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ABSTRACT
The growth dynamics of a single-walled carbon nanotube (SWNT) is observed in real-time using an in situ ultrahigh vacuum transmission
electron microscope at 650 °C. SWNTs preferentially grow on smaller sized catalyst particles (diameter < 6 nm) with three distinct growth

regimes (incubation, growth, and passivation). All of the observed SWNTs grow via a base-growth mechanism with C diffusion on active Ni
catalyst sites. Under the same experimental conditions, formation of carbon nanocages was observed on larger Ni catalyst particles. The
evolution of SWNTSs or nanocages is dependent on catalyst size, and this can be rationalized from both energetics and kinetics considerations.

Controlled fabrication of nanostructured materials is a crucial disagreement. Baker and co-workéi§ proposed that
step underlying all fields of nanotechnology. This requires hydrocarbon gases undergo catalytic decomposition on the
a detailed understanding of the growth mechanism and surface of metal particles to form carbon adsorbates, which,
identifying the salient processing parameters for selective driven by the concentration gradient, diffuse through the bulk
growth of these nanoscale structures. In the case of carbonof the metal before precipitating in the form of graphene on
based nanostructures, comprehending growth pathways isdifferent surface sites of the catalyst. De Bokx et®al.
therefore the basis for large-scale industrial production of contradict this hypothesis and proposed that the catalyst is
high-quality carbon nanotubes (CNTs) with controlled he- converted to intermediate metal carbides during growth
licity, length, and diameter for technological applicatidns. pefore decomposing to graphene layers. There is, however,
Carbon-based nanostructures can be grown by arc dis-no validation of either mechanism because of the absence
charge, laser ablation, and chemical vapor deposition (CVD). of experimental proof of the structure of the catalyst during
Among them, CVD is the most attractive candidate for steady-statgyrowth at elevated temperature in a controlled
industrial adoption because of its scalability and low cost. environment. Most previous studies by TEM were carried
Most CNT formation mechanisms have been studied by gyt after growth, in ambient conditions, where the structure
theoretical calculatior$ or postdeposition high-resolution  of the catalyst could have undergone transition to a phase
transmission electron microscopy (TEKt)}:: Often, CVD entirely different from steady state at growith.
growth using the same experimental growth condition yields In situ ultrahigh vacuum (UHV) TEM, operating in both

‘different” types of structures (e.g., SWNTs, double-walled direct and reciprocal space, is an ideal platform for conduct-
nanotubes (DWNTs), multiwalled nanotubes (MWNTSs), and . Pr pace, eal platior .
ing these experiments because of its capability for real time

amorphous tubed¥, 6 making complete and detailed un- ; . _—
. , e . observation on the nanometer scale. This enables quantitative
derstanding of reactions difficult. This is further aggravated . L . o
investigation of the reaction pathways and growth kinetics

by the ambient/low vacuum growth conditions that convolute of carbon nanostructures at elevated temperar&in thi
data with contaminants. The mechanism of carbon nano- structu v P 'i’
letter, we report in situ UHVTEM (base pressuré x 10~

structure growth by CVD is marred by long-standin ! . .
9 Y y g g Torr) experimental results of SWNT growth using a—Ni
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Figure 2. Diffraction pattern of Ni-MgO catalysts (a) before and
(b) during reaction. White and red lines indicate diffraction from
crystalline MgO and Ni particles, respectively. Green dotted lines

SYWNT (. % indicate the expected diffraction ring position forsNicrystals.

larger catalyst particles favor nanocage formation. There
appears to be a size selection of catalyst in determining the
5 nm 10 nm type of final products. The active spherical Ni particles for
_—_— ey the growth of SWNTs are mainly nonfaceted particles. A

. . . close examination of the base of the nanotubes usin
Figure 1. TEM images acquired after growth. (a) Bundled SWNTSs; g

(b) nanocages; (c and d) base growth of SWNTSs showing a direct mag_nlfleq TEM images reveals th_at the r‘fmo of the Ni
relationship between Ni catalysts and diameters of SWNTS. particle diameter to the nanotube diameter lies between 0.5

and 1, indicating that the diameter of nanotubes is correlated

first time, resolve through direct experimental data, the to the size of the Ni nanoparticles supported on MgO, as
CNT'’s growth mechanism. indicated in Figure 1c and d. This insight developed through

Ni—MgO* precursors were prepared by coprecipitation the in situ TEM experiment suggests that we can grow
from a mixture of Ni(NQ), and Mg(NQ), solutions at a ~ SWNTSs withcontrolled diameter$or technological applica-
molar ratio of 1:1. The precipitates obtained were dried at tion through engineering nanoscale catalyst dimensi6As.
100°C, ground into powders, calcined in air at 780 for To resolve the disagreement on reaction pathways as
2 h to decompose the nitrites, and then reduced in,a H proposed by Baker et &:'¥and De Bokx et al{ we used
atmosphere at 700C for 2 h toform reactive Ni nano-  selected area electron diffraction patterns (DP) to follow the
particles on an MgO substrate. The-N¥lgO catalysts were  crystal structure of the catalyst both before and during growth
ultrasonically dispersed in absolute ethanol and then cast onat 650 °C. Figure 2a is the DP of the NiMgO catalyst
a holey carbon-coated Mo grid that was then mounted over before GH, exposure, and Figure 2b is the DP offNWMigO
a Si heater. gH, was passed into the TEM column through during steady-state growth. Both DPs comprise Ni and MgO
a leak valve. The microscope had a backfilled pressure of diffraction rings, indicating that the catalyst particles remain
~4 x 107¢ Torr during the reaction, and the temperature of as metallic Ni during growth. We do not observe formation
the catalyst was maintained at 6%50. Growth of SWNTs of new diffraction rings corresponding to differahspacing
and carbon nanostrutures was captured using both Gatarduring growth. The absence of the intermediate phas€ Ni
DV300 and GIF2000 image acquisition systems. in the DPs strongly suggests that the De Dokx et. al. model,

Our catalyst preparation technique through wet chemistry where carbides are formed prior to precipitation as carbon
yields Ni with a high dispersity in diameter. This enables us nanostructures, is not the operative mechanism during growth
to study the effect of catalyst dimension withénsingle of SWNTs and nanocages. Thus, the more plausible mech-
experimentwith all other experimental conditiomemaining anism for the formation of these structures is through the
constantin the in situ TEM. We can, therefore, make a direct nucleation and growth by diffusion of carbon adatoms formed
inference of the effect of size and morphology of the catalyst through the catalytic decomposition otk on a metallic
on the type of carbon nanostructure grown. During growth Ni catalyst. There are two diffusion pathways, that is, bulk
atT = 650°C andPc,, = 4 x 106 Torr, we observed the  diffusion and surface diffusion to the boundary of the growth
formation of SWNTs and nanocages. Figure 1a and b showsinterface between the Ni catalyst and the CNT (or nanocage)
typical TEM images of the SWNTs and nanocages producedwith the latter dominating the reaction pathway by having a
after cooling the products. The SWNTs have diameters lower activation barrier due to a lower coordination number.
ranging from about 0.6 to 3.5 nm, with lengths ranging from  First-principle calculatiorf$ have shown that an extended
a few nanometers up to micrometers. The clean surfaces ofgraphene layer on a Ni catalyst is more stable than an
the SWNTs were free of any amorphous carbon coating. Ouraggregate of isolated carbon atoms on the Ni surface. The
TEM images show that all of the SWNT tips are closed and difference in free energy therefore provides the driving force
there are no catalyst particles at the tips, indicating that all for the initial nucleation of carbon adatoms into graphene
of the SWNTs follow the base-growth mechanism. Under layers. The growth of these graphene layers resulting in either
our experimental conditions, the smaller Ni catalyst particles the formation of a closed-tip SWNT with a hemispherical
(diameter< 6 nm) favor formation of SWNTs, whereas graphene carbon cap or a graphene sphesebon nanocage

catalyst
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suggests that the initial nucleation dynamics of these features
depends on the size of the catalyst. The development of a
hemispherical graphene cap (precursor to formation of a
closed SWNT tip) or a graphene sphere (precursor to
formation of nanocage) is driven by the need to minimize
the energy associated with nucleation of the graphene layer
when constrained to grow and form a nanotube or a
nanocage, in particular, the interplay between the surface
energy and strain energy per unit volume on a small or large
catalyst. A larger catalyst particle possesses lower curvature
than that of a smaller catalyst particle, and this allows the
formation of a graphene sphere that envelopes the catalyst
particle with lower strain energy because the torsional stress
on the C-C bond within the graphene sheet is smaller. The
torsional stress within the graphene layers will increase with
decreasing dimensions of the catalyst particle, and the build
up in strain energy will dominate the total energy, thus
making graphene sphere formation unlikely for small catalyst
particles. Instead, a partial ring develops and in this instance
a hemispherical graphene cap is formed. The built up strain
energy is relaxed by allowing tubular growth with the cap
as the tip. This is analogous to the island shape transitions
observed in strain layer epitaxy where a symmetric shaped
island grows to form a wiré> Thus, as more carbon atoms
are added, the SWNT wall forms and lengthens. This growth
model _is Iikened_ to the yarmulke_mechaniéﬂihis strain Figure 3. Sequence images of a growing SWNT at () 0's, (b) 96
relaxation effect in SWNT growth is als_o al_ngemed by the s, (c) 120 s, and (d) 150 s, with arrows indicating the ends of the
fact that on a smaller catalyst bulk diffusion can become nanotube; (e) overview of the whole tube after 1440 s.
significant (the diffusion length is comparable to the catalyst

diameter) and the catalytic activity for decomposition is ol ! ' T ' " 035
higher, thus leading to higher apparent local adatom density : ; o.3o§
for growth. 50 - 025 =

To gain insight into the dynamical growth of SWNTs, we Eaol %
used a sequence of bright field (BF) images to follow the = o.zo;
growth process of a single SWNT. Figure 3a is a BF image %,30 I 0153
of the Ni catalyst at = 0 s. When the @H, valve was ki 20t 0103’
opened, we observed the growth of an SWNT with a pd
diameter of~3.3 nm, as shown in Figure 3fdl, on a 4-nm or 0053
Ni catalyst. The growth of these SWNTSs, however, does not 0 ; . R . .. 10.00
occur instantaneously. The absence of kinks on the SWNT 0 5 100 150 200 250 300

and its constant diameter suggest that the SWNT has low time (s)

defect density. Although the thermal vibration of the unsup- Figure 4. Growth rate and length of a single SWNT as shown in

ported extended segment makes the images slightly uncleafigure 3.

at 650°C, we are still able to measure its length as function

of growth time and hence calculate its instantaneous growth of SWNTSs. Drawing analogy to the incubation period needed

rate. Figure 4 is a plot of both the length and instantaneousfor critical nuclei to occur in crystal growth, the initial

growth rate versus reaction time. The growth of the SWNT formation of the graphene layer from diffusing carbon

appears to occur in three distinctive regimes under the presenkdatoms (i.e., the development a hemispherical graphene cap

growth conditions. precursor to the formation of a closed SWNT tip) is thus
Regime | is the initial slow growth regime marked by no the slow step in the growth of the SWNT. Assuming an

discernible elongation of carbon nanotubes. This period lastedattempt frequency of 20s, the estimated nucleation barrier

for ~50 s, and the interpolated length of the SWNT at for carbon adatoms to form the hemispherical graphene cap
50 s is<1 nm. This is followed immediately by regime Il at 650°C is~2.7 eV. The increase in growth rate thereafter
where a very rapid increase in growth rate occurs and theis due to incorporation/attachment to the SWNT-nucleus/
SWNT elongates. The growth rate increases fiRfnT = catalyst growth front by diffusion of carbon adatoms formed
0.011 nm/s at = 50 s to a maximum value Gswr(maxy= through the catalytic decomposition ofk; on the metallic

0.31 nm/s at = 173 s. The presence of regime | suggests Ni catalyst. At the maximum growth rate of 0.31 nm/£250
the existence of an incubation period prior to rapid growth carbon atoms were incorporated into the SWNT per second.
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