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Growth of Single-Walled Carbon Nanotubes from Sharp

Metal Tips

Julio A. Rodriguez-Manzo, Izabela Janowska, Cuong Pham-Huu, Antti Tolvanen,
Arkady V. Krasheninnikov, Kai Nordlund, and Florian Banhart*

The nucieation and growth of single-walled carbon nanotubes is observed
in situ in a transmission electron microscope. Carbon atoms are implanted
into catalytically active metal particles by electron-beam sputtering. The
metal particles are then shaped with a focused electron beam. Once the
particles have a region of high surface curvature, spontaneous nucleation
and growth of single-walled carbon nanotubes occurs on the metal particles.
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It is shown that the local solubility of carbon in the metal determines the
nucleation of nanotubes. This is confirmed by atomistic computer simu-
lations treating the solubility of carbon in a metal particle as a function of the

size of the system.

1. Introduction

Despite their outstanding electronic properties,! carbon
nanotubes (CNTs) are still far from implementation into
commercially available electronic devices. This is in part due to
the lack of a technique for a reliable and reproducible growth of
CNTs with a specific atomic structure and, thus, unique
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electronic properties. The precondition for the development
of such a procedure is a thorough understanding of the
mechanisms of nucleation and growth of carbon nanotubes
from catalytically active metal particles. Nanotubes are
fabricated mainly by chemical vapor deposition (CVD)
techniques'? but some aspects of the mechanism by which
CNTs grow have been clarified recently by in situ electron
microscopy studies.> 1 Of particular importance is the growth
of single-walled carbon nanotubes (SWNTs) on or from solid
nanometer-sized metal crystals.* 1% Although indications for
the diffusive transport of carbon atoms through the bulk of the
catalyst particles have been found,”*”! the model of surface
diffusion is more convincing from an energetic point of view and
has been favored in recent studies.®*'>'> The conditions for the
nucleation of SWNTs are thus still not known in detail but
knowledge of the conditions is indispensable for the develop-
ment of a technique to produce SWNTs with a predefined and
uniform atomic structure. Here we describe in situ transmission
electron microscopy (TEM) experiments where SWNTSs grow
from catalytically active transition metal nanoparticles whose
surface curvature changes during the observations. It is shown
that growth occurs by the segregation of carbon atoms at the
surface of highly curved metal crystals.

2. Results
As has been shown in a recent study,[16] intense irradiation
of metal-filled multi-walled carbon nanotubes (MWNTs) with a

focused electron beam leads to the segregation of metal and
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graphitic material and to the formation of heterojunctions
between MWNT segments and metal particles with covalent
bonds at the metal-nanotube interfaces. This phenomenon was
taken as the basis of the present study. MWNTs filled with
crystalline rods of Co or Ni were synthesized by CVD.!"8 An
area of a MWNT that contained an encapsulated metal
nanoparticle was irradiated with an intense electron beam (10°-
10*A ecm?) at 600°C in the heating stage of an electron
microscope!™”! to produce a MWNT-metal-MWNT hetero-
junction, where two MWNT segments are joined by the
previously encapsulated particle, as shown in Figure 1A. These
heterojunctions remain stable if irradiation is interrupted.
The metal particle that forms the link between two
MWNTs was then shaped by sustained electron irradiation
(>10* A cm~?) with a focused beam on the centre of the metal
particle. A slow but ongoing thinning of the metal occurred,
leading to an hour-glass shape. The beam current density was
then lowered to normal imaging conditions (<100 A cm?)
before the metal particle broke at the bottleneck, as shown in
Figure 1B. Immediately after the metal separated into two

A)

Figure 1. A) MWNT-Co—MWNT heterojunction formed by electron
irradiation (200 keV) with high electron-beam current density (>10> A
cm~2) of a Co-filled MWNT at 600 °C; the Co particle connects two MWNT
segments. B) Thinning of the center of the Co particle (joining two MWNT
segments, not shown) underirradiation with an intense focused electron
beamand breakage underirradiation with a low beam intensity at 600 °C.
When the two metal tips separate from each other, a SWNT appears,
bridging the metal segments. After a period of growth, the SWNT breaks.
From top to bottom the elapsed times are 0, 767, 771, and 940s,
respectively. C) Interface between a SWNT and a metal crystal at higher
magnification, taken 820 s afterthefirstimagein (B). Thewhole processis
shown in detail in Movie 1 of the Supporting Information.
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halves, a SWNT appeared, bridging the gap between the two
metal cones and growing in length as the two tips separated
from each other. After having reached a certain length, the
SWNT stops growing and breaks (bottom of Figure 1B). The
complete process is also shown in Movie 1 of the Supporting
Information. The nanotube is in an end contact with the lattice
of the metal, as shown in Figure 1C. It has to be emphasized that
the metal crystal is not surrounded by a graphenic shell. Fringes
around the metal appear in some images but are due to Fresnel
diffraction and can easily be distinguished from graphenic
layers by changing the focus of the objective lens (Fresnel
fringes move whereas the image of the layers remains
stationary). Figure 1 shows the growth of a SWNT from a Co
crystal but the same effect was also observed for Ni and FeCo
alloy crystals under similar conditions. During the process, the
metal remained crystalline in the face-centered cubic (fcc)
structure. The process was observed at various temperatures in
the range 450-700 °C.

The growth of a SWNT was also witnessed when the
disruption occurred at one of the MWNT-metal interfaces, as
shown in Figure 2 fora MWNT-Co interface. The lattice image
in Figure 2A shows the bonding between the metal particle and
the MWNT. The metal is not covered with a visible graphenic
shell. Under irradiation both the metal crystal and the MWNT
shrank at the interface between the tube on the left-hand side
and the metal. As the two components separated, a SWNT
appeared, connecting the outermost layer of the MWNT with
the metal tip.

The growth of a SWNT was not observed before the radius
of curvature of the metal tip was smaller than 2-3 nm. Growth
from a blunt surface with low curvature (large radius of
curvature) did not occur. Figure 3A—D shows an example where
the SWNT started growing from an isolated metal tip (after

Figure 2. Growth of a SWNT at a MWNT-Co interface. The sample was
irradiated with 200 keV electrons at 700 °C. A) MWNT-Co—MWNT
heterojunction. The Co particleis inthe crystalline state and the graphitic
layers of the tube are directly connected to the metal lattice without a
graphitic surface layer on the metal. B) After irradiating the interface
between the MWNT on the left-hand side and the Co particle for 18 min
with anintense beam, the metal particle detached and retracted from the
MWNTand transformed to a spherical shape. Duringthis process,a SWNT
grew and bridged the gap between the Co particle and the MWNT. Scale
bar: 5 nm.
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Figure 3. A-D) A SWNT grows from a sharp Ni tip that was obtained from a broken double-cone
structure as in Figure 1B. SWNT growth is observed as long as the metal tip remains sharp.

E-H) Afterroundingofthe metaltip, itisobservedthat carbon materialis re-ingested into the now
blunt Ni particle. The image series was taken from a MWNT-Ni structure irradiated at
470 °C. During the process shown here the beam current density was less than 100A cm™~.
From (A)to (H) theelapsedtimesare0,2,4,61,127,206,360,and 387 s, respectively. Scalebar:

5nm.

breakage of a double-cone structure, as shown in Figure 1). The
sharp metal tips from where the SWNTs grew were found to be
unstable. A transformation of the metal particle from a sharp
cone to a nearly spherical shape (Figure 3) was observed and is
due to atendency towards reducing surface tension of the metal.
The transformation of the metal had a considerable influence
on the growth of SWNTs. It was observed that the SWNT
remaining on the metal tip vanished rapidly once the radius of
curvature of the metal particle increased. An example is shown
in Figure 3E-H. The SWNT in this example grows from the
metal tip as long as the tip remains sharp but stops growing or
vanishes into the metal once the radius of curvature of the
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Figure 4. Estimated numberofcarbonatomsin SWNTsgrown from fourdifferent Co particlesas
a function of time (assuming a SWNT surface density of 38.3 carbon atoms nm~2). The
points enclosed in circles mark SWNT rupture. The labels a—d indicate from which particle the
data points were taken. The volumes of the starting metal particles were 0.7 (@), 1.3 (b),

3.1 (¢) and 6.1 (d) x 10% nm>, respectively. The TEM was operated at 200 kV and the sample
temperature was kept at 600 °C. Images of the starting Co particles as well as the SWNTs
grown from them are shown on the right-hand side. Since the growth was too rapid to be
monitored in detail, the growth speed cannotbe extracted from the slopes of the curves (the first
data points of the curves had to be taken at different times due to technical reasons).
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surface increases beyond a certain value
(Movie 2 of the Supporting Information
shows a recording of this process). Hence, it
is obvious that SWNTSs are only expelled
from sharp metal tips (high surface curva-
ture). The tubes disappear due to partial re-
ingestion into blunt metal particles (low
surface curvature) but possibly also due to
electron-beam sputtering of carbon atoms.

The growth rate of the SWNTs was not
constant in these experiments. The max-
imum was observed at the initial moments
of nanotube formation, with values in the
range of 0.2-2nm s~ '. A plot showing the
number of carbon atoms in a growing
SWNT as a function of time is shown in
Figure 4 for four different growth experi-
ments where Co particles of different size
were used. The nucleation and initial
2 growth of the SWNTs was often too fast
to be observed in detail within the time
resolution of insitu TEM imaging (growth is
much faster than indicated by the left slope
of acurve connecting the first data points with the pointatz = 0).
Only in a few cases (as shown in Figure 3) could the growth be
monitored in detail. The growth is followed by a period of an
almost constant number of atoms in the nanotube. Afterwards,
a decrease of the number of carbon atoms, mainly caused by
diameter reduction, is observed before breakage of the
nanotube occurs (encircled points in Figure 4). Stable SWNTSs
have been obtained, both before and after SWNT breakage.
The initial size of the metal particle (before thinning) does not
significantly influence the amount of carbon that is expelled
from the SWNT, provided the experiment is carried out under
similar conditions of irradiation and temperature, as Figure 4
shows. For example, two metal particles
with an eightfold difference in volume
(0.7 x 10* and 6.1 x 10° nm®) produced two
SWNTs with just a difference of less than a
factor of 1.5 in carbon content (1.5 x 10% and
2.3 x 10° C atoms, respectively).

3. Discussion

3.1. Implantation of Carbon Atoms
into the Metal

The presentexperimentis different from
standard CNT growth by CVD in so far as
the supply of carbon atoms does not come
from the decomposition of hydrocarbons at
the metal surface. In a typical CVD experi-
ment, SWNTs nucleate on small metal
particles in such a way that a fullerenic
cap is extruded from the spherical metal
surface (root growth)?”! or that the metal
particle stays on top of the growing
SWNT.?!l In both cases, the metal tips
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have a diameter comparable to the diameter of the growing
SWNTs. In the present experiment, the nucleation and growth
dynamics of CNTs seem to occur in a related way. During the
formation of a junction between two MWNTs and a metal
particle, graphitic material that initially covered the metal
crystals is implanted into the metal by knocks from the
energetic electrons.[10] Furthermore, the metal crystal is
connected toa MWNT from where mobile carbon atoms can be
supplied. Since the MWNTs have been exposed to sustained
irradiation before the metal-MWNT junction was formed, we
can expect a certain number of mobile carbon interstitials in the
MWNTs, in particular in their inner hollow.?>?* These carbon
atoms can be transferred through the metal particle by
diffusion. Either of these processes leads to a gradual saturation
of the metal crystals with carbon atoms. Since there is a transfer
of carbon into the metal but the solubility of carbon is low
(in bulk Co<0.5atom. % for the temperature range 450—
700 °C[24]), segregation of carbon at the surface must take place.
The nucleation of SWNTs occurs once the metal crystal has
transformed to such an extent that a region of high surface
curvature appears. Considering the diffusivity of carbon in
transition metals, average migration distances of approxi-
mately 150-250 nm per second for a carbon atom in bulk Co or
Ni are expected at 600 °C.[>2%! Thus, bulk and surface diffusion
is much faster than necessary for the migration of carbon
through the metal particle within the time and length scales of
the reported experiments.

3.2. Computational Treatment of Carbon Solubility in
the Metal

In order tounderstand the nucleation and growth of SWNTs
in the present experiment, we carried out atomistic computer
simulations, aimed at assessing the solubility of carbon in
nanoscale metal particles as a function of the size of the
particles. We chose iron as a metal occurring in the fcc phase in
nanometer-sized crystals, as produced during the synthesis of
CNTs.*”'We have recently developed an analytical bond-order
potential[zs] that can describe various phases of Fe-C systems.
The formation enthalpy H; of a C interstitial in the metal (at
zero temperature) is defined as®”’

Hy = E(metal + 1C) — E(metal) — E(graphene) (1)

where E(metal+ 1C) and E(metal) are the total energies of
the metal system with and without a C interstitial, respectively,
and E(graphene) is the energy per atom in graphene. As the
energy of anisolated C atom is zero in our model, E(graphene)
coincides with the cohesive energy of graphene, which is equal
to 7.375eV, in agreement with the experimental value of
736eV.BY We considered the octahedral interstitial, as its
energy is lower than that of the tetrahedral interstitial. Our
simulations for the bulk Fe-C system gave H;=0.24¢eV. This
value is not too far from the experimental value of 0.4 evBl
(we note that density-functional theory simulations'*?! gave a
negative value of —0.1eV). Besides, relative values related to
the changes in the size of the system are important for our
analysis.
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We calculated H; for Cinterstitials in cylindrical Fe rods of
various diameters d, mimicking the experimental systems.
Cylinders were carved from the bulk fcc lattice with three
different orientations of the crystallographic axes with respect
to the rod axis. We also calculated H; for a spherical
nanoparticle. The atomic co-ordinates of all atoms were fully
relaxed with or without the presence of a C atom in an
octahedral position in the unit cell closest to the centre of the
system by the conjugate gradient method.

Figure 5 presents H as a function of system diameter for
nanorods and nanoparticles. It is evident that the averaged
value of H; is higher in small systems and exceeds the value
corresponding to the bulk limit of 0.24 eV. The dependence is
non-monotonous. The fluctuations in energy are related to
different surface areas of the systems that changed from
configuration to configuration when more atoms were incor-
porated into the system. The higher values of H; at lower
diameter are consistent with recent reports on the reduced
solubility of C in nanoscale metal systems."**! This result can be
associated with the stress field (extra pressure) created by
the surface and acting on the interstitial. The stress fields
calculated as in Reference [34] of the C interstitial (in the
middle of the system) and extra pressure generated by the
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Figure 5. Calculated formation enthalpy H¢fora carbon interstitial on an
octahedral site in fcc iron nanoparticles as a function of the particle
diameter. Cylindricalrods (in green, blue, and red) and spherical particles
(in black) are shown. The axis of the cylindrical rods coincides with the
[121] (green curve), [100] (blue curve), and [101] (red curve) directions.
Theinsetsinthe lower part of the image show examples of cross sections
for[121] rods of different diameter. The changesin surface area cause the
fluctuationsinthe enthalpy curves. Itis evidentthatthe averaged value of
He for small rods exceeds the bulk limit value shown by the horizontal
dashed line. Higher values of H; originate from the additional pressure
induced by the surface, asillustrated in the upperinset, which presents a
part of the rod with the atoms colored according to the algebraic sum of
virials calculated for each atom along three main axes. Red color
corresponds to the highest pressure (exceeding 2 GPa), blue color to
negative values (Fe—C bonds). Surface atoms are also shown in blue.
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surface are shown in the upper part of Figure 5 for a cylinder
with a large d (=8 nm). Red color means higher pressure (the
lattice is contracted), blue lower (even negative pressure,
corresponding to stretching). Surface atoms should not be
taken into account in the analysis. Negative pressure occurs at
the C—Fe bonds only. The overlap of the stress fields generated
by the interstitial and the surface for small d (<2 nm) results in
an increase in H;.

Assuming the averaged difference of AH ~ 0.1 eV between
the enthalpies for interstitials in rods with small (d ~1.5nm)
and large (d >3 nm) diameters, as in the example shown in
Figure 3A and D, the maximum concentration of carbon at the
experimental temperature of T=470°C (743K) should be
lower in the small rod by a factor of exp(AH/kT)~5. Assuming
that a metal crystal is initially saturated with carbon, carbon
shouldindeed precipitate in the areas with high curvature as the
local diameter of the rod is getting smaller.

When the system changes from a sharp to a blunt tip, as
shown in Figure 3, Hydrops by 0.1 eV, so the solubility of carbon
increases again by a factor exp(AH/kT), thus lowering the
Gibbs free energy G =nH-TS by incorporating carbon atoms
from the nanotube into the metal particle. However, our
estimates for the typical sizes of the re-ingested nanotube
(composed of ~1000 C atoms) and metal particles showed that
the shape-changing part of the metal particle is not always big
enough to accommodate all C atoms. Thus, contributions from
irradiation-induced sputtering of the nanotube!®! and migra-
tion of carbon atoms on the surface,”®! followed by an
accumulation of carbon in a different part of the system, are
processes that also may contribute to the disappearance of the
nanotube in Figure 3.

3.3. Contribution of Surface Diffusion Effects

The contribution of carbon atoms diffusing over the surface
of the metal particle to CNT growth should also be taken into
account. Since surface diffusion has a lower energy barrier than
bulk diffusion, surface diffusion should be favorable. However,
if surface migration of carbon atoms was responsible for the
growth of SWNTs in the present experiment, the influence of
surface curvature of the metal on the growth of tubes would be
difficult to explain, and surface migration can, thus, only have a
minor influence. A coherent carbon layer on the metal surface
before the nucleation of the tube can be excluded until the
diameter of the metal rod became comparable to the diameter
of the growing tube.

The thinning of the metal particle under irradiation is based
on known phenomena.*! Since the electron energies in these
experiments (200keV) are insufficient to transfer enough
momentum to Co or Ni atoms to cause bulk displacement,[19’37]
surface effects must be responsible. According to our molecular
dynamics simulations, the minimum threshold energy for the
sputtering of surface metal atoms is about a factor of four lower
than the minimum threshold energy for bulk defect production.
Thus, the electron energy of 200keV is indeed sufficient to
cause sputtering of metal atoms. It appears that surface atoms
become mobile after momentum transfer from the electrons
but are attached to the metal surfaces outside the irradiated
area. The equilibrium morphology of a small metal crystal
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would be a spherical shape, possibly having facets at the surface.
Therefore, thin crystalline wires or sharp tips are unstable.[!
This effect appeared in the present experiment: once the
double-cone structure broke, the sharp metal tips rounded
slowly during the observation. The separation of the two halves
of the system shows that a certain force actsin the axial direction
during the experiment. This is due to the collapse of the
MWNTs on both sides under the beam, leading to a shortening
of the tubes. The axial stress might contribute to the final
thinning of the metal particle.

4. Conclusions

We have shown the growth of SWNTs from highly curved
surfaces of transition metal particles that are saturated with
carbon. Sharp metal tips with a radius of curvature of less than
approximately 3nm are a necessary condition for nanotube
growth. The results are consistent with the model of carbon
diffusion through the bulk of the metal, but surface or
subsurface diffusion cannot be excluded. The absence of a
cap when the SWNT nucleates indicates that the SWNT
structure is not necessarily defined by the formation of a cap
with a certain size, and that the diameter and structure of the
nanotube are controlled by the shape and size of the catalyst
particle. The observed processes provide insight into the
general mechanism of SWNT nucleation and growth and
should also be applicable in CVD. New avenues of SWNT
production can be envisaged, for example, pre-shaping of metal
catalyst surfaces so that a well-defined starting condition for the
nucleation of SWNTs with uniform structure and diameter can
be achieved. In addition, this procedure can also be employed to
study the properties of metal-SWNT heterojunctions.

5. Experimental Section

MWNTs partially filled with crystalline nanoparticles of Co or Ni
were synthesized by CVD.'”*®l To produce Co-filled MWNTSs, a
saturated solution of Co Il acetyl acetonate in ethanol was sprayed
with argon into a furnace at 850 °C. The tubes were collected on
standard Cu grids for electron microscopy. In-situ electron
irradiation experiments were carried out in a transmission electron
microscope operating at 200kV (Jeol 2100F), equipped with an
aberration corrector for the illumination system. The experiment
was carried out in vacuum (no gases were supplied to the
specimen chamber of the microscope). To avoid radiation-induced
defect agglomeration in the graphitic shells, the samples were
held at temperatures in the range of 450-700°C in a heated
specimen holder during the experiments in the TEM.!! Images
were recorded on a CCD camera with exposure times of 0.1-0.2 s.
Time-lapse movies as shown in the Supporting Information were
composed from single CCD exposures. Small time intervals were
not available but the dynamics of the process can be visualized
nevertheless.
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