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Abstract The conditions for the scaled synthesis of sin-
gle wall carbon nanotubes (SWNTs) and single wall carbon
nanohorns (SWNHs) by laser vaporization at high tempera-
tures are investigated and compared using in situ diagnos-
tics. An industrial Nd:YAG laser (600 W, 1-500 Hz rep-
etition rate) with tunable pulse widths (0.5-50 ms) is uti-
lized to explore conditions for high-yield production. High-
speed videography (50000 frames/s) of the laser plume and
pyrometry of the target surface are correlated with ex situ
high resolution transmission electron microscopy analysis
of the products for pure carbon targets and carbon/catalyst
targets to understand the effects of the processing condi-
tions on the resulting nanostructures. Carbon is shown to
self-assemble into single-wall nanohorn structures at rates
of ~1 nm/ms, which is comparable to the catalyst-assisted
SWNT growth rates. Two regimes of laser ablation, cumula-
tive ablation by multiple pulses and continuous ablation by
individual pulses, were explored. Cumulative ablation with
spatially overlapping 0.5-ms pulses is favorable for the high
yield and production rate of SWNTs at ~6 g/h while con-
tinuous ablation by individual long laser pulses (~20 ms) at
high temperatures results in the highest yield of SWNHs at
~10 g/h. Adjustment of the laser pulse width is shown to
control SWNH morphology.
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Pulsed laser ablation is a versatile technique for synthesis
of many different nanomaterials including nanoparticles [1],
nanowires [2], and nanotubes [3]. It was successfully used
to produce single wall carbon nanotubes (SWNTs) with rel-
atively narrow diameter distribution and low level of defects
[3]. Typically, nanosecond laser pulses were used to pro-
duce SWNTs, although other pulse widths and laser ablation
regimes were explored (see the review [4]).

Recently, we conducted extensive studies of the ns-laser
ablation process of carbon targets containing ~1 at.% of
metal catalyst powders (Ni, Co) typically used for laser ab-
lation synthesis of SWNTs at high temperatures (1100 °C)
using in situ spectroscopic diagnostics and gated imaging
techniques. It was shown that during the first 100 ps the laser
ablation plumes consist mainly of atoms and molecules of
carbon and metal. Within 1 ms following laser vaporization,
carbon forms clusters as the hot plasma cools. Later in time
metal catalysts form clusters (1 ms < # < 2 ms after laser ab-
lation) and carbon nanotubes grow inside the confined laser
ablation plume over extended periods of time [5-7]. It was
concluded that one of the main conditions to achieve a high
yield of SWNTs was confinement of the ejected material
inside the propagating laser plume and that the main mech-
anism of this confinement was formation of a vortex ring.

However, spreading the same laser energy over longer
pulse widths was found to ablate similar quantities of mater-
ial, yet with quite different plume confinement and improved
nanotube yield. For example, Fig. 1 compares the plumes re-
sulting from a Nd: YAG laser oscillating in both Q-switched
and ‘free-running’ modes. As shown in Fig. 1, the plume
volume is significantly reduced if a sequence of pulses with
a relatively low peak power is used to ablate the target in-
stead of individual ns-laser pulses with high peak power.
A detailed study of this laser ablation regime revealed that
preheating of the target with approximately ten laser pulses
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Fig. 1 Sequences of laser ablation plume images generated from a
C/Ni/Co target into flowing Ar at 1150 °C using short (8 ns) Nd:YAG
laser pulses (left) and long pulses (~80 pulses, 300 ns and 5 x10*
W peak power each, 180-us total length, a free-running mode of a
Nd:YAG laser) (right) with the same total energy of ~350 mJ. The
numbers in black show estimated plume volumes

was required to achieve stationary ablation. Weight analysis
of the target and high resolution transmission electron mi-
croscopy (HRTEM) of the products revealed that, averaged
over many pulses, the same ablation rates were achieved for
the same total input energy between single-shot and multi-
shot ablation, but higher conversion efficiencies of carbon to
SWNTs were obtained when the ejected material was con-
fined in a smaller volume. Therefore, this cumulative regime
of laser ablation can be advantageous for the synthesis of
SWNTs and other nanomaterials that rely upon long-term
confinement and annealing of the ablated material.

Other interesting carbon nanostructures, including single
wall carbon nanohorns (SWNHs), were discovered by lijima
et al. using high-power, long-pulse (5 kW, 0.5 s at 1 Hz)
CO;, laser vaporization of pure carbon in Ar at atmospheric
pressure and room temperature [8]. Using this approach they
were able to produce ~10 g/h of SWNH aggregates with an
average diameter ~100 nm and to study their growth mecha-
nisms using in situ imaging and spectroscopy [9]. Although
some variation in the morphologies of SWNH aggregates
was demonstrated using different background gases [10], it
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was not sufficient to control the structures of these aggre-
gates using this approach. In addition, the long pulse CO,
laser synthesis produced graphitic impurities [11].

In this paper, the synthesis efficiency and morpholo-
gies of both SWNTs and single wall carbon nanohorns
(SWNHs) are reported resulting from different regimes of
laser ablation. For this purpose, a high power (600 W) in-
dustrial Nd: YAG laser (JK760TR, GSI Lumonics) with tun-
able pulse widths was employed in conjunction with in situ
high-speed videography and pyrometry of the target surface.
It was demonstrated that cumulative laser ablation gives a
relatively high yield and high production rate of SWNTs
(~6 g/h) and that continuous laser ablation by individual
long laser pulses (~10 ms) at high temperature results in
synthesis of SWNHs (~10 g/h). In the latter case control
over the morphologies of SWNHs is reported, which de-
pends upon the width of the laser pulse.

1 Experimental

The experimental setup was similar to that described in [6].
It included a quartz tube (3-in. diameter, 48-in. length)
mounted inside a hinged tube furnace (Lindberg Blue) oper-
ating at 1150 °C. The ends of the quartz tube were O-ring-
sealed in vacuum flanges and the entire system was evac-
uated by a mechanical pump to control the growth envi-
ronment. Argon was introduced around the laser entrance
window to maintain specified pressures and flow rates to
carry the nanomaterials out of the furnace into a collection
chamber fitted with a HEPA filter. The growth reactor was
equipped with a fast sampling unit that allowed collecting
SWNT and SWNH samples during synthesis for scanning
electron microscopy (SEM), TEM, and optical spectroscopy
characterization. The Nd:YAG (A = 1.064 um) laser light
was delivered through a 0.6-mm-diameter fiber optic cable
and focused through an anti-reflection-coated window onto
a target positioned in the center of the furnace. The colli-
mating (f = 20 cm) and focusing (f = 1 m) lenses were
mounted on a robotic arm (IX SCARA Robot, IAI Inc.) and
can be moved to scan the laser beam (4-mm spot diameter)
across a target in predesigned raster patterns to achieve uni-
form target erosion during long time synthesis scans. The
main laser parameters are listed in Table 1. The maximum
peak power of 10 kW could not be maintained at all pulse
widths because of the limitation on the maximum energy per
pulse. Similarly, the maximum repetition rate could not be
used for all pulse energies due to the limitation on the max-
imum average power. The set of the available laser parame-
ters is shown in Fig. 2a. For example, it can be seen that the
maximum peak power stays at 10 kW only for pulse widths
tp < 10 ms and decreases as 100/t, (kW) for ¢, > 10 ms,
where 1 is in ms (Fig. 2a). The repetition rate of 500 Hz
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Table 1 Parameters of the high-power Nd: YAG laser

Wavelength Maximum peak power Maximum energy/pulse Pulse width Maximum repetition rate Maximum average power
1.064 pm 10 kW 1007 0.5-50 ms 500 Hz 600 W
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Fig. 2 (a) The peak power and energy per pulse vs. pulse width;
(b) the surface temperature of a graphite target estimated according
to (1) using peak power, I, (¢p), shown in (a)

could be maintained only at energies per pulse Ep < 1.2J
and dropped as 600/E, (Hz) at E, > 1.2 J, where E| is
inJ.

The amount of ablated material is defined by the surface
temperature, T'g, that in the 1D approximation can be esti-
mated as

p 12
n=m+y< P) , (1)
wkpcy

where Tj is the initial temperature, [ = I, /7 R2,1 p is the
laser peak power, R is the radius of the laser beam spot, and
k =500 W/mK, p = 1400 kg/m3, and cp =500 J/kg K are
the thermal conductivity, density, and specific heat capac-
ity of the carbon target, respectively. Although (1) overes-
timates the values of the surface temperatures since it does
not take into account the heat of evaporation, it gives a qual-
itative estimate of the effectiveness of laser ablation for a
particular set of the laser parameters. For example, it can be

/ ]l C-target

Fig.3 Boundary heat fluxes for the considered 3D model of laser heat-
ing of a graphite target

seen that the most effective ablation yield can be achieved
using 10-ms laser pulses for the laser used in this study
(Fig. 2b).

2 3D model of heat transfer

To understand different regimes of laser ablation and to ex-
plore the cumulative laser ablation for synthesis of SWNTs
and SWNHs, we developed a 3D model that includes heat-
ing with a laser beam, heat losses due to heat conduction,
target evaporation, black-body radiation, and cooling by the
surrounding buffer gas using the heat-transfer module of the
Comsol software. The following expressions were used to
estimate the heat fluxes at the boundaries B1, B2, and B3
of a carbon target (1-in. diameter and 1-in. height) shown in
Fig. 3:

Io(t) -2 _1
laser = me RZ, Gevap = AT " 2e E/T,
_ 4 4 _ 2)
qrad = 80(Tamb =T )7 Geonv = h(Tamp — T),

{dcond = —7 - (—kVT),

where Glaser, Gevap» grad, Gconvs and geond are the laser power
density, the evaporation, the radiative, the convective, and
the conductive heat fluxes, respectively, Io(¢) is the laser
peak power [W], T is the temperature, A is a constant, E
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Fig. 4 Calculated and measured temperatures in the center of laser spot at r = 0 vs. time (a) for irradiation with long laser pulses (20 ms,
100 J/pulse) at 5 Hz and (b) short pulses (0.5 ms, 5 J/pulse) at 80 Hz. The highlighted horizontal band in (a) shows the pyrometer limits

is the heat of evaporation, ¢ is the emissivity, 0 = 5.67 x
108 W/m? K* is the Stefan—Boltzmann constant, 7 ymp 1S
the ambient temperature [K], and % is the convective heat
transfer coefficient [W/m? K].

Figure 4a, b show the calculated and measured tempera-
tures in the center of the laser ablation spot (r = 0, Fig. 3) vs.
time for two different cases: ablation by ‘long’ and ‘short’
laser pulses: 20 ms, 100 J/pulse, 5 Hz and 0.5 ms, 5 J/pulse,
80 Hz, respectively. The temperature range for the experi-
mental curves was limited by the temperature limits of the
fast (~2-ms response time) pyrometer used for these mea-
surements (Fig. 4a).

These examples demonstrate two different regimes of
laser ablation of graphite targets, i.e. continuous ablation
by individual laser pulses (Fig. 4a) and cumulative abla-
tion when the preheating of a target by initial laser pulses
is required to achieve the stationary ablation (Fig. 4b). In
the first case (Fig. 4a) temperatures as high as 4200 °C can
be achieved at the end of a 20-ms laser pulse that corre-
sponds to the saturated vapor pressure of graphite, Py, of
~76 Torr. In the second case (Fig. 4b) the initial laser pulses
heat the target up to ~2500 °C and cannot produce any sub-
stantial evaporation of the graphite target (Pgy &~ 3 x 1073
Torr), but later the temperature reaches the stationary value
of ~3700 °C because of the preheating due to the initial laser
pulses that leads to Py & 15 Torr. The fit to the experimen-
tal temperatures gives an estimate of the thermal conductiv-
ity (~25 W/mK) of the graphite target used in these experi-
ments.

3 In situ imaging of plume dynamics

The cumulative regime of the ablation was also investigated
using direct in situ imaging of the laser ablation plume and
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monitoring of the intensity of the black-body emission from
the laser-irradiated spot on the surface of the graphite target.
Figure 5 shows a set of the selected frames from a movie
taken with a high-speed camera (10* frames/s, 67-us gate
width) during laser irradiation using 16 sequential pulses,
0.5 ms, 4.5 J/pulse, at 80 Hz. The selected frames show
the results of the laser irradiation after 6 ms following each
sequential laser pulse. These images show that the station-
ary laser ablation, i.e. well-developed plumes with approx-
imately similar shapes and propagation dynamics, appear
only after 11 or 12 laser pulses. The first laser pulses pro-
duce only small plumes located close to the target surface.
The brightness of the laser spot at the target surface that is
directly related to the temperature inside the irradiated area
also increases and saturates after approximately 11 or 12
laser pulses (Fig. 5), in good agreement with calculations
(Fig. 4b).

Figure 6 compares plume dynamics measured for two
different cases, ‘short’ (1 ms, 9.0 J) and ‘long’ (10 ms,
90.4 J) laser pulses. In the first case (Fig. 6a) the ejected
material is well confined in a relatively small vortex ring af-
ter the end of the laser pulse (2-ms frame, Fig. 6a). In the
second case (Fig. 6b) the plume dynamics is completely dif-
ferent and the different parts of the plume have completely
different temperatures. For example, it can be seen that at
7 ms after the beginning of the laser pulse some material
escaped from the plume and cooled down rapidly because
of the weak interaction with the main hot plume (the black
smoke at the top left corner). The different plume dynam-
ics provides completely different environmental conditions
for synthesis of nanomaterials using laser ablation. For ex-
ample, synthesis of carbon nanotubes requires a compos-
ite carbon target containing small amounts of metal cata-
lyst. To nucleate the growth of SWNTs the catalyst and
carbon should be confined within the same volume during
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Fig. 5 Sequence of images
taken during laser irradiation of
graphite target using 0.5 ms,

4.5 J/pulse laser pulses at 80 Hz.
The irradiation was conducted at
room temperature in 500 Torr of
flowing Ar (1000 sccm flow
rate)
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Fig. 6 Images of plume dynamics measured using two different laser
pulses, (a) 1 ms, 9.0 J and (b) 10 ms, 90.4 J at 1100 °C in flowing Ar
(1000 scem, 760 Torr) taken with a fast camera (5 x 10* frames/s, 1-ps
and 5-ps gate widths), respectively

and after the laser ablation pulse. Additionally, the efficient
growth of carbon nanotubes requires confinement of the
catalyst and carbon feedstock species for a relatively long
time [5-7]. The ‘short’ pulse plume dynamics better satis-
fies the confinement requirement. Synthesis of single wall
carbon nanohorns utilizes a pure graphite target and occurs
on the millisecond time scale when the plume is still rela-
tively hot. In this case the main requirements for the efficient
synthesis are the high concentration and the high tempera-
tures of the ejected species.

4 Growth rates, morphologies, and production rates of
SWNHs

Figure 7 shows TEM images of SWNHs synthesized at the
optimized conditions using 20-ms laser pulses at a low laser
pulse repetition rate of 5 Hz and 0.5-ms pulses at 80 Hz.
Interestingly, the laser ablation of pure graphite targets at

high temperatures produces high yields of SWNHs. That
raises the following questions: (1) how can high-power laser
vaporization produce single wall carbon nanohorns in such
high yields without a catalyst? (2) Is there a common precur-
sor (e.g. fullerenes) for both nanohorn and nanotube growth
by laser vaporization? (3) What are the temporal and spatial
scales for growth? To address these questions, we conducted
detailed in situ imaging of the plume dynamics generated
from pure graphite targets by the laser pulses with variable
durations from 0.5 ms to 20 ms and combined this data with
ex situ TEM and SEM characterization of SWNHs synthe-
sized at these conditions. The detailed analysis of these data
will be published elsewhere.

Here, we briefly summarize the main results of this study.
First, comparing the relative intensities of the black-body
emission from the internal furnace wall and from the laser
ablation plumes we estimated that ~6 and 23 ms are re-
quired for the species within the propagating plumes to
cool down to the furnace temperature of 1150 °C for 0.5-
and 20-ms laser pulses, respectively. Since the length of
the individual nanohorn units synthesized at these pulse
lengths (estimated from the corresponding TEM images)
varies from ~10 to 30 nm, it is possible to obtain a rough
estimate of the SWNH growth rate as ~1 nm/ms, which
is comparable to the growth rate of SWNTs [7]. Second,
different laser pulses produce SWNHs with different aver-
age sizes and morphologies, i.e. the shorter the pulse the
smaller and smoother the SWNH aggregates it generates
(Fig. 7). Larger diameter aggregates with the sharp coni-
cal shape of the individual SWNH units can be produced
using a 20-ms laser pulse (Fig. 7). The size distribution of
SWNHs was also measured in situ using a differential mo-
bility analyzer (DMA) [12]. Third, the interstitial spacing
between the individual units also depends on the length of
the laser pulse. The shortest pulses lead to the most compact
packing of the individual units with the smallest interstitial
spacing.
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Fig.7 TEM images of SWNHs
synthesized using 20-ms, 5-Hz
repetition rate (left) and 0.5-ms,
80-Hz laser pulses (right)

Although the mechanism of formation of individual
SWNH units and their assembly into different morphology
spherical aggregates is not understood yet, our preliminary
results based on in situ DMA measurements demonstrate
the possibility of sublimation of small particles with the
mobility diameters of 15-20 nm from the nanohorn soot
at temperatures >950 °C [12]. This indicates that one of the
possible scenarios of SWNH growth is the formation of in-
dividual units followed by their self-assembly into spherical
aggregates. The size and morphology of the individual units
depend on the ablation conditions, i.e. the initial concentra-
tion of the carbon species, and their temperatures in the laser
ablation plumes. The shorter laser pulses generate a laser ab-
lation plume with a smaller initial concentration of carbon
species that cools down faster compared to that produced by
longer laser pulses. This restricts the growth time of the in-
dividual nanohorns and results in synthesis of smaller units.
The smaller nanohorn units have an elongated fullerene-type
shape and a relatively narrow size distribution that leads to
more compact assembly of the individual units into SWNH
aggregates.

To estimate the production rates of SWNHs and SWNTs,
the ablated material from the collection chamber and the
quartz tube was collected and weighed. The production
rates, 10 g/h for SWNHs and 6 g/h for SWNTs, were es-
timated as the ratio of this weight to the total time when
the laser was running. It was found that the total ablation
rate, estimated as the difference of the target weights before
and after ablation per total ablation time, was approximately
10% higher than the corresponding production rates, indi-
cating that the collection efficiency of the setup is ~90%.

5 Conclusions

In summary, we explored two regimes of laser ablation
for synthesis of SWNTs and SWNHs using a high-power
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Nd:YAG laser with variable pulse width: continuous ab-
lation that provides sustained temperatures sufficient for
self-organization of the ablated species into single wall
carbon nanostructures (SWNHs) and cumulative ablation
which is optimal for the growth of SWNTs with cata-
lyst assistance. However, when using catalyst assistance it
was observed that conditions exist for simultaneous pro-
duction of SWNTs and SWNHs, which indicates com-
petitive kinetics between catalyst-assisted and catalyst-free
growth pathways for single wall carbon nanostructures. Di-
agnostics and ex situ analysis show that carbon can self-
assemble into single wall nanohorn structures at rates of
~1 nm/ms, which is comparable to the catalyst-assisted
SWNT growth rates measured previously [7]. A 3D model
of heat transfer in the ablation targets with a moving laser
beam was developed to determine the thermal conductiv-
ity of the ablation targets, optimize the ablation yield in
cumulative laser ablation, and achieve uniform target ero-
sion during a synthesis run. Based on these studies we
were able to develop an efficient laser ablation approach
and apparatus for the synthesis of relatively large amounts
of SWNTs and SWNHs with high production rates of ~6
and 10 g/h, respectively. According to theoretical predic-
tions, SWNHs are a promising material for hydrogen stor-
age applications [13]. The ability to synthesize high yields
of pure SWNHs with different morphologies permits the ex-
ploration of these materials with tunable porosity for hydro-
gen storage. The results of this study will be published else-
where.
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