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Here, we report a diameter-controlled synthesis of vertically aligned (VA) single-walled carbon nanotubes

(SWNTs) via catalytic chemical vapor deposition (CVD), enabled by ultrathin iron (Fe) catalysts on alumina

(Al,03) and low acetylene (C;H,) partial pressure. A long forest of sub-3-nm SWNTs up to one millimeter in
height could be obtained without addition of hydrogen or moisture, and precise control of the SWNT
diameters was successfully established. Key for the efficient growth of such arrays of narrow SWNTs is
threefold: (a) growth temperature low enough to suppress catalyst agglomeration and Ostwald ripening,
(b) CH, partial pressure below a certain level to extend the catalyst lifetime, and (c) size-matching at
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nanometer scale between Fe catalyst seeds and Al,O3 support asperities in order to mitigate the surface

migration and undesirable enlargement of catalyst particles. Our findings can contribute to the facile
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1. Introduction

Vertically aligned single-walled carbon nanotubes (VA-SWNTs)
pose an excellent opportunity stemming from the properties of
nanotubes, individual and collective, which opens up new
avenues to carbon nanotube (CNT) applications.”™® To fulfill
the demands of various target applications, much of the
current research on VA-SWNTs has focused on the efficient
and controlled synthesis of the SWNT forests, understanding
and tailoring many aspects of growth, and characterizing the
properties of the resultant structures.’” Forests of sub-2-nm
single- or double-walled CNT (DWNT) have been recently
synthesized using rather complex catalyst designs such as Co-
Mo bimetallic alloys prepared by solution chemistry and
nanolaminate Al,O;-Fe-Al,O; films,'®'? albeit at the expense
of limited growth efficiency of merely several micrometers-
long CNTs. A DWNT diameter range of 1-5 nm has also been
achieved by a physical vapor deposited (evaporation, sputter-
ing, etc.) Fe layer, providing a simple way of tailoring VA-CNT
diameters and an insight to the predominant effect of catalyst
size on tube diameter and wall number.?° However, limited
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achievement of uniform, dense arrays of high quality VA-SWNTs with narrow diameter distributions
desirable for advanced nanofiltration and electronic applications.

further advancement has left this simple approach with undue
questions whether it is inherently possible for this method to
narrow down SWNT diameters for much taller forests.'® So far,
achievement of the fine tuning of nanotube diameters in the
form of dense vertical arrays of tall SWNTs has not been
reported hitherto.

A variety of known factors influencing the CVD growth
(catalytic activity, nucleation density, growth rate, termination,
etc.) and the resultant VA-CNT features (diameter, wall
number, alignment, etc.) include catalyst composition,> >3
catalyst support material,>**> carbon precursor,'*?° feedstock
28 2930 oas-phase reac-
Recent studies

gas composition,””*® oxidative additives,
tions,*"*> and precursor partial pressure.****
have revealed that precursor partial pressure and temperature
can influence the formation, activation/deactivation and size

17:20 ¢rucial in the distribu-

determination of catalyst particles,
tion of nanotube diameters and wall numbers and the growth
efficiency.**™’ Basically, an efficient growth of well-aligned,
small diameter SWNT forests sets strict requirements in
catalyst design and preparation. Thin metal layers that can
convert to nanometer-sized catalyst particles upon annealing
are useful.>>*® Another requirement is to densify the catalyst
particles to support the vertical growth. In most cases,
however, small metal particles are prone to enlargement by
surface migration/coalescence and Ostwald ripening and to
disappearance by subsurface diffusion. These phenomena
cause the small catalysts to suffer from severe loss in the
activity, lifetime, and area density during CVD processes.***!
Also, the catalyst enlargements could lead tall SWNT forests to
diameter widening along the length,** often generating critical
issues in practical applications in need of VA-SWNTs. These
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difficulties in preparing well-isolated, nanometer-sized catalyst
particles in a dense manner and in maintaining their size
distribution during growth have hampered the progress in the
size-controlled growth of VA-SWNTs in the very small diameter
regime.

Here, we report an efficient and size-controlled growth of
tall forests of small diameter VA-SWNTSs using Al,O;-supported
ultrathin Fe catalysts prepared by physical vapor deposition.
We examine the effects of Fe thickness, growth temperature,
C,H, partial pressure, and size-matching between Fe seeds
and Al,O; asperities on the nanotube diameter distribution.
Low enough growth temperature, catalyst-to-support size-
matching and lean supply of the C,H, precursor turn out as
three primary conditions for growing narrow VA-SWNTs up to
1 mm in height. Detailed microscopic and spectroscopic
analyses are carried out to better understand the evolution of
ultrathin Fe catalysts. The observed differences in the growth
characteristics and the SWNT diameters are discussed in the
context of catalytic evolution (migration/coalescence, Ostwald
ripening, subsurface diffusion) of the ultrathin Fe catalysts on
the granular Al,O; support.

2. Experimental section

2.1 Catalyst preparation and catalytic CVD

The ultrathin Fe catalyst was deposited by e-beam evaporation
(Univex 500, Leybold) on a 20-nm-thick Al,O; support. E-beam
deposition of Fe and Al,O; films was conducted at the
chamber pressure in the range of 0.75-2.0 x 10~ ° mbar with
a deposition rate of 0.033 As~* and 0.2 A s, respectively. The
CNT growth was carried out in a vertical CVD reactor (Black
Magic Pro™, Aixtron) using the rapid heating cold-wall
method. After cleaning the chamber with O, plasma, catalyst
substrate was loaded on the sample stage, 41 mm below the
gas shower head at a substrate temperature above 200 °C to
avoid moisture condensation, and the chamber was evacuated
below 0.2 mbar. The sample stage was then heated to 750 °C at
a ramp rate of 300 °C min~ ' and kept for 5 min in an Ar
atmosphere at a flow rate of 8000 sccm at a chamber pressure
of 70-80 mbar. A CNT growth step began by additionally
flowing 5 sccm of the C,H, gas (purity >99.6%, Pan Gas).
Growth conditions were chosen to allow all the ultrathin
catalysts to show sufficient activities and yield uniform VA-
CNTs all the time (Fig. S1a, ESIt). For a pulsed growth to obtain
SWNT growth kinetics, the C,H, gas was injected discontinu-
ously with a short time interval. For example, C,H, pulsing
was given for 3, 5, 20 and 30 min, each separated by a 15 s
interval (Fig. S1b, ESI}).

2.2 Structural characterization of SWNT forests

CNT samples were characterized using scanning electron
microscopy (SEM, Zeiss ULTRA 55 at 5 keV), transmission
electron microscopy (TEM, Philips CM 12 at 100 keV) and
Raman spectroscopy (Renishaw RM 1000 with a 785-nm laser
line, or 1.58 eV). The height of the SWNT forest was
determined by averaging five or more height measurements
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taken along the fresh cut, cross-sectional edge of the VA-SWNT
sample. TEM sample was prepared by sonicating 1 x 0.5 cm”
chips of vertically grown CNTs in 10 mL of ethanol (98%,
Aldrich) and collecting on a TEM grid (Ted Pella, Inc.). All
Raman spectra were taken with a 100 x objective lens, and the
laser beams irradiated the sample along the CNT axis from the
top side of the as-grown SWNT forest or from the bottom side
of the forest after manually lifting off from the catalyst
substrate.

2.3 AFM and XPS analysis of ultrathin Fe catalysts

Surface topography and roughness of the as-deposited and
annealed catalyst substrates was analyzed with AFM (Asylum
Research, MFP-3D™), operating in the tapping mode with a
scan rate of 1 Hz and a cantilever oscillation frequency of ~279
kHz for a scan size of 1 x 1 pm®. A supersharp tip with a tip
radius of less than 5 nm (Nanosensors'™, SSS-NCHR) was used
for an enhanced resolution. The acquired AFM images were
processed using the WSxM 5.0 software.”®> A PHI Quantum
2000 microprobe spectrometer with base pressure of 8 x 10~’
Pa and monochromatic Al Ko (1486.6 eV) radiation was used to
obtain the XPS spectra. The spectrometer energy scale was
calibrated using the Au 4f,),, Ag 3ds),, and Cu 2p3,, photoelec-
tron lines at 83.96 eV, 368.21 eV, and 932.62 eV, respectively.
The full width half maximum of the Ag 3ds,, lines were 1.62 eV
and 0.6 eV at 117.4 eV and 11.75 eV of pass energy,
respectively. The elemental composition was determined using
the MULTIPAK software package from Physical Electronics
that uses proprietary relative sensitivity factors to calculate
element concentrations in atomic percentages.

3. Results and discussion

The primary goal of our study is to control precisely the
diameters of CVD-grown VA-SWNTs at small values with
narrow distributions. Also, we aim at minimizing changes in
the diameter distribution over long nanotube lengths. Since
the growth window of CNT forest depends on both the catalyst
and CVD conditions, we first established the CVD conditions
effective to activating ultrathin Fe catalysts and growing VA-
CNTs. Ultrathin Fe catalysts all with sub-0.5-nm nominal
thicknesses were prepared for the diameter-controlled growth
of the SWNT forests, and the as-grown samples were
thoroughly examined by TEM. (Details are given in the
experimental section.) Results of the TEM analysis (Fig. 1a,
b) show a good control of the CNT diameter distributions in
linear proportion to nominal Fe thickness (fca): denr (DM) =
4.72 teoe (nm) + 0.65, where donr denotes the average nanotube
diameter. The obtained nanotubes were all single-walled with
diameters smaller than 3.8 nm.**™** We attribute this SWNT
prevalence mainly to sizes of the ultrathin Fe catalysts below
the minimum value necessary for nucleating CNTs with
multiple graphitic layers. Additional high resolution TEM
images of as-grown SWNTs and the linear relation between
average diameter and Fe thickness are provided (Fig. S2, ESIY).

Corroborating the TEM analysis results, Raman spectro-
scopy also underpins the size controllability of the narrowly
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Fig. 1 Diameter-controlled SWNT forest growth. (a) A series of TEM histograms
of SWNT diameter distribution with respect to the (nominal) Fe thickness
ranging from 0.1 nm to 0.4 nm. (b) HR-TEM image of the SWNTs with various
diameters in sub-4-nm regime. (c) Raman spectra with distinct RBM peaks and
high G/D ratio regardless of the Fe thickness, taken from the top of the forest
using a wavelength (1) of 785 nm. Raman spectra from 532 nm excitation are
also given in Fig. S2g, ESLT

distributed, small diameters of as-grown SWNTs (Fig. 1c, more
Raman spectra in Fig. S2g, ESIf). Raman spectroscopy is a
powerful tool for characterizing the structural features of
CNTs, especially diameters of SWNTs through the radial
breathing mode (RBM) frequencies (100-300 cm™ ') inversely
proportional to and thus capable of detecting nanotube
diameters up to ca. 2 nm.***® When Raman spectra of the
SWNT forests from various catalyst thicknesses were com-
pared, the RBMs in the 100-250 cm ™' frequency range were
clearly observed in all samples. The intensities of higher
frequency RBMs above 250 cm ™' corresponding to sub-1-nm
SWNTs gradually decreased with increasing Fe thickness until
it disappeared for the catalysts thicker than 0.2 nm. For Fe
thicknesses larger than 0.2 nm, only the lower frequency RBMs
corresponding to CNT diameters in the range of 1-2 nm were
visible, in good agreement with the TEM results. The peak
ratio of the Raman G and D bands indicative of the presence of
disordered carbon is widely used to estimate the amount of
defects and amorphous carbon on nanotubes.*>*”*® For all of
our samples, the Raman spectrum of the SWNTs showed a
strong G band at ~1592 cm™ " (with a clear G™-band shoulder
at ~1565 cm™~ ') compared to the D band at 1290 cm™'. The
resultant G-to-D intensity ratios were all greater than 10
suggesting high crystallinity of as-grown SWNTs and
decreased only marginally with Fe thickness. Also, no hint of
amorphous carbon was seen in our extensive TEM observa-
tions. Consequently, our experiments covered an accurate
control of the SWNT diameter in a previously unexplored
regime below 3 nm without sacrificing the high quality of
SWNTs.

Next, we monitored the growth kinetics of the SWNT forests
by use of pulsed growth and ex-situ SEM.*****° For the pulsed
growth, C,H, was discretely added to a constant Ar flow with a
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Fig. 2 SWNT growth kinetics from pulsed CVD. (a) Cross-sectional SEM image of
a 380-um-tall SWNT forest grown from 0.15-nm-thick Fe catalyst via pulsed
CVD, showing bright bands marking the start of each new growth segment
(inset). (b) Monomolecular growth kinetics of the SWNT forests grown from
catalysts of various Fe thicknesses: 0.1 nm (red), 0.2 nm (orange), 0.3 nm (green),
and 0.4 nm (blue). All the curves reduce to a master curve (inset, 0.2 division), h
=A (1 — e %), where A and t are asymptotic height and inverse reaction
constant, respectively.

short time interval of 15 s between each growth segment in
order to minimize growth disturbance caused by the dead
time. Unlike most of the previous studies that have claimed
unstable SWNT growth for too thin catalyst layers,"®"®
ultrathin Fe catalysts efficiently produced several-hundred-pm-
tall uniform SWNT forests (Fig. 2) without significant diameter
variation during the growth.

Because the activity and lifetime of the catalyst may vary
with Fe thickness,”>* the growth kinetics did not share the
same initial rate or saturation time. Nevertheless, the growth
kinetics for these catalyst thicknesses all collapsed to a
monomolecular function, or 7 = A (1 — e %) (Fig. 2b and
Fig. S3, ESIf), where % is the SWNT forest thickness, A is the
asymptotic value of &, and ¢ and 7 are the time and inverse
reaction coefficient, respectively. From the kinetics data of
Fig. 2b the 0.2-nm-thick Fe layer was the optimal catalyst for
the fastest and longest SWNT growth, resulting in the tallest
SWNT forests up to one millimeter after 60 min growth.
Growth efficiency, represented by 7, gradually diminished, as
the Fe film took thickness values away from this optimum one.

The Fe-thickness dependent growth kinetics could be
explained by the relation between carbon precursor supply
and catalyst particle size. Vulnerable to high C,H, flux,
catalysts thinner than 0.2 nm did not show any CNT
nucleation at C,H, partial pressure (Pcy5,) over 0.035 mbar.
Thus, growth for these thinner catalysts could be limited by
Pcorp. On the other hand, the diminishing trend in the
asymptotic forest height (4) for the catalysts thicker than 0.2
nm should be related to insufficient carbon supply relative to
larger catalyst particles that possess higher carbon capacity.
The larger the catalyst size, the shorter the VA-SWNT height at
a given low amount of C,H, supply (low Pc,y,). Note that a
further increase of Pc,p, led to a faster initial growth rate for
the Fe catalyst thicker than 0.2 nm while deteriorating the
growth efficiency for 0.2-nm-thick Fe catalyst. It seems that the
influx of carbon precursors on/into the catalyst and their
conversion rate to CNT are balanced well for the 0.2-nm-thick
Fe catalyst in our growth conditions, leading to optimal growth

our
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Fig. 3 Millimeter-tall, sub-3-nm SWNT forest. Optical (a) and SEM (b) images of
a 1-mm-tall SWNT forest grown continuously for 60 min on a Fe (0.2 nm)/Al,03
(20 nm)/Si substrate (1.5 x 1.5 cm). A five rappen coin on the right is for size
reference. High magnification cross-section SEM images of entangled CNTs on
the top (c), well-aligned and dense morphology near the top (d), well-aligned
but less dense morphology in the middle region about 500 um below from the
top (e), and ill-aligned and less dense morphology at the bottom of the forest
(f). (g) TEM diameter histograms of the SWNTs at different depths 0.03 (N =
108), 0.26 (N = 73), 0.59 (N = 145) and 1.00 mm (N = 104) from the top of the
forest, converted to growth time, showing the gradual expansion of the
nanotube diameters during growth.

efficiency without significant loss in the quality and diameter
of SWNTs. Consequently, we choose the 0.2-nm-thick Fe as an
optimum catalyst hereafter for understanding the growth
characteristics and mechanism of the diameter control in the
small-diameter SWNT forest growth.

Fig. 3 shows evolution in the diameter and alignment of a
SWNT forest grown at 750 °C for 60 min from the 0.2-nm-thick
Fe catalyst under a continuous C,H, supply. The uniform
height of the forest suggests that SWNTs of a certain range of
diameter can grow in a concerted way in spite of having a
diameter-dependent variation in their catalytic activity. The
forest structure emerges as the self-assembled, self-supporting
structure of densely packed nanotubes caused by their
collective van der Waals interactions, after which uniform
and well-aligned nanotubes extend downward. We observed
that a gradual loss in CNT alignment (also packing density)
coincides with an increase of dcnr. For example, the average
diameter gradually increased from 1.43 nm (200-pum-tall forest
after 10 min growth) to 1.87 nm (1-mm-tall forest after 60 min
growth) with concomitant broadening of the distribution.
Kinetics of the dcnr increase was of a monomolecular type, or
denr (nM) = 1.25 + (1 — e~ M™M™282)/9 37 which indicates that
dcnr began to expand from an initial value of 1.25 nm at a rate
of 0.026 nm min~', but the broadening slows down with a
characteristic time constant of 28.2 min to reach an asymptote
of 1.98 nm. From the dcnr expansion kinetics, for this 0.2-nm-
thick Fe it is likely to tailor the diameters of VA-SWNTs in the
sub-2-nm range if growth is cut off earlier than 10 min.

Such changes in diameter, density and alignment of SWNTs
during the growth can be attributed to continuous migration
and coalescence, Ostwald ripening, and subsurface diffusion
of catalyst nanoparticles on the Al,O; support.>*~*">>7 Upon
nucleation of CNTs the catalysts initially evolve to support a
VA-SWNT array. Simultaneously their size distribution begins
to diverge, when small catalyst particles can be quickly
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Fig. 4 Surface morphologies of ultrathin Fe catalysts on a granular Al,O3
support characterized by tapping mode AFM. (a) as-deposited Al;O3 (20 nm),
(b) as-deposited Fe (0.2 nm) on Al,O3 (20 nm), 15 min annealed (c) Fe (0.2 nm),
(d) Fe (0.3 nm), (e) Fe (0.4 nm), and (f) 60 min annealed Fe (0.2 nm). Catalyst
samples were annealed in the C;H,-free, CVD condition. All scale bars are 200
nm.

deactivated whereas the large particles maintain the CNT
growth at lower packing density. As the growth proceeds,
consequently, the density and alignment of VA-SWNTs could
be reduced and weakened, respectively. However, from the
monomolecular kinetics of dcnr, such tendencies are likely to
slow down with prolonged growth. We attribute this decelera-
tion in the SWNT diameter expansion to the surface depletion
of metal available for the catalyst size evolution, possibly via
subsurface diffusion of Fe into the Al,O; support. In addition,
catalyst ripening could be ruled out in our experiment because
no clear bimodality in the SWNT diameter distribution was
observed. Thus, the monomolecular kinetics of dcyr expan-
sion can be an outcome of the interplay between surface Fe
migration/coalescence and subsurface diffusion of Fe into the
Al,O; support. These morphological evolutions seem to in part
have an influence on the deceleration of the CNT growth as
seen from the growth kinetics data (Fig. 2b). Such structural
changes of the individual nanotubes as well as of the bulk CNT
forest during growth can often cause an issue for many
practical applications. Interestingly, compared to previous
reports, we have achieved a far better control of SWNT
diameter and their fluctuations in a millimeter-tall forest. For
example, Hasegawa and Noda have reported a doubling in the
average diameter of SWNTs from 1.7 to 3.7 nm in a 0.8-mm-tall
forest, which is nearly a 2-3 times faster diameter expansion
than our results.””*®

In order to elucidate the origin of the highly efficient
growth of sub-3-nm SWNT forests as well as the role of catalyst
evolution in manipulating VA-SWNT features, we carried out
microscopic surface morphology and elemental analysis of the
Al,O3-supported, ultrathin Fe catalysts using atomic force
microscopy (AFM) and X-ray photoemission spectroscopy
(XPS). First, we compared AFM images of the as-deposited
Al,O5 support and 0.2-nm-thick Fe on this support (Fig. 4a, b).
The as-deposited Al,O; film as a template for Fe catalysts
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revealed a granular morphology with a mean roughness height
of 1.77 nm (RMS = 0.42 nm). Interestingly, the mean and RMS
values of surface roughness decreased to 1.10 nm and 0.15
nm, respectively, after the 0.2-nm-thick Fe was deposited atop
the Al,O; film. This indicates that ebeam-evaporated Fe
prefers to nucleate in the trenches of the Al,O; surface
approximately 2 nm deep. Subsequently, we studied thickness-
dependent morphology and thermal evolution of the Fe
catalysts by exposing different thicknesses of the catalyst
system to the SWNT growth environment without C,H, for 15
and 60 min. Amama et al. previously confirmed that the
catalyst ripening trend does not change in the absence of C,H,
as long as other CVD parameters remain constant.®® The
average heights of 15 min annealed ultrathin catalysts were
measured as 1.29 nm (for 0.2-nm-thick Fe), 2.92 nm (for 0.3-
nm-thick Fe), and 5.04 nm (for 0.4-nm-thick Fe). Transition in
catalyst particle dimensions during thermal annealing occurs
rather rapidly for the thicker Fe layers (and thus larger Fe
particles) from the AFM and TEM data (Fig. S2, ESIf). We
found an important feature from Fig. 4b, c, f that the average
heights of catalyst particles derived from this ultrathin Fe
catalysts do not show dramatic evolution in the particle size,
changing very slowly from 1.10 nm (as-deposited) to 1.29 nm
(after 15 min) and 2.20 nm (after 60 min), in contrast to data
reported by other studies.***”>® Consistent with the observa-
tions from Fig. 1 and 3, this result proves that an Al,O; support
having dense surface asperities comparable in size to subse-
quently deposited Fe catalysts can allow for uniform disper-
sion, good isolation and longer preservation of catalytic Fe
seeds under thermal CVD conditions. In other words, it means
that this particular catalyst configuration could efficiently
suppress severe coalescence and/or Oswald ripening of catalyst
particles that can nucleate the small-diameter SWNT growth,
corroborating the nanotube diameter distribution shown in
Fig. 3. We attribute this finding to the intrinsic roughness of
the Al,O; support that acts as effective boundaries for the
trapped Fe particles. The observation of pronounced expan-
sion of nanotube diameters for thicker Fe could be understood
by an overfull trench effect in that an excessive amount of Fe
may overfill the Al,O; trench and form a rather connected, less
granular layer to facilitate surface migration and negate the Fe

a b
[Fe 2p —— Fe0.inm| g100{ Al [Fe | Al |Fe | Al |Fe [ ]
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Fig. 5 XPS analysis of the ultrathin Fe catalyst evolution on Al,Os. (a)
Comparison of normalized Fe2p peaks for as-deposited ultrathin Fe catalysts
with the thickness ranging from 0.1 to 0.4 nm. (b) Atomic concentration of
surface Fe analyzed by the XPS measurement of Fe (0.1, 0.2, and 0.3 nm)/Al,03
(20 nm) before and after 60 min annealing
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Fig. 6 Temperature effect on the diameter distribution of the SWNT forest. TEM
histograms of SWNT diameters from 10-min grown forests at different
temperatures of (a) 750 °C (N = 145), (b) 775 °C (N = 188), and (c) 870 °C (N =
145), with added normal distributions (solid lines).

trapping effect of the Al,O; support. Further surface elemental
analysis by XPS, especially to investigate the inward diffusion
phenomena of surface Fe into the supporting Al,O; layer, were
performed on the ultrathin Fe catalysts before and after their
60 min exposure to the CNT growth conditions. Since X-ray
penetrates only a few nanometers into the catalyst substrate,
XPS can be a suitable tool for probing the subsurface diffusion
phenomena in the very thin catalysts. Several studies have
reported that severe subsurface diffusion of Fe in the similar
Fe-Al,O; catalyst system can become a major cause of catalyst
deactivation, leading to growth termination.’>*® Fig. 5a is a
superposition of the Fe2p spectral curves of 0.2-, 0.3-, and 0.4-
nm-thick Fe catalysts on the Al,O; support. It showed nearly
the same peak positions in binding energy but strong
dependence of the Fe2p signal intensity on the nominal
thickness of Fe. Fig. 5b quantitatively shows the changes in the
atomic concentrations of surface elements, Fe and Al, before
and after the 60 min annealing in the C,H,-free growth
condition. The concentration of surface Fe clearly decreased
from 17% to 7% for 0.2-nm-thick Fe, from 30% to 10% for 0.3-
nm-thick Fe, and from 32% to 14% for 0.4-nm-thick Fe. We
exclude both possibilities of the surface Fe loss by evaporation
and lift-up because the given annealing temperature (750 °C) is
not high enough, and all CNTs in this study grew by the
bottom growth mechanism as verified by the absence of
catalyst particle at the tip of the SWNTs in TEM images. The
significant loss of surface Fe at the uppermost surface after
annealing, therefore, evidences the thermally induced diffu-
sion of surface Fe into the underlying Al,O; support.
Considering these AFM and XPS results along with denr
evolution kinetics, we conclude that the effects of surface and
subsurface diffusion of Fe co-exist and interplay to cause the
kinetic behaviors of VA-SWNT growth and nanotube diameter
expansion, and density/alignment deterioration.

The actions of surface and subsurface diffusion of Fe
should find their balance in producing CNTs, and this balance
manifests differently at various temperatures. As a result, the
nanotube diameter expansion is strongly influenced by growth
temperature. The temperature dependence (750-870 °C) of the
diameter distribution of VA-SWNT samples catalyzed by the
0.2-nm-thick Fe layer (Fig. 6) showed that the diameter
distribution changes from unimodal to bimodal and broadens
with an increase in growth temperature. Previously, several
studies reported the bimodal diameter distribution in VA-
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Fig. 7 Effect of C,H, partial pressure on the SWNT forest growth. Low and high
magnification SEM images of the SWNT forests grown for 3 min at different
C,H, partial pressures of (a) 0.035, (b) 0.070, (c) 0.140, and (d) 0.280 mbar, and
the corresponding nanotube diameter histograms.

SWNTs, attributed to Ostwald ripening through adatom
motion.>®* Similarly, our observation of drastic transitions
in the SWNT diameter distribution can be understood by
thermal acceleration of Ostwald ripening. Activation energy
calculated from Fig. 6 was about 0.1 eV, which hints the Fe
surface diffusion to be the rate determining step of the
thermal expansion process of dcnr. The size distribution
posed by an ensemble of polydisperse catalyst particles, and
the evolution of it, is predominantly determined by the growth
temperature. These results suggest that lowering the growth
temperature could assist the formation of small particles from
ultrathin catalysts and their preservation without significant
ripening during the entire CVD process.

Lastly, we investigate the effect of a C,H, partial pressure
on the VA-SWNT growth rate, alignment, and diameter
expansion. We base our analysis on the results of SWNT
growth at 750 °C for 3 min on the 0.2-nm-thick Fe catalysts
with Pq,y, varied between 0.035 and 0.280 mbar (Fig. 7). Note
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that all the CNTs obtained were also single-walled. In this
Pcomp range, the forest height and alignment monotonically
decreased with Pcyyy. In particular the partial pressure
dependence of forest height, representative of an initial
growth rate, shows an exponential decay: & oc exp(—Pcomn/
P*) with a characteristic decay constant, P*, equal to 0.051
mbar (Fig. S5, ESIt). Although quantitative characterization of
the VA-SWNT alignment was limited in our study, we could
observe a clear change from well-aligned dense nanotube
forests (at Pcypyp of 0.035 mbar) to ill-aligned forests (0.140
mbar) to a loose network (0.280 mbar). It remains to be further
investigated to find out a detailed relation as a function of
Pcoirp between growth rate and alignment of VA-SWNTSs.

At Pcyp, values of 0.035 and 0.070 mbar we obtained
SWNTs sharing a similar diameter range of 0.64-2.07 nm
despite the reduction in their growth rate and packing density
(Fig. 7a, b). The diameter distribution began to broaden with
only a small shift as the C,H, partial pressure increased, e.g.,
0.80-2.41 nm at 0.140 mbar (Fig. 7c), attributed to precursor
influxes not high enough to poison all the small Fe particles,
but enough to nucleate CNTs on a bit larger Fe particles. When
Pcous, was further increased, a loose SWNT network was
obtained with reduced diameters of 0.5-1.5 nm (Fig. 7d). This
implies that the majority of the catalyst particles had been
deactivated, and so the number of remaining active particles
was not sufficient to support the forest structure. These
SWNTs must have been produced at the very early stage of the
growth so-called induction period® (the time interval between
injection of carbon precursor and initiation of forest growth).
Overall, it seems that as the C,H, partial pressure increases,
the number of active catalytic particles declines, and the
diameter distribution turns broader to favor larger diameter
SWNTs and suppress the formation of SWNTs with smaller
diameters. These findings suggest that ultrathin Fe layers over
Al,O; can generate, upon exposure to the CVD conditions,
subsets of particles of various sizes, each of which can catalyze
CNTs and become deactivated in a C,H, partial pressure range
different from the other subsets due to their size-dependent
catalytic activity and poisoning tolerance. Our observations
support that smaller particles should have greater catalytic
activity so as to nucleate fast-growing, small diameter SWNTs,
but simultaneously they are vulnerable to high carbon flux by
readily losing the activity via catalyst poisoning. Therefore,
C,H, partial pressure should be tailored low enough to allow
for an efficient and controlled growth of small-diameter SWNT
forests.

4. Conclusions

Key to efficient and diameter-controlled growths of small-
diameter VA-SWNTs is to prepare well-isolated, sufficiently
dense and small size catalysts and to suppress their evolution
during the CVD process. By employing ultrathin Fe catalysts
(<0.4 nm), we demonstrated the successful growth of long,
high quality SWNT forests up to one millimeter with average
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diameters bracketing 1.25-2.67 nm, much smaller than
previously achieved with the simple catalyst preparation
method of physical vapor deposition. The changes in structure
and growth kinetics of VA-SWNTs during the pulsed and
continuous growths are related to CVD parameters as well as
the amounts and morphological changes of Fe on Al,O;.
Prolonged exposure to high temperatures can result in
significant broadening and bimodal distribution of SWNT
diameters, attributed to catalyst coalescence and Ostwald
ripening. Unnecessarily high C,H, partial pressures can
rapidly terminate the small Fe particles responsible for the
narrow SWNT growth, leading to subsequent enlargement of
the diameters and deterioration in growth rate and CNT
alignment and density. Thus, optimal balance between Fe
surface and subsurface diffusion, found as two primary
mechanisms for catalyst evolution, can be achieved by control
of deposited catalyst thickness, growth time, temperature, and
carbon precursor supply, in the direction to minimizing the
diameter enlargement and broadening. We also confirmed
that the size-matching between Fe seeds and Al,O; asperities
can effectively suppress the SWNT diameter enlargement
during the CVD process, a problem often reported in the
millimeter scale SWNT growths. Therefore, our study shows
that the diameter distribution in the SWNT forest can be
precisely tailored through well chosen catalyst thickness,
growth temperature and C,H, partial pressure. Our findings
can provide facile and rational catalyst design for the
enhanced growth of sub-3-nm VA-SWNTs with precise dia-
meter control.
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