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Carbon single-wall nanotubes (SWNTSs) grow efficiently from methane on alumina-supported metal catalysts
within a fairly narrow temperature window from 680 to 88D. An abrupt onset in SWNT growth occurs at

the low temperature side of the window, and SWNTs produced at these lower temperatures appear to be
relatively free of amorphous or nanocrystalline carbon impurities. Raman spectroscopy shows that SWNT
yield drops dramatically at the high-temperature side of the window where most previous chemical vapor
decomposition (CVD) studies have been performed. The turn-on at the low-temperature side appears to be
controlled by the thermodynamics of SWNT growth, while the turn-off at high temperatures is associated
with competitive deposition of amorphous and nanocrystalline carbon. The existence of a temperature window
for SWNT growth has not been reported elsewhere, and has important general consequences for CVD growth
of SWNTs.

Introduction anel418 carbon monoxidé;° and other hydrocarbons such as
benzene&? acetylené! or ethylene?? Catalysts are typically
Carbon Single-Wa" nanotubes (SWNTS) are eXCiting new Supported on &03, S|OZ, or Mgo and consist of metals such
materials with novel physical and chemical properties that as Co, Ni, Fe, and Mo, their oxides, as well as mixtures of these.
should find uses in a variety of technological applicatiéris. All SWNT CVD employing methane has been done at
These materials have been synthesized by a variety of technique§emloeratures in the range of 850000°C,15-1822and only a
mclud_mg electric-arc dls_charg'é, laser vaporizatiof, and few reports exist for syntheses at lower temperature using
chemical vapor decomposition (CVDBWNT growth was first CoH,22 CO® and (GH7)aN.24 Here, we report that methane
achieved with the electric-arc technique, but control of the .o e dec'omposed to form predo,minantly SWNTSs at temper-
growth zone conditions is difficult by this process and, as a ;¢ ,,res as low as 675 when certain catalysts are employed.

result, arc-grown materials tend to be highly impure. More ;0 imnortantly, the onset of growth with increasing temper-
recently, laser-based synthesis has led to the production of high P 4 d g P

. ; . . . ature is quite abrupt with some catalysts, such that variations
purity material$,® but high equipment costs and low production d P y

il orobably limit thi hni basi h studi of less than I°C can fully activate SWNT growth. Very little
rates will probably limit this technique to basic research studies. 5,0 hous or nanocrystalline carbon is deposited just above

.BOth arc- and laser-based production processes typipally operat§nq onset temperature despite pronounced SWNT growth. The
in a batch mode and are therefore poorly suited to high-volume, o\t rate is relatively constant as temperature is increased

low cost production. In contrast, the decomposition of carbon- ~125°C above the onset. but decreases above°80@s the
contalnlgg gis,es o?/vsltjj'?port'eckj] rrl;etal caf[alysts,l "e"é:,VD' c)ﬁersdeposition of amorphous and nanocrystalline carbon becomes
a route by which SWNTs might be continuously and inexpen- 4o minant. Together, the onset of growth at low temperatures

sively produced. . ' and the reduction in growth at higher temperatures define a
Multiwalled nanotu_bes and graphit;c nanofibers have been previously unobserved growth window. The window begins at
grown by CVD for quite some tim&"1° but the approach has temperatures lower than those investigated elsewhere and ends

only recently been adapted for SWNT growth. In each case, due to the competitive formation of amorphous/nanocrystalline
the growth of the condensed carbon phase is mediated by the P i y

Vi icle. S include (1) ab . £ th carbon. As noted earlier, all previous CVD investigations using
catalytic particle. Steps include ( ) absorption of the gaseous i aihane employed temperatures higher than the high-temper-
carbon-containing molecule, (2) dissociation of the molecule

L ature limit of the window reported here. The occurrence of a
to generate carbon atoms, and (3) organization of these atomSindow for optimal CVD growth offers the possibility to
into condensed phases. The carbon atoms diffuse either on theyc - iminate against the formation of non-SWNT carbon
surface or through the bulk of the metal particles. The condensed
phase is formed by precipitation if the metal particle is
supersaturated with dissolved carbon, or by knitting surface
carbon atoms into carbonaceous nuclei or preexisting, low
energy structures. SWNTSs result when the metal particles are
small, and appropriate catalysts, gases, and temperatures ar
employed. SWNTs are currently grown by CVD from meth-

impurities, and low-temperature growth offers energy savings
during synthesis. Furthermore, key features of the growth
mechanism are revealed since conditions closer to thermal
equilibrium are employed. We report on the growth of SWNTs
by CVD as a function of temperature and methane partial
ﬁressure using Raman spectroscopy, weight-gain measurements,
and transmission electron microscopy (TEM). Although the
*To whom correspondence should be addressed. E-mail: mikeh@nrel.gov. scope of the work presented here is restricted to methane CVD
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T T T T T talline and/or amorphous carbon species, and a feature at 1606
670 °C cm~which is related to the fundamentalgEnode of graphité®

x5 There is no evidence for the presence of SWNTSs, and the data
shows that only poorly organized carbon is formedgt 670

- g °C. The total weight increase for this sample w& relative

to the initial sample weight. The Raman spectra for deposits
grown at 650°C (not shown) were virtually identical, and there
was no carbon deposition fdiy < 650 °C.

When Ty was increased by only tweC to 672°C, a dark-
black deposit formed on the upstream portion of the catalyst/
680 °C support, while the downstream portion was light-gray as was
found at 67C°C. Raman spectroscopy of the dark-black regions
revealed the well-known sharp feature at 1593 §nwith a
shoulder at 1567 cm, as expected for scattering from
resonantly enhanced SWN¥5This temperature is apparently
very close to the absolute lower limit for SWNT formation under
these conditions. The entire catalyst/support became covered
with a uniformly black deposit afg = 680°C, and the sample
800°C weight was increased by25%. The weight gain was ac-

900°C companied by the appearance of strong SWNT modes in the
M Raman spectrum, and even stronger signals were seen from
1 1 L 1 samples grown at 700 and 80C (Figure 1). However, the

1000 1200 1400 1600 1800 intensity was reduced &t = 900 °C, and the SWNT bands
Raman Shift (cn') disappeared almost completelyTat= 1000°C (Figure 1). The
Figure 1. Raman spectra from samples grown by CVD with 40 sccm Raman spectrum from the 100Q sample was quite similar to
methane flow at the designated temperatures. Spectra were obtainedhe spectrum from the 6 AT sample except that the two bands

Raman Intensity (a.u.)

with 7. mW of 488 nm excitation. are slightly more intense and narrow. The growth in the D-band
. . is consistent with the deposition of more amorphous and
Experimental Section nanocrystalline carbon, while the additional sharpness near 1590

Metallic catalysts were dispersed onto an alumina support CM * is due to the presence of a small number of SWNTs
by a technique similar to the one described in ref 15, except (Figure 2b).
that (GH5)3SiO4 was not employed. The majority of this work The Raman data of Figure 1 shows that SWNTs grow
(except where noted) was performed with an Fe:Mo catalyst efficiently within a fairly narrowTgy range from~680 to~850

prepared by stirring FA£SQOy)3-5H,0 (97%, Aldrich), (NH)e- °C. There is very little or no carbon deposition at lower
M07024:4H,0 (99.98%, Aldrich), and AD; (Degussa, Type  temperatures, and the deposit is predominantly in the form of
C, 85-115 n¥/gm) in deionized water at 80C for 1 h, amorphous and/or nanocrystalline carbon at higher temperatures.

ultrasonicating the mixture for 3 h, and then drying overnight These conclusions are supported by numerous TEM images
under N in an oven at 100C. The dried material was ground taken from samples deposited over a wide range of temperatures.
and calcined in air at 900C for 10 min, allowed to cool, and  For example, Figure 2a,b show representative TEM images of
re-ground. The amounts of starting materials were chosen tosamples grown at 700 and 1000, respectively. The samples
produce 2.7 mg of metal in a 6:1 Fe:Mo molar ratio on the  were lightly sonicated in 1 M HF to remove the 8k support.

50 mg of support which was employed in each run. The The image of Figure 2a shows mostly SWNT ropes, while
supported catalyst was placed in a quartz boat in the center ofFigure 2b shows predominantly amorphous carbon and nano-
alin.i.d. quartz tube, and CVD was performed at temperaturescrystalline graphite, and a very few SWNTSs.

between 600 and 100@. The CH source gas (ca. 99.99% The growth temperature window for SWNTSs is seen more
pure) was introduced at either 10, 40, or 160 sccm and diluted clearly in Figure 3a where the intensity of the major SWNT
with Ar to a total flow rate of 440 sccm. The pressure was tangential Raman mode is plotted as a function of temperature
maintained at 600 Torr by feedback control of an exhaust valve, for the three different Clrflow rates. In each case, the intensity
and the CVD time was restricted il h inorder to observe the of the SWNT mode near 1593 crhis observed to increase
early stages of growth without mass transport limitations. At from approximately zero (i.e. no greater than the intensity of
the conclusion of each run, the methane flow was stopped, andthe D-band signal) to a maximum value for the window over a
the system was allowed to cool to room temperature under ayery narrow increase in temperature. The data taken at 10 sccm
flow of argon. Raman spectroscopy was performed using 7 mW s most striking with an increase of temperature of only"@0

of the 488 nm line of an Ar ion laser at a resolution-e0.6 g|V|ng rise to Strong SWNT growth_ At C;{'ﬂOW rates of 40
nm (2-6 cnT?) across the entire range of interest. Calibration ang 160 sccm, temperature increases of 30 and°Qp
was performed with Oriel spectral lamps. respectively, are required to fully turn on SWNT growth on

) ) the low-temperature side of the window. For all Cftdw rates,
Results and Discussion the intensity of the major Raman feature remains high as the

Figure 1 shows Raman spectra in the range of 1000 to 18009rowth temperature is increased above the low temperature
cm™! for materials grown with a Ciflow rate of 40 sccm at onset, but declines to nearly zero again between 800 and 1000
growth temperatureg§) between 670 and 100C. The Raman  °C.
spectrum from a light-gray deposit formed at 670 shows a Figure 3b shows the weight gained due to carbon deposition
broad, weak feature at 1353 cfn the so-called “D-band?®® as a function ofTy for the three different Ciiflow rates. All
which is related to structural disorder offdponded nanocrys-  curves show a sharp onset in weight gain beginning below 700
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: . — Figure 3. (a) The intensity of the major Raman SWNT tangential mode
Figure 2. Transmission electron microscope images of SWNTs formed near 1593 cm' plotted against CVD temperature. A window for
under (a) 700C and (b) 1000C temperatures and 40 sccm methane. optimized SWNT growth is shown for three methane flow rates (10,
Both samples were prepared by gentle sonicatioh M hydrofluoric 40 and 160 sccm). (b) The percent weight gained, relative to the initial
acid at 80°C to remove the AlOs support. catalyst/support weight, after CVD plotted against temperature. The
curves for three methane flow rates (10, 40, and 160 sccm) are shown.
°C, a plateau spanning from 700 to 800, a local minimum The weight-gain curve for bare alumina at 40 sccm is also shown.
between 800 and 958C, and an increase in weight dg is
increased to 1000C. Since the total gas flow rate was held Raman band is~ 40% lower for the 160 sccm samples as
constant at 440 sccm, an increased,@Bw rate corresponds  compared to the 10 and 40 sccm samples (Figure 3a). This
to an increased CHpartial pressure as well as an increased demonstrates that Chbartial pressure is an important parameter
driving force for CH, decomposition. Thus, one might expect for optimizing CVD growth of SWNTSs.
the carbon deposition to begin at the lowest temperatures for The intensity of the SWNT Raman mode at 1593 éris
the 160 sccm experiments. Consistently, the 160 sccm flow ratemaximized to approximately the same value within the plateau
data shows weight gain at a temperature as low as°@60 for both the 10 and 40 sccm flow rates (Figure 3a). Similar
(Figure 3b). However, despite showing no weight gain until weight gains {30%) are also observed at the plateau values
670°C, the turn-on in SWNT growth is much more abrupt at for these two flow rates (Figure 3b). Consequently, it is
40 sccm (Figure 3a). Consequently, the plateau in weight gain reasonable to conclude that the same amount of SWNTs are
(Figure 3b) is reached at a lower temperature than observed inmade in the two cases, and that SWNTs are the predominant
the 160 sccm data. The onset of SWNT growth occur§@0  product as confirmed by TEM. Furthermore, since the amount
higher in the 10 sccm case, but is quite abrupt (Figure 3a). Theof SWNT growth is independent of flow rate, we can also
data can be reconciled by considering that only SWNTs grow conclude that the growth rate in the plateau region is controlled
at the low temperatures with the lower driving force for £ZH by the SWNT growth reactions on the catalyst particles rather
decomposition associated with the 10 and 40 sccm flow rates,than by limitations associated with Gltansport to the metal
while both SWNT and non-SWNT carbonaceous solids are catalysts. This finding appears to be in contradiction to the work
formed in parallel at 160 sccm. The concomitant deposition of of Hafner et ak2wherein the growth of SWNTs was made dom-
amorphous/nanocrystalline carbon at the highest methane partialnant by limiting the supply of carbon to the catalyst particles.
pressures deactivates some catalytic particles thereby precluding The weight-gain curve for a control &D; sample shows very
some SWNT growth. Note that the intensity of the tangential little carbon deposition at low temperatures and a strongly
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reproduced in the spectrum from the 800 sample. Thus we
can conclude that many different types of tubes are present.
Only the most intense radial breathing modes are observed from
the sample grown at 90TC, but it is evident that the overall
tube distribution is not greatly altered. It is therefore apparent
that the size distribution of SWNTSs is not significantly affected
by changes in growth temperature. Thus, a set of tubes begin
to grow with this specific catalyst composition once tempera-
tures exceed the low-temperature onset, and this same set grows
at higher temperatures if growth is not prohibited or preempted
by the deposition of other condensed carbon phases.
The spectrum from the material grown at 680 shows the
presence of over a dozen radial breathing modes (Figure 4)
900 °C representing SWNTSs ranging in diameter frerh.5 to 0.8 nn?’
! ! 1 ! ! It is probable that many other tubes are also present but simply
100 150 200 250 300 not observed due to lack of resonance with the 488 nm Raman
Raman Shift (cm“) excitation. Even though the SWNT signals in Figure 1 are quite

Figure 4. Raman spectra in the region of the radial breathing modes mten_se_ forTg = 680 to 800°C, requiring only 90 s fo.r
for materials grown under 40 sccm methane flow at 680, 800, and 900 @cquisition, the Ay, Eig, and Bg modes that comprise the major
°C. Raman features in the region of 1570590 cnT?! are poorly

resolved. In comparison, the SWNT modes at 1593 and 1567
increasing weight gain with increasing temperatures above 900¢m1 are much better separated in laser-generated materials.
°C (Figure 3b). Here, the support material was processed throughTtherefore, we believe that the lack of resolution in the main
the same steps which produced SWNTs except that catalyticSwNT signal is due to the polydispersity in diamétdor the
metals were omitted. The amount of uncatalyzed deposition types produced via this CVD method. However, note that the
increased dramatically at higher temperatures such that thegegree of resolution in Figure 1 is highest for samples made at
weight of the supported catalyst was doubled over the coursethe |owest growth temperatures. Under these conditions we
of the 1 h deposition at 1000C. The weight gain of the Fe:  expect a minimum of amorphous or nanocrystalline carbon
Mo-decorated A0z at 1000°C and the same flow rate (40  deposition that might also obscure the individual SWNT modes.
sccm) is~36% less than for the control sample. Thus i.t SEeMS  \ye have observed the same general behavior of an abrupt
that the Fe:Mo-decorated AD; support possesses either a gngetin SWNT growth at a low temperature limit with several
reduced surface area in comparison to the contrgDélor a other catalyst formulations. Of particular interest was an Fe/
surface chemistry which is altered by processing such that the co/vmo composition formed in a 12:3:2 molar ratio. In this case
decomposition of methane is suppressed. In either case, it iSye ghserved the onset of SWNT growth to be slightly higher
apparent that the increased weight gain at the higher tempera¢ ggsec, but the growth could be fully activated or deactivated
tures is d_ue to d_eposmon of non-SWNT carbon. Notg that the by changes in temperature that were smaller than our experi-
mass gain at high temperatures becomes a function of the antal resolution £ 1 °C). The growth persisted over a
methane flow rate for the metal-decorated samples as expectedemperature plateau, and then decreased as the deposition of
for a mass transport-limited deposition mechanism. non-SWNT carbons dominated at higher temperatures. Also of

Collectively, the data in Figure 3 indicate that SWNT growth i \was the case of pure Fe. Here, SWNTs did not begin to
occurs in parallel with the deposition. of nanocrystalline_and grow until temperatures exceeded 780 The onset of growth
amorphous carbon. In general, there is a temperature windowyyas not abrupt, and the weight gain and Raman signals increased
in which SWNT growth proceeds on the catalytic metal g4 gjowly with temperature that the competing pathways of

particles, as well as a background carbon deposition reactiongywNT and non-SWNT deposition could not be readily dis-
which occurs predominantly on the support and increases .qrned as a minimum in the weight-gain curve.

strongly with both temperature and ¢How rate. The two
parallel pathways for the decomposition of £Hto the SWNT

and non-SWNT solids have very different temperature depend-
encies with the catalysts employed here, so the competing Our observation that SWNTs grow abruptly with increasing
pathways can be observed. We speculate that the depositiortemperature suggests that the growth is turned-on by thermo-
rates for SWNT and non-SWNT carbons become approximately dynamic considerations. SWNTs have been predicted to be more
equal near the minimum in the weight-gain curves (Figure 3b). stable than graphitic strips of width corresponding to the tube
The SWNT growth pathway predominates at the lower tem- circumference when the tube diameter is greater than @@}
peratures, and the non-SWNT pathway is dominant at high nm2%3°However, these calculations were based on comparisons
temperature. The two competing pathways are better separateaf a fixed, large number of atoms and do not directly comment
in temperature at the lower Ghpartial pressures, and the local on the relative stability of fullerene hemispheres, single or
minima in the weight-gain curves shift to higher temperature multilayer graphene disks, and nanoscale amorphous carbon

Raman Intensity (a.u.)

800 °C

Summary and Conclusions

with decreasing CHiflow rate. structures having a small number of atoms. As proposed in the
Figure 4 shows the Raman spectra in the region of the radial yarmulke mechanisfrand supported recently by thecithe

breathing modes for materials grown at a Jléw rate of 40 hemispherical nuclei for SWNT growth could be more ther-

sccm. Only the data for growth at 680, 800, and 9@Dare modynamically stable than single-layer graphene disks of the

displayed since these were the only samples to show strongsame number of atoms simply because the ratio of edge atoms
radial breathing modes, consistent with the strong tangentialto “bulk” (i.e., fully bonded) atoms would be lower in the
signals in Figure 1. At first glance the 68Q spectrum may be  hemisphere. According to this simple view, a transition from
interpreted as being noisy, but virtually all of the features are SWNT to non-SWNT growth would occur when the density of



Letters J. Phys. Chem. B, Vol. 106, No. 11, 2002825

carbon atoms precipitated from the carbon-saturated metal (4) liima, S.; Ichihashi, TNature 1993 363 603.

particles exceeded some critical density such that non-SWNT _ (®) Bethune, D. S.; Kiang, C.-H.; de Vries, M. S.; Gorman, G.; Savoy,
lei became more stable. According to Hafner ef%adiich R. Vasquez, J.; Beyers, Rlature1999 363 605.
nuc : 9 U (6) Guo. T.; Nikolaev, P.; Thess, A.; Colbert, D. T.; Smalley, R. E.

a transition is observed when the carbon precipitation reaction Chem. Phys. Lettl995 243 49.
is limited by supply of the carbon containing gas to the particle S (ﬁ) D?ei' Eéﬁiﬂzlgh A (E';tii\gg%%eevd Z%:lTheSS, A.; Colbert, D. T.;
friae e : : malley, R. EChem. Phys. Le .
rather than by diffusion Wlth!nthe catglytlc particle. In our work, (8) Rinzler, A. G.. Lui, J.: Dai, H.. Nikolaev, P. Huffman, C. B.;
we .Observe the preferential formatlo.n. of _SWNT when the Rodriguez-Macias, F. J.; Boul, P. J.; Lu, A. H.; Heymann, D.; Colbert, D.
driving force for methane decomposition is limited at low T, Lee, R. S.; Fischer, J. E.; Rao, A. M.; Eklund, P. C.; Smalley, R. E.
i Appl. Phys. A1998 67, 29.
gr%Wth IZTpera;liLeSfang low n:elthane parlflal tﬁreisurestf f (9) Dillon, A. C.; Gennett, T.; Jones, K. M.; Alleman, J. L.; Parilla, P.
egardless of the fundamental reasons for the formation of . piehen, M. JAdy. Mater. 1999 11, 1354.
a SWNT nucleus on a catalytic particle, the nucleus is expected (10) Baker, R. T. K.; Harris, P. S.; Thomas, R. B.; Waite, R.. Latal
to grow very quickly in length with the addition of more carbon 19231)3%83 BT K. Haris. P.S. Bhvs 4 Chemistry of Carh
H H aker, R. 1. K.; Rarris, P. S. YSICS an emistry orf Caropn
atoms. In contrast, CVD growth_ of nanocrysmllme graphite anq Walker, P. L., Thrower, P. A., Eds.; Marcel Dekker: New York, 1978;
amorphous carbon would require the formation of new nuclei, vo| 14; p 83.
and therefore would be kinetically hindered even if favored by ~ (12) Tibbets, G. GJ. Cryst. Growth1984 66, 632.
thermodynamics. Any kinetic advantage for SWNT growth is (ﬁ) EOdr'glje_ZbN- M|~|"- k/'a’tﬁf_- 59_51'_932 8, 35313- | ei11998 29
eventually overcome as the thermodynamic driving force for 56% ) Kong, J.; Cassell, A. M.; Dai, HChem. Phys. Let199§ 292,
formation of amorphous/nanocrystalline carbon increases atthe (15) cassell, A. M.; Raymakers, J. A.; Kong, J.; Dai,JHPhys. Chem.
higher temperatures and methane partial pressures. Carbor® 1(99)9 10Ia 6484. ) f ol |
it indicerimi 1 hi 16) Colomer, J.-F.; Stephan, C.; Lefrant, S.; Van Tendeloo, G.; Willems,
deposition occurs |nd|scr|m|nately on the s_upport at stlll_hlgher I Konya, Z.: Fonseca, A Laurent, Ch.: Nagy, J. Ghem. Phys. Lett
temperatures as the reaction proceeds without catalysis. 200Q 317, 83.
For the first time, we have demonstrated the existence of a (17) Bacsa, R. R.; Laurent, Ch.; Peigney, A.; Bacsa, W. S.; Vaugien,
temperature window for the effective growth of SWNTs by Th'(;lg)ousssert/'l A%‘em- FéhYE; LE;CTZI?OQ 3F2)ﬁ 56fL5- 2000 322 321
u, M.; Zheng, B.; Liu, em. Phys. Le .
CVD, and shown th_at low temperatures are preferred fo_r the (19) Kitiyanan, B.; Alvarez, W. E.; Harwell, J. H.; Resasco, DCBem.
growth of high-density SWNTs using methane. We tentatively phys. Lett200q 317, 497.
conclude that the onset of SWNT growth on metal catalysts at  (20) Ci, L.; Wei, J.; Wei, B.; Liang, J.; Xu, C.; Wu, BCarbon2001,
low temperatures can be determined by purely thermodynamic39 329
considerations when the growth rate of SWNTSs is high and the 31§?1) Bladh, K. Falk, L. K. L.; Rohmund, FAppl. Phys. 4200 70,
deposition of amorphous/graphitic carbon is hindered. Catalytic  (22) Hafner, J. H.; Bronikowski, M. J.; Azamian, B. R.; Nikolaev, P_;
particles capable of growing SWNTs continue to do so until fiTtZI%’gnggé %gg)ert, D. T.; Smith, K. A.; Smalley, R. Ehem. Phys.
; ; ; e .
de-activated by_t_he formation of amorpho_u_s or nanocrystalline (23) Flahaut, E.- Govindaraj, A Peigney, A.: Laurent, Ch.: Rousset,
carbon.. _Deposmc_)n of amorphous/graph]tlc carbon beconr.lesA.; Rao, C. N. RChem. Phys. Let1999 300, 236.
competitive at higher temperatures until SWNT growth is  (24) Tang, Z. K.; Sun, H. D.; Wang, J.; Chen, J.; Li, Sppl. Phys.

completely quenched. Lett. 1998 73, 2287. .
(25) Eklund, P. C.; Holden, J. M.; Jishi, R. arbon1995 33, 959.
. . (26) Holden, J. M.; Zhou, P.; Bi, X.-X.; Eklund, P. C.; Bandow, S.;
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