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Condensed phase growth of single-wall carbon nanotubes from laser
annealed nanoparticulates
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Single-wall carbon nanotube$SWNT) were grown to micron lengths by laser-annealing
nanoparticulate soot containing shoft-50 nm long nanotube ‘“seeds.” The “seeded”
nanoparticulate soot was produced by restricting the time spent by an ablation plume inside an
800 °C oven following laser vaporization of a C—Ni—Co target. The soot collected from the laser
vaporization apparatus was placed inside graphite crucibles under argon, and heated,bgs@eCO

In situ pyrometry was used to estimate the sample temperature. Length distributions of SWNT
bundles in the unannealed and annealed samples were measured by transmission electron
microscopy and field emission scanning electron microscopy. Annealing treatments exceeding
1600 °C produced no increase in nanotube length, while lower temperatures in the 1000-1300 °C
range were optimal for growth. These experiments indicate that SWNT grow by the conversion of
condensed phasesanomaterial during annealing, a similar mechanism to that proposed for growth
during normal laser—vaporization production. Z01 American Institute of Physics.

[DOI: 10.1063/1.1371796

The laser vaporizatiofLV) method is an unexpectedly sion(CPQ of carbon clusters or nanoparticles by metal cata-
efficient way to grow high quality single-wall carbon nano- lyst nanoparticles(diameters <20 nm during extended
tubes (SWNT),! however the mechanism and dynamics ofannealing period$?
growth are still the subject of investigation. High yields of ~ In this letter, we report SWNT growth from the anneal-
SWNT (microns long can be grown in the plume of ablated ing of soot condensed outside the LV apparatus, testing the
material generated by single laser shots onto composite tafyPothesis that SWNT can grow by CPC of cluster and
gets[C(98%), Ni(1%), and Cd1%)], but much of the growth nanoparticle feedsto<_:k. The soo_t which was annealed was
appears to occur during extended annealing times while th roduced by the previously-described LV apparafiexcept

plume is suspended in 500 Torr of slowly-flowing Ar at foﬁt)?1eﬁg?ﬁfgyi—ﬁonzgftzt?féeva;d;ﬁ?nsvi?Sgnji '2(':_
~1000 °C. Recently, we studied the plume during LV syn g - d ding P

hesis of ithin situ £ | | . : “troscopy of the plume. The C—Ni—Co target of Ref. 2 was
thesis of SWNT within situ time-resolved laser-induced lu- positioned 10 cm from the upstream edge of the oven and

minescence imaging and spectroscopy at different tithes R4y jeigh-scattering imaging was used to track and adjust the
after ablation. By measuring the lengths of SWNT collectedyrgpagation of the ablation plume. Images of the plume,
after known growth times, we determined that SWNT growgven temperature profiles, and resulting length distributions
at average rates-1 um/s, and that the majority of SWNT of the SWNT produced for short growth times at high tem-
growth occurs for time$>100 ms from the available feed- perature will be published elsewhér&riefly, the momen-
stock at these times: aggregated clusters and nanoparticléem of the plume carried the ejecta through a region of uni-
These aggregates form within a few milliseconds after ablaform, high temperaturefor about 15 msand then into the
tion, and normally anneal for several seconds more as thefgmperature gradient near the upstream edge of the oven. The
traverse the oven while suspended in the gas fid®everal Plume was rapidly cooled in this region and exited the oven
other recent studies of the plume during long times afte@tt~150 ms, thermophoretically collecting on the upper sur-
ablation appear to confirm this long growth period andface of the quartz tube. These deposits were collected and

dynamics’~’ These results imply that SWNT synthesis dur- stored in air prior to annealing.

ing LV production occurs by theondensed phase conver- Such short growth times in the LV oven at 800°C pro-
g P y P duced SWNT, in short<270 nm long bundles which were

very difficult to find amidst the aggregates of carbon and

aAuthor to whom correspondence should be addressed; Electronic maiEObal_t/niCkel_na_nOpartide_S- Figureea)L—l(_c) are representa-
geohegandb@ornl.gov tive field-emission scanning electron microscqfPESEM),
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FIG. 1. (a) FESEM,(b) TEM, and(c)
HRTEM images of short SWNT seeds
amidst aggregated C—Ni—Co nanopar-
ticles produced by time-restricted laser
vaporization synthesis. Asterisks mark
the location of short SWNT bundles in
(a) (soot produced at 800 °C, SWNT
lengths <270 nm and (b) (produced
at 1000 °C, lengths<500 nm). (d)
FESEM image of long SWNT bundles
produced by laser annealing 800 °C
soot atT=1132 °C for 30 s(e) TEM
image of long SWNT bundles pro-
duced by flame annealing 1000 °C
soot at~1000 °C for 30 s(f) HRTEM
image of annealed material shows
nearly all the nanotubes are single
walled.

transmission electron microscopyTEM), and high- cess. Visible light exiting the window was collected by a
resolution TEM(HR-TEM) micrographs of the LV-produced mirror, fiber optic cable, and 0.3 m spectrometécton
soot containing short SWNT “seedgindicated by asterisks VM-503) with a gated, intensified diode arra§Princeton
in Figs. Xa) and Xb)]. HR-TEM images of this material Inst. IRY-700RB. After correction for instrumental response
[such as Fig. ()] reveal that the seeds include single and[using a National Institute of Standards and Technology
very thin bundles of SWNT accompanied by numer¢ud  traceable calibrated lampthe spectra were well fit by
nm diameter clusters. As shown in Fig.(8), the SWNT  Planck’s law(assuming an emissivity of)lyielding the par-
bundles produced by restricted LV growth at 800 °C had &icle temperature as shown in Figia2 With this technique,
distribution of lengths which could be roughly fit by a log- it was possible to monitor and record the temperature of the
normal distribution, with a most-probable length of 47 nmsample every 0.2 s during annealing, as shown in Fig). 2
and all measured lengths270 nm. Restricted LV growth at For the experiments reported here, the laser power was
higher oven temperatures resulted in longer SWNT burfdles switched on and held constant for 30 s, then turnedaiff
Small pieces of this LV-produced soot were subjected tahough it was possible to rapidly readjust the temperature
various annealing treatments. For example, the material waduring the run, as demonstrated in FigbJ2. The soot could
placed in alumina boats or sealed in small quartz tubes undére rapidly heated to temperatures exceeding 2500 °C within
argon, and inserted into 1150—1200 °C ovens for 30 min t®.6 s with this procedure. A series of runs with different laser
12 h. These treatments produced no observable change in thewers was performed, achieving different stable tempera-
length or prevalence of the SWNT bundles, although theures between 1000 and 2000 °C for 30 s. After annealing,
catalyst nanoparticles were observed to grow in size and de-

crease in number for long annealing times due to diffusion ~ 35 i}
and coalescence. 5 3o 3
By contrast, rapid thermal annealing of the LV-produced £ 1604°C E
soot resulted in the growth of SWNT to much longer lengths. > 125 E
Small pieces of the soot were placed inside small quartz test k2 0 E
tubes which were pumped and backfilled with 500 Torr Ar. £ 15 4
This material was rapidly heated to glowingest. T s 10 —
~1000-1200°C) with the flame from a,HD, torch. Heat 2 <
treatments lasting between 2—30 s with this method pro- & 0 =T 1]
duced noticeable SWNT growth in regions of the samples, 440 480 nggeleiﬁgh g_‘on?) 640 680
however, the temperature of the sample was extremely diffi- ot ———. = i
cult to estimate by this annealing method. " (b) ]
For the experiments reported here, small particles of the O 1500 [T E
soot were placed at the bottom of small, cylindrical graphite < H ]
crucibles and directly heated with the beam from a,GBer :g 1000 L E
(Synrad G48-2-28, 30 WA=10.6 um, 1 kHz frequency pro- 8 ]
viding quasi-continuous-wave outputnder flowing argon £ 500 E
(99.9995% inside a small vacuum chamber at 760 Torr. The = ]
laser beam entered the chamber through a,Bafrdow and Y T T T T
5-10 W of power was typically focused to a 1.5 mm spot 0 5 10 1520 25

(1=300-600 W/crf) on the bottom of the crucible for 30 s. Time (s)

The laser power was sufficient to rapidly heat the So0OFIG. 2. (a) Emission spectra acquired during €f@ser annealing of the soot

sample to very high temperatures, however the crucible an@pntaini_ng short SWNT. S_pec_tra taken every‘O.Z s at the indicated times.

chamber remained relatively cool. Curve fits to Planck’s distribution are shown with the derived temperatures.
. . b) Temporal history of the rapid thermal processing induced by the CO

The blackbody emission from the soot particle was usegyser irradiation. The laser power was intentionally readjusted during this

to determine its temperature during the laser-annealing proun att=3 s.
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R L L L L bundles with the longest lengtiisptimal annealing tempera-
=, Before Annealing j ture estimated between 1100 °C and 1200 96 all cases,
20 4 . the overall conversion efficiencyof carbon nanoparticles
: into SWNT) never approached that produced by normal LV
3 production.
3 E However, the main conclusion of this letter is the com-
= 3 parison of Figs. @) and 3b) which clearly shows that
: = SWNT grow to much longer lengths at1100 °C during the
0 50 100 150 200 250 annealing of LV-produced soot containing preformed short
Length (nm) SWNT. The relatively low temperatures of 1000-1300 °C
determined for growth in these annealing experiments are
(b) SRR RRRRRRRRE very similar to the optimal temperatures determined for
o0 E After Annealing 3 SWNT growth during normal production by the LV method.
q SWT Since vaporization of carbon should only occur at much

Counts

g higher annealing temperatur@nd we were unable to effect
growth at sample temperatures1600°Q, our measure-
ments indicate that SWNT growth occurs by the CPC of

10 f

: |

1 ] aggregated carbon clusters and nanopatrticles, in agreement
0 : i e with the CPC mechanism proposed for growth of SWNT

Counts

01 2 3 4 5 6 7 from these gas-suspended aggregates inside the normal LV
Length (um) apparatus.
Annealing experiments using similar sagroduced by

FIG. 3. (a) Length distribution(and lognormal fit of SWNT generated by LV and other techniqueswithout SWNT seeds resulted in
laser vaporization of a C—Ni—Co target in an 800 °C ovplume spent . .
<150 ms inside the oven(b) Same material ag) after CQ laser anneal- the grOWth of predomlnantly multiwall nanotubes and
ing for 30 s at 1132 °Gnote change of scalelnsets show representative Nanofibers, rarely SWN¥.Several other approaches for
FESEM micrographgnanotubes have been highlighted nanotube growth involving heat treatments and apparent

growth fromcondensed phadeedstock have been reported

the material was collected from the crucibles, dispersed iﬁecenj{ly' htowevertngnre]z of tr;]ese t?wrotd;\(;\?lsﬁsm“tg he b
methanol, and samples were collected onto holey—carbo‘ﬁXperlmens reported here show tha growth can be

. - : . reactivated from short SWNT seeds by rapid thermal pro-
-ls—i'\gogflds for examination by TEM or FESEMHitachi cessing(at ~1100°Q using condensed phase feedstock.

As shown in Figs. (), 1(e), and 3b), regions of the This ability to separate the nucleation and growth steps of

annealed soot samples contained numerous SWNT bundl(.?é/VNT may hold promise for manufacturing of SWNT-based

of much longer length than the starting LV-produced soot. Incomposites and coatings if the_efficiency of the separgted
addition to their length, these long SWNT bundles Weregrowth could approach that which occurs naturally during

much thicker and exhibited numerous splgémilar to those the pulsed LV process.
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their length and the overall conversion yield difficult to esti- yjth the Oak Ridge National Laboratory, managed by UT-

mate. HR-TEM of the annealed samplfiSig. 1(f)] con-  Battelle, LLC, and the Laboratory-Directed Research and
firmed that the nanotubes were predominantly single-walledpeyelopment Program at ORNL.

and still contained very short SWNT seeds. Occasional mul-
tiwall carbon nanotubes and other carbon nanostructure$T. Guo, P. Nikolaev, A. Thess, D. T. Colbert, and R. E. Smalley, Chem.

were also found following annealing at higher1300 °Q  ,Phys. Lett.243 49 (1995.
temperatures A. A. Puretzky, D. B. Geohegan, X. Fan, and S. J. Pennycook, Appl. Phys.
p . Lett. 76, 182 (2000.

Figure 3b) shows a rough length distribution of SWNT A A puretzky, D. B. Geohegan, X. Fan, and S. J. Pennycook, Appl. Phys.
bundles produced by annealing at 1132 °C for 30 s. FESEM A: Mater. Sci. Process/0, 153(2000.

images[as shown in the inset of Fig.(8] were used to  F: Kokai, K. Takahashi, M. Yudasaka, and S. fijima, J. Phys. Chem. B
estimate the SWNT bundle lengths for this distribution sincess 2" . 2000
g °R. Sen, Y. Ohtsuka, T. Ishigaki, D. Kasuya, S. Suzuki, H. Kataura, and Y.

the bundles were often found on particles which were opaque achiba, Chem. Phys. Let832, 467 (2000.
to TEM imaging. This distribution probably underrepresents °A. A. Gorbunov, R. Friedlein, O. Jost, M. S. Golden, J. Fink, and W.

; ; ; Pompe, Appl. Phys. A: Mater. Sci. Proce88, S593(1999.
the lengths of many of the bundles which disappeared |nto7A. Loiseau and F. Willaime, Appl. Surf. ScL64 227 (2000,

the carbonaceous matrix. - o ®A. A. Puretzky, H. Schittenhelm, D. B. Geoheganal. (in preparation
Despite the difficulties in estimating SWNT lengths and °aA. A. Setlur, S. P. Doherty, J. Y. Dai, and R. P. H. Chang, Appl. Phys.
yields, it was evident that samples annealed>a00°C  Lett. 76 3008(2%00- s )
; ; ; W. K. Hsu, Y. Q. Zhu, S. Trasobares, H. Terrones, M. Terrones, N.
showed nq noticeable increase in SWNT Iength or occur Grobert, H. Takikawa, J. P. Hare, H. W. Kroto, and D. R. M. Walton,
rence, while samples annealed at temperatures between\,, phys. A: Mater. Sci. Proces88, 493 (1999.

1000 °C and 1300 °C displayed the most numerous SWNTY. Ando, M. Ohkochchi, and J. Wang, J. Cryst. Groviib6, 888 (1996.

Downloaded 18 May 2001 to 128.219.23.218. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



