, except
for the threshold in tr. for the VA-CNT growth:
(@) ~0.6 nm, (b and c) ~0.5 nm, and (d) <0.5 nm (see the
photos taken at 6 min). The differences in the heights
became prominentin the later stages; in the final stage,
the VA-CNTs were the shortest (~1.5 mm) under the (a)
conditions, and the tallest (maximum height >2.5 mm)
under the (d) conditions (see the photos taken after the
samples were cooled). Near the threshold Fe thickness,
the VA-CNTs peeled off from the substrates, due to the
tension produced by the VA-CNTs growing faster and
taller nearby."® Figure 3 shows the time profiles for the
heights of the VA-CNTs at tre = 0.7 nm. The VA-CNTSs
peeled off the substrate at 650—700 s with (a) and
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750—800 s with (c), whereas they grew continuously
for ~1300 s with (b) and ~1500 s with (d). The growth
lifetime and final height were the shortest for (a)
(750—800 s and 0.9 mm), and the largest for (d) (1500 s
and 2.2 mm). The growth rate for (c) is somewhat larger
than the others (a, b and d). As discussed later for
Figure 4, annealing without CH, resulted in the lower
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Figure 3. Time profiles of CNT heights for t;e = 0.70 nm,
under the conditions of: annealing and CVD with CH, (red
open circles), annealing with CH; and CVD without CH,
(green closed squares), annealing without CH,; and CVD
with CH,; (blue open triangles), and annealing and CVD
without CH,; (black crosses). The samples shown are the
same as those shown in Figure 2.

density of catalyst particles, which may have resulted
in the lower mass density of the CNT forests and thus
the larger height increase (growth rate). But the
growth curves obtained using the catalyst library is
not suitable for the detailed discussion because the
CNTs growing nearby at different tp. interact with
each other. The addition of CH, during the catalyst
annealing and CVD enhanced the VA-CNT height,
mainly by enhancing their growth lifetime rather than
the growth rate.

Effects of the Addition of CH, during the Catalyst Annealing
on the Microstructure of the Fe Particles. Figure 4 shows
AFM images of the Fe/AlO, surfaces at three different
stages: as deposited (a, d, g, and j), after annealing
under H, without CH, (b, e, h, and k), and after
annealing under H, with CH, (c, f, i, and I). Fe was
deposited uniformly on separate substrates, with dif-
ferent thicknesses of tre = 1.0 nm (@a—c), 0.7 nm (d—f),
0.6 nm (g—i),and 0.5 nm (j—I). The inset data shows the
number density of the Fe islands or particles. The
number density of the Fe particles was approximately
1.5—1.7 times higher when the samples were annealed

(@) 2.2x 102 ¢cm2

fre =
1.0 nm
0.7 nm

(g) 1.6x10'2cm2
0.6 nm

() 1.5% 102 cm2|
0.5 nm

As deposited

0 ey
Annealed without CH, Annealed with CH,

.

0

Figure 4. AFM images of the Fe/AlO, surfaces as-deposited (a, d, g, and j), after annealing at 800 °C for 5 min under H,/H,O/Ar
without CH, (b, e, h, and k), and after annealing under H, with CH, (c, f, i, and I). The catalysts were prepared on separate
substrates with uniform thicknesses of tr. = 1.0 nm (a—c), 0.7 nm (d—f), 0.6 nm (g—i), and 0.5 nm (j—I). The inset show the

number density of the Fe islands and particles.
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under H, with CH, than when they were annealed
under H, without CH,4. For example, nominally 0.7-
nm-thick Fe formed very small islands with a number
density of 1.8 x 10'? cm ™2, as deposited on the AlO,
surface. After annealing under H, without CH,4
(Figure 4e), the Fe layer transformed in particles of a
larger size and a wider size distribution (see the
height distribution on the right of each AFM image),
and their number density decreased to 0.90 X
10'2 cm™2. After annealing under H, with CH,
(Figure 4f), the Fe particles were small and uniform,
with number densities as high as 1.3 x 10'* cm™2,
Similar results were found for all of the t¢. in Figure 4.
It is clear that CH4 had a significant effect in keeping
the Fe particles stable with small sizes and high
number densities.

We then analyzed the Fe/AlO, surfaces after anneal-
ing (and prior to CVD) using X-ray photoelectron
spectroscopy (XPS) (Supporting Information, Figure S2).
Although the chemical state of the Fe after anneal-
ing could not be judged from the spectra due to its
oxidation during the sample transfer to the XPS cham-
ber under air, we were able to obtain quantitative
information on the surface atomic ratios. The Fe to Al
atomic ratio was similar when the annealing was
performed with CH, (0.14) and when it was performed
without CH, (0.14). A significant difference was found
in the C to Fe atomic ratio; it was 3.0 when the
annealing was performed without CH,, and it was
7.4 when the annealing was performed with CH,. The
C 1s peaks for the Fe-free AIO, surfaces annealed
without and with CH, exactly coincided with each
other (Figure S2a), which indicates that the carbon
deposited from CH, not on the AlO, surface but on the
Fe particles. The subtraction of the C 1s peaks for the
Fe/AlO, surfaces yielded a sharp peak centered at 284.0
eV (Figure S2b), which should reflect the carbon de-
posited on the Fe particles. Note that the broad peak
centered at 286.1 eV that was observed for all samples
originated from organic compounds adsorbed dur-
ing the exposure to air. It is possible that CH,4
stabilized the Fe particles during the catalyst anneal-
ing by saturating and passivating them with carbon,
thus reducing their surface energy, where the passi-
vation layer was thin enough to allow the CNT
growth in the successive CVD step and to allow
the oxidation of Fe particles during their exposure
to air.

Effect of the Addition of CH, during CVD on the Diameter of
the SWCNTs. We previously observed an increase in the
diameter of millimeter-tall VA-SWCNTs, from 1.5 to
2 nm at the top, to 3—4 nm at the bottom;'*'”"®
this was attributed to the coarsening of the Fe
particles'*"”'® through Ostwald ripening'® during
CVD. The coarsening of the catalyst is also closely
related to the termination of CNT growth.'®?° Because
there is a close relationship between the diameter of
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Figure 5. TEM images and diameter distributions of
SWCNTs, observed at different depths from the top of the
VA-SWCNTs. The SWCNTs were grown for 10 min on sepa-
rate substrates with a uniform catalyst of tre = 0.7 nm,
without (a, ¢, e, and g) and with (b, d, f, and h) the addition of
CH, throughout catalyst annealing and CVD (also see
Supporting Information, Figure S1). The change in the
average diameter of the SWCNTs was plotted against the
depth from the top of the VA-SWCNTs in (i).

the catalyst particles and that of the SWCNTs, %" the
change in the diameter of the SWCNTs at different
positions along their height should reflect the his-
tory of the change in the diameter of the catalyst
particles during CVD. We therefore analyzed the
SWCNTs in detail using transmission electron micro-
scopy (TEM).

We synthesized VA-SWCNTSs on separate substrates
with a uniform catalyst of tr. = 0.7 nm, without and
with CH, throughout catalyst annealing and CVD. As
shown in Supporting Information Figure S1, the
SWCNTSs were vertically aligned, and were taller when
CH,4 was added. The Raman spectra and the G-band to
D-band intensity ratios confirmed that the SWCNTs
were of better quality when CH, was added, which was
consistent with the results shown in Figure 1. A portion
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Figure 6. Schematic representation of the catalyst an-
nealing and CVD growth of VA-SWCNTs, without and
with CH,.

of the VA-SWCNTs was picked up using tweezers, laid
on a TEM grid, and observed (using TEM) at various
depths from the top of the VA-SWCNTs (Figure 5)."” All
of the CNTs were SWCNTs, and no MWCNTs were
observed at any depths, similar to our previous
reports.'*17'° The inset histograms for the SWCNT
diameter distributions showed that the diameter was
smaller when the synthesis was performed with CH,,
and that it increased with increasing depth. Figure 5i
shows the average diameter of the SWCNTSs at different
depths from the top of the VA-SWCNTs. The diameter
increased from 2.1 to 3.6 nm in the case without CH,
addition, while it increased from 1.9 to 3.0 with CH,
addition. Because SWCNTs grow in the root growth
mode, this result shows that the diameter of SWCNTs
increased with time during CVD. Although the SWCNTs
increased in diameter regardless of the addition of CH,,
SWCNTs with smaller diameters nucleated and grew
from the smaller catalyst particles (Figure 4), and
retained their smaller diameters when CVD was per-
formed with the addition of CH4. CH, suppressed the
coarsening of the catalyst to some extent, during both
the catalyst annealing and the CVD, yielding taller VA-
SWCNTs (Figure 1 and S1) with smaller diameters
(Figure 5).

Possible Role of CH, during Catalyst Annealing and during
QVD. Figure 6 summarizes the possible role of CH,
during the catalyst annealing and the CVD growth of
the VA-SWCNTs. After sputter-deposition and exposure
to air, the Fe was in an oxidized state, and had a very
fine particulate island structure (Figure 4a,d,g,j). When
annealed under H, without CH,, the increased surface
energy of the reduced Fe drove the coarsening of the
Fe particles, resulting in larger Fe particles and reduced
number densities (Figure 4b,e,h k). In contrast, when
the annealing was performed under H, with CH,,
carbon deposited at a small amount (Figure S2a),
which possibly saturated Fe particles and passivated
their surface, reducing their surface energy and thus
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suppressing the driving force for the coarsening pro-
cess, resulting in small Fe particles with high number
densities (Figure 4cf,il). However, CH, neither deacti-
vated the catalyst particles by forming “onions”, nor
grew CNTs under our experimental conditions. The
reactivity of CH,4, which is much smaller than that of
C5H,,* should have been sufficient to just stabilize
small Fe particles. The addition of CH, was also effec-
tive in the subsequent CVD step, in allowing the
SWCNTs to grow taller (Figure 3), and in suppressing
increases in the diameter of the growing SWCNTs
(Figure 5). Such effects can be understood in a fashion
similar to the annealing step; i.e.,, CH, stabilized the
small Fe particles, and prevented them from coarsen-
ing through Ostwald ripening. Although we did not
observe the mass loss of Fe through the subsurface
diffusion to the AlO, underlayer, which reportedly
occurs at the later stage than Ostwald ripening,®® CH,
may show some effect in suppressing the mass loss,
too, for the case of longer CVD time. The question
remains as to why CH,; was needed during CVD,
because there was a much larger influx of carbon from
the C,H, (millimeter length corresponding to 10~
layers) than from the CH, (up to a few layers).

Effects of Other Hydrocarbons: Catalyst Annealing under H,
with CHy, GH,, and GH,. We next examined the addition
of C,H, and C,H,4 which are popular and efficient
carbon feedstocks for SWCNTSs, during “catalyst anneal-
ing”, i.e., during heating to and holding for 5 min at
800 °C, and compared their effects with that of CH,.
Figure 7a,c,g shows photographs of the Fe/AlO, sur-
faces (tre = 0.70 nm) after “annealing” under H, with
CH,4, CGH4, and C,H,, respectively. No CNTs grew with
the addition of CH, (Figure 7a,b) and only catalyst
annealing took place. Irregularly big particles were
observed at a very low density on the substrate surface
(Figure 7b). Note that the resolution of the SEM was
insufficient to observe the tiny particles observed by
AFM (Figure 4). When CH,; was added, not only
the catalyst annealing but also CVD took place and
0.1-mm-tall VA-CNTs grew uniformly on the substrate
(Figure 7c—f). The CNTs were well aligned vertically,
and their Raman spectrum (Figure 9a) showed a
branched G-band peak with a RBM peak, which are
characteristic for SWCNTs. Their G/D ratio of 5.7 was
similar to that of SWCNTs grown using CoH,, without
the addition of CH, (Figure 1e,h); this indicated that
C,H,4 played a role as a carbon feedstock, but did not
play a role in keeping the Fe particles small and dense.
Note that C,H, pyrolyzes and yields C,H, under our
experimental conditions (a residence time of 4 s at
800 °C),*" resulting a CNT growth from C,H,'®'8 that
was similar to that from C,H,.'*'® With the addition of
C,H,, the catalyst annealing as well as CVD took place,
however, the CNTs grew only over a part of the
substrate in a dotted pattern (Figure 7h). In their
Raman spectrum (Figure 9b), the G-band peak was
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ith 1 vl% H

Figure 7. Photographs (a, ¢, and g), top-view SEM images (b, d, and h), and cross-sectional SEM images (e, f, i, and j) of the Fe/
AlO, surfaces (tge = 0.70 nm) after “annealing” (i.e., heating to and holding for 5 min at 800 °C) under 25 vol % H,/50 ppmv H,0/
Ar with 1 vol % CH,4 (a and b), 1 vol % C;H, (c—f), and 1 vol % C,H; (g—j). No CNTs grew with the addition of CH, (a), VA-CNTs
grew uniformly with the addition of C;H, (c), and VA-CNTs grew in a small part of the substrate with the addition of C;H; (g).
SEM images (h—j) were taken at the black dotted patterns in (g).

with 0.1 vol% C
T

with 0.01 vol% C,H

(e) (h

Figure 8. Photographs (a, e, i, and k), top-view SEM images (b, f, j, and I), and cross-sectional SEM images (c, d, g, h, m, and n) of
the Fe/AlO, surfaces (tr. = 0.70 nm) after “annealing” (heating to and holding for 5 min at 800 °C) under 26 vol % H,/50 ppmv
H,O/Ar with C;H; of 0.1 (a—d), 0.01 (e—h), and 0.002 vol % (i, j, amd k—n). For (k—n), CVD was also done with 0.302 vol % C,H,/
26 vol % H,/50 ppmv H,O/Ar at 800 °C for 10 min after annealing.

broad, the RBM peaks were absent, and the G/D intensity which has the lowest reactivity,® was effective in form-
ratio was as small as 0.96, indicating the formation of ing small and densely packed Fe particles that resulted
low-quality MWCNTs. These results show that CH,, in tall VA-SWCNTs with small diameters; C;H,4, which
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Figure 9. Raman spectra for the Fe/AlO, surfaces with tg. =
0.70 nm after “annealing” (heating to and holding for 5 min
at 800 °C) under 25 vol % H,/50 ppmv H,O/Ar with either (a)
1 vol % C,H,4 or (b) 1 vol % C,H,, and under 26 vol % H,/50
ppmv H,O/Ar with (c) 0.1 vol % C,H, and (d) 0.01 vol % C,H..
For (e), the sample was “annealed” under 26 vol % H,/50
ppmv H,O/Ar with 0.002 vol % C,H, and then CVD was done
with 0.302 vol % C,;H,/26 vol% H,/ 50 ppmv H,O/Ar at
800 °C for 10 min. The samples were the same as those shown
in Figure 7c—f (a), 7g—j (b), 8a—d (c), 8e—h (d), and 8k—n (e).

has a moderate reactivity,”® had no significant effect on
the stability of the Fe particles, and functioned as a
feedstock for the VA-SWCNTSs; and C;H,, which has the
highest reactivity,?® deactivated the small Fe particles
and yielded MWCNTs during the annealing step (i.e.,
heating the sample to and holding it at 800 °C under an
H, environment).

Here arises a question: which are important, the
reactivity of the hydrocarbon additives or the carbon
deposition rate? We then studied the effect of the C;H,
addition for a range of its concentration. With 0.1 and
0.01 vol % CyH,, VA-CNTs grew uniformly over the
substrate (Figure 8a—h). In their Raman spectra
(Figure 9¢,d), however, the G-band peak was broad,
the RBM peaks were absent, and the G/D intensity ratio
was as small as 1.2 and 2.9, respectively, indicating the
formation of low-quality MWCNTs. Further decrease in
C,H, concentration to 0.002 vol % resulted in no CNT
growth (Figure 8i,j), and only the irregularly big parti-
cles at a very low density were observed in the top-
view SEM image. Because this result with 0.002 vol %
C,H, was similar with that with 1 vol % CH, we
examined CVD using this catalyst. We first “annealed”

METHODS

The SWCNT growth process has been described in detail
elsewhere.'*'69 Briefly, the catalysts were prepared on silicon
wafers with a thermal oxide layer. First, the substrate surfaces
were pretreated by dipping them into a mixed solution of H,SO,
(98 wt %) and H,0, (30 wt %) (with a volume ratio of 3:1) for 5 min,
followed by washing with deionized water. A 15-nm-thick
Al layer was then sputter-deposited on the substrate, and

CHEN ET AL.

the Fe/AlO, sample under 26 vol % H,/50 ppmv H,O/Ar
with 0.002 vol % C,H, and then carried out CVD with
0.302 vol % C,H, with 26 vol % H,/50 ppmv H,O/Ar at
800 °C for 10 min, mimicking the condition “with CH,4
throughout” but replacing 1 vol % CH4 with 0.002 vol %
C,H; and 1 vol % H,. VA-CNTs grew uniformly over the
substrate (Figure 8k—n) and had a height of 0.40 mm
and G/D ratio of 8.4. Compared with the VA-SWCNTSs
grown “without CH,4 throughout” having a height
of ~1 mm and G/D ratio of 5.4 (Figure S1), the height was
smaller and the G/D ratio was larger. Compared with
the VA-SWCNTs grown "with CH, throughout” having
a height of >1 mm and G/D ratio of 12.6 (Figure S1),
both the height and G/D ratio were smaller. It was very
difficult to achieve the similar effect of 1 vol% CH, by
adjusting the C;H, concentration. We conclude that
CH,4 having a low reactivity is effective in forming small
and densely packed Fe particles and growing tall VA-
SWCNTs with small diameters.

CONCLUSIONS

In summary, we found that the addition of CH, in
both the annealing and CVD steps is effective in
keeping the Fe particles small and dense, and yielding
taller VA-SWCNTs with smaller diameters. During the
catalyst annealing, the CH, deposited carbon at a small
amount on the Fe particles, which prevented the
coarsening of the Fe particles through Ostwald ripen-
ing, possibly by reducing the surface energy of the Fe
particles. CH, also prevented the coarsening of the Fe
particles during CVD, enhancing the growth lifetime
and preventing increases in the diameter of the VA-
SWCNTs. Further study is needed to clarify the role of
CHy,, because there was a huge influx of carbon to the
Fe particles from C;H, during CVD. These effects of
CH,; widened the window of catalyst conditions
suitable for the rapid growth of VA-SWCNTs. When
CyH,4 (which has a moderate reactivity) was added
during the catalyst annealing, it functioned only as a
feedstock for CVD, yielding VA-SWCNTs without im-
proving the quality of the SWCNTs. When CyH,
(which has a high reactivity) was added during the
catalyst annealing, it deactivated the small catalyst
particles and yielded nonuniform VA-MWCNTs. CH,-
assisted CVD is an efficient and practical method
that uses H, containing CH,, which is available as a
byproduct in chemical factories.

partially oxidized via exposure to air. Finally, Fe catalysts were
sputter-deposited on the Al layer, either with a uniform thick-
ness of 0.5, 0.6, 0.7, or 1.0 nm, or with a gradient thickness profile
of 0.1—2 nm; this was achieved using our previously described
CMD method, in which the deposition flux distribution was
formed by a physical filter during the sputter deposition.?*?
The substrate with the catalysts was placed in a tubular CVD
reactor (34 mm inner diameter and 300 mm heating zone
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length) and annealed during heating to and holding for 5 min at
800 °C, under a gas flow of 26 vol % H,/50 ppmv H,O/Ar, or
25 vol % Hy/1 vol % CH,4/50 ppmv H,O/Ar, at ambient pressure.
During this heat treatment, the Fe formed nanoparticles of a
certain diameter and number density, depending on the initial
Fe thickness. CVD was then carried out by adding C;H, to the
gas. The standard CVD conditions were either 0.3 vol % C,H,/
26 vol % H,/50 ppmv H,O/Ar (without CHy), or 0.3 vol % C,H,/
25 vol % H,/1 vol % CH4/50 ppmv H,O/Ar (with CH,), both fed at
a flow rate of 500 sccm, at ambient pressure. The samples were
monitored during CVD using a digital camera to obtain side-
view images every 10 s, through a window on one side of the
reaction tube. The spacial resolution was 0.03 mm per pixel. The
catalyst particles were analyzed after annealing using AFM
(Shimadzu SPM-9600), and XPS (JEOL JPS-9010TR) with a mono-
chromatized Mg Ka. X-ray source. After CVD, the resulting CNTs
were analyzed using SEM (Hitachi S-4800), Raman scattering
spectroscopy (Horiba HR800), and TEM (JEOL 2000EX). The TEM
samples were prepared by picking up a portion of the VA-
SWCNTSs and laying it on a TEM grid using tweezers.'”
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