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We report a new class of nanostructured carbon materials, which couple nanosized diamond with single-
walled carbon nanotubes. This exciting material is being produced in our laboratories in a modified
CVD reactor by means of reactions between carbon nanopowders and atomic H. Field-emission scanning
electron microscopy (FE-SEM), transmission electron microscopy (TEM), Raman spectroscopy, and
reflection high-energy electron diffraction (RHEED) have been used to study samples grown for various
deposition times. The information achieved by combined use of these characterization techniques has
enabled the construction of a time-growth sequence for the two carbon nanophases and has enlightened
the peculiar growth of such hybrid carbon systems. The tubular inner structures are found to be bundles
of single-walled carbon nanotubes (SWNT) up to& long, and the outer deposits consist of well-
shaped diamond crystallites with diameters in the-200 nm range. The one-step synthesis approach
described here provides an experimental route to the production of ordered arrays of rigid nanotubes
coated by diamond nanocrystallites.

Introduction Using ab initio techniqués* the structural and energetic
stability of diamond nanowires has been studied as a function

The increasing scale of device integration in solid-state of the surface morphology and crystallographic direction of
technology coinciding with decreasing structure dimensions the principal axis.

requires the use of nanomaterials that can be fabricated into Another study based on ab initio data compared the
net shapes. Moreover, to realize the full potential of the new

technologies, the material itself must survive under signifi- predicted for an equivalent diamond nanofddterestingly,

fcan'F:y s?\veri envwonrrlent?I condlﬁians.tlr][ th? contexththe the theoretical and computational results suggested that a
family of carbon nanostructures, with outstanding mechan- yamonqg nanorod might exhibit mechanical performances
ical, chemical, and thermal properties, is ideally suited to a

. . . S . e superior to those of carbon nanotubes at certain sizes.
wide range of innovative applicationghis family includes Furth th d . del predict i
nonplanar nanographites, such as nanotubes, but also dia- urthermore, a thermodynamic modet predicls an energetic

mond particles with dimension less than a few hundreds of stability for diamond nanowires that may be equivalent to
nanometers that of carbon nanotubes in certain size regifheasd an
On the other hand, the challenge to take meaningful alternative thermodynamic approach performed in ref 7

d £ th . ¢ li indicated that nucleation of diamond would be preferable
& vantage of the extreme properties o _nanocrysta "€ inside a carbon nanotube compared with a flat substrate. On
diamond and the tendency toward fabrication of one- or

guasi-one-dimensional nanostructures have stimulated recem(z) 5 4 AS R S. P.- Snook, |.Mano Lett2003 10, 1323
. . . . . . arnard, A. S.; RUSSO, S. P.; SNOOK, |. no Lett. A .
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form of tubular nanosystems, such as nanowires or nanorods.  899.
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mechanical properties of carbon nanotubes with those
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enlarged views of the final nozzle (not In scale) tubest® the reactants were carbon nanopowders (mean diameter
Ha side section view longitudinal section view 40 nm) produced by cw-laser assisted pyrolysis of hydrocarbon
i {@)! § TETITICOOTIDT ZET mixtured® and atomic H. The carbon nanopowders, stored in a
L Pi: ?t P reservoir, were carried by Ar streams and homogeneously delivered
through a tubing system and a nozzle across the active area of the

substrate. The nozzle can be rotated around its longitudinal axis in
o such a way that the streams of the carrier gas intersect at variable
angles with the flux of atomic H generated by a Joule-heated Ta

VD chamber

spraying holes

e - i f|lament _(T = 2200 + 1Q °C). For the prt_asent experiments the
St R hoater . intersection angle was fixed at 85The main process parameters
I"l Sl were: H flow rate, 200 sccm (standard cubic centimeter per
S powder minute); Ar flow rate, 30 sccm; substrate temperature, 900
Il chamber operating pressure, 36 Torr.
&g flow-control T The substrates were Si plates coated by a submicron dispersion
23 thermocouple system : . . .
£ Carrier gas 1 of Fe nanoparticles, as previously reportédnd positioned at

Figure 1. Schematic drawing of the HFECVD reactor set up. The inset controlled distance with respect to the heated Ta filament. The

shows an enlarged view of the final nozzle used to spray the nanocarbonfjis'[ancev which represents a key parameter of t.he process, was fixed
particle onto the substrate surface. in the present experiment at 6 mm. For production of nanodiamond/

nanotube systems the runs lasted 15 min. Some ad hoc experiments
this basis the authors predicted that carbon nanotubes wouldchave been performed by changing the duration of the synthesis
be an effective path to grow diamond nanowires. process in the range—115 min. This series of depositions was
Up to now, however, only a few examples of tubular repeated twice, to have 2 sets of analogous samples to compare.
diamond-based nanosystems have been produced. We can For the purpose of characterization, a field-emission type

cite the nanowhiskers and nanorods obtained by microfab-scanning electron microscope (FE-SEM) was used to investigate
fication methods involving RIE of single crystalline the morphology of the produced nanostructures and TEM images

. L . . were obtained using a JEOL 2010 electron microscope operating
—9
diamond®—° homoepitaxially grown single-crystal diamond at 160 kV.

nanorods and RIE-generated nanowhlsk%rmnocylmders The Raman spectra were taken at room temperature in the
(about 300 nm diameter) produced by CVD using a tem- p,crscattering configuration using an Ar-ion laser beam (514.5 nm,

plating method' and vertically aligned single-crystal nano-  |aser power 10 mw) and a laser spot size of approximately 100
tubular diamond structures grown using MPEC¥Recent um2

studie$*“reported the transformation, induced by H plasma  The RHEED analysis was carried out using an AEI EM6G
treatments, of multiwalled carbon nanotubes into rows of microscope equipped with a high-resolution diffraction stage
nanocrystalline diamond and suggested a new route to the(acceleration voltage 60 kV). The measurements were performed
production of cylindrically shaped distributions of diamond in selected area conditions, with the possibility of varying the angle
nanocrystallites. of incidence of the electron beam with respect to the substrate
In the course of research dealing with production of carbon su_rface. The diffraction_ patterns have been carefully processed using
nanostructures by CVD techniques we noted that, under weII—SUItabIe image analysis software.
defined conditions, it was possible to generate during the
same run a most exciting combination of carbon nanotubes
and nanocrystalline diamond. In this paper we provide Using the FE-SEM we have investigated the growth
evidence of fascinating nucleation and growth features thateyolution of the nanostructures by analyzing frame-to-frame
dictate the building of rigid nanocylindrical structures formed the images of the deposits generated under the same
by single-walled carbon nanotubes (SWCNT) completely experimental conditions, but stopping the process at selected

Results

covered by nanosized diamond. times. In Figure 2, one can observe the morphology of a
_ _ series of deposits grown for 1, 2, and 6 min.
Experimental Section The information gathered from this analysis highlights a

The deposition experiments have been carried out in a hot- number of interesting features. First of all it is evident that,
filament CVD reactor connected to a purpose-designed powder- Under our experimental conditions, the process of nanotube
flowing apparatus, schematically reported in Figure 1. As in our $ynth95|5 IS characterized by a very hlgh growth rate. The
previous experiments devoted to the production of carbon nano- image of Figure 2a reveals, after only 1 min from the process
commencement, the presence of rather long (abquiny

(8) Baik, E. S.; Baik, Y. S.; Lee, S. W.; Jeon, Dhin Solid Films200Q nanotubes. The nanotubes are assembled in winding thin
3717, 295. bundles (diameter<120 nm). Many unreacted carbon

(9) Baik, E. S.; Baik, Y. S.; Jeon, DJ. Mater. Res200Q 15, 923. ( . ) . y .

(10) Ando, Y.; Nishibayashi, Y.; Sawabe, Biamond Relat. Mater2004 nanopartlcl_es are still present at this stage._After 2 min the
13, 633. substrate is covered by a denser deposit of assembled

(11) Masuda, H.; Yanagishita, T.; Yasui, K.; Nishio, K.; Yagi, |.; Rao Y.
N.; Fujishima, A.Adv. Mater. 2001, 13, 247.

(12) Chih, Y. K.; Chen, C. H.; Hwang, J.; Lee A. P.; Kou, C.C8amond (15) Terranova, M. L.; Piccirillo, S.; Sessa, V.; Sbornicchia, P.; Rossi, M.;
Relat. Mater 2004 13, 1614. Botti S.; Manno, D.Chem. Phys. Let200Q 327, 284.

(13) Sun, L. T.; Gong, J. L.; Zhu, Z. Y.; Zhu, D. Z.; He, S. X.; Wang, Z.  (16) Botti, S.; Coppola, R.; Gourbilleau, F.; Rizk, R.Appl. Phys2000Q
X.; Chen, Y.; Hu, G Appl. Phys. Lett2004 84, 2901. 88, 3396.

(14) Sun, L.T.; Gong, J. L.; Zhu, D. Z.; Zhu, Z. Y.; He, S. Xdv. Mater. (17) Orlanducci, S.; Sessa, V.; Terranova, M. L.; Rossi, M.; Manno, D.

2004 16, 1849. Chem. Phys. LetR003 367, 109.
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Figure 2. FE-SEM images of the deposits grown for a series of deposition
times: (a) 1 min; (b) 2 min. The insets of (a) and (b) show the presence,
after 1- and 2-min depositions, of nanotube bundles with smooth external
surfaces; (c) 6 min; (d) 6 min: a close view of a bundle coated by embryo
crystallites.

Figure 4. TEM images taken on the external edge putting in evidence the
morphological shape of diamond grains covering the underlying tubular
structures. The white arrows in (a) indicate secondary grain growth.
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Figure 5. Raman spectrum in the RBM region of single-walled carbon
nanotubes, obtained from the sample grown for 15 min. The dotted lines
have been derived by curve fitting of the spectrum to Lorentzian lines after
background subtraction.

Figure 3. FE-SEM images showing: (a) the general view of a typical

deposit; (b-d) the details of nanotube bundles covered by diamond tybes. The thickness and external diameter of these tubes
nanocrystallites. range approximately from 100 up to 800 nm. At higher
magnifications (Figure 3c and d) one notes that the wires
are coated by grains with diameters ranging approximately
between 20 and 100 nm, with well-defined crystalline facets.

nanotubes, which have now reached a length of more than
10um (Figure 2b). The bundles begin to align parallel each
other, and all evidence of residual carbon nanoparticles has
gone. The insets of Figure 2a and b highlight the smoothness The TEM observations, carried out on the longitudinal
of the nanotube walls and the absence of any crystalline formedge of isolated tubes, reported in Figure 4a and b, illustrate
on them. The situation is very similar for the synthesis time the crystalline features of the diamond grains covering the
of 4 min. After 6 min the bundles begin to be vertically underlying tubular structures. The arrows in Figure 4a
oriented (Figure 2c) and the FE-SEM images taken at higherindicate the presence of a secondary grain growth character-
magnification reveal the presence of nanosized objectsized by a pyramidal morphology.
(Figure 2d), which at this stage are found preferentially  Figure 5 reports the Raman spectrum taken from the 15-
located on the surfaces of the larger bundles. min grown deposit shown in Figure 3a. The signals detected
Figure 3a shows the top view of a typical deposit obtained in the investigated low energy spectral region are associated
after 15 min. With the exception of few detached bundles with the Ay radial breathing mode (RBM) of the C atoms
which lie parallel on the surface of the deposited material, within the structure. This feature is known to represent the
the bundles are anchored and preferentially oriented at rightfingerprint of the single-walled carbon nanotub&s; and
angle with respect to the substrate, although not perfectly is not observed in any other structures, such as nanofibers
aligned. The FE-SEM view in Figure 3b shows that the or wires. The analysis of the spectral features detected in
diamond coverage is complete along the whole length of the the RBM region indicates that the tubular structures underly-
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Diamond Graphite
dﬁ-md,m(r‘f) hkt Mro d&p:wing(/‘f) hkl L"p‘g
2.0582 111 100.00 3.348 002 100
1.26710 220 28.10 2.127 100 3
1.0754 311 16.68 2.027 101 15
0.8916 400 1.98 1.795 102 3
0.8182 331 2.38 1.674 004 6
07280 422 2.34 1.5398 103 4
0.6864 511 1.11 1.1280 104 1
0.6305 440 0.49 1.1529 110 4
0.6029 531 0.75 1.1333 112 6

e)

Figure 6. Electron diffraction patterns of samples obtained from the deposition processes lasting 1 min (a), 2 min (b), 6 min (c), and 15 min (d). The images
have been taken in the typical TEM configuration used for RHEED analysis. The particular morphological features (shape and size) of the obsesved samp
made it possible to achieve ED pattern in transmission conditions (particularly evident in case of (b) and (d). The white arrows indicate: iffréa}itre di

rings produced by the presence of graphitic nanopatrticles; in (c) the diffraction signals belongingd8rthdiamond phase; the indexing for the observed
Debye’s rings is also reported. (e) Interplanar distances with corresponding indexing and relative intensities for diamond and graphitésphhsesl(re

22).

ing the external coating are mainly formed by self-assembled important to note that none of the spectra of the 6, 8, 10, or
SWNTs!819 The fine structure of the spectrum, evidenced 15 min samples show the typical Raman signature of
by a line shape analysis using Lorentzian curves, shows twodiamond at 1332 cni. This is not unexpected because others

more intense signals at 183 and 242 émwhereas other  have shown that a high degree of diamond surface hydro-
weak features are detected at 310 and 350*cih is also genation can drastically reduce the Raman emission ef-
ficiency for the diamond phase, as demonstrated in ref 20.
(18) Rao, A. M.; Richter, E.; Bandow, S.; Chase, B.; Eklund, P. C.; Moreover it must be considered that in the samples described

Williams, K. A.; Fang, S.; Subbaswamy, K. R.; Menon, M.; Thess, : : :
A. Smalley. R. E.. Dresselhaus, G.. Dresselhaus, Mscgencel 997 here, the Raman signals are in part a function of the sample

275 187.

(19) Saito, R.; Dresselhaus, G.; Dresselhaus MPI8sical Properties of (20) Maillard-Schaller, E.; Kuettel, O. M.; Diederich, L.; Schlapbach, L.;
Carbon Nanotubedmperial College Press: London, 1998. Zhirnov, V. V.; Belobrov, P. IDiamond Relat. Mater1999 8, 805.
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volume, in which the diamond phase is only a small fraction. diamond phase. Overall, these results demonstrate a gradual
Therefore, although Raman is invaluable in definitely disappearance of signals related to the presence of carbon
identifying the presence of SWNTSs (via the signature RBMs), nanotubes and the appearance of diffraction signals belonging
alternative techniques have been employed in the identifica-to a crystalline phase. The fact that the diffraction pattern

tion of the external crystalline deposits. ascribed to the nanotubes tend to vanish when a complete

Further information on the structure of the tubular deposits coverage of diamond crystallites has been achieved is likely
has been obtained by means of RHEED. To detail the growthdue to the fact that (under the present diffraction conditions),
sequence of the various nanostructures, we took full advan-the probed depth is expected to be within approximately 10
tage of the possibility of performing the RHEED analysis nm; considerably less than the diameter of the diamond
with an e-beam that could be driven to interact at a very nanocrystals of 26100 nm.
glancing angle with the outermost part of the protruding Itis to be noted that the indexing of the diffraction signals
deposit, thus obtaining diffraction signals in transmission of Figure 6 excludes the possibility that crystalline phases
conditions. different from the two allotropic forms of carbon could be

Figure 6 shows the RHEED pattern of the deposits shown present in the tubular structure. All the possible Fe of Fe
in Figures 2 and 3 along with the interplanar distances and carbide phases, whose presence could be hypothesized
the calculated relative intensitié@32of graphite and diamond  considering the synthesis procedures, belong to space groups
phases. The diffraction patterns of diamond and graphite with interplanar distances and relative intensities quite
present only a few common lines corresponding to similar different and not compatible with the experimentally ob-
interplanar distances, but these lines are characterized byserved values. In full agreement with this remark, Auger
remarkable differences in the relative intensities. Therefore, spectroscopy (performed ex-situ on the deposits) did not
this technique allows easy and reliable identification of the reveal signals that could be attributed to the presence of any
two phases. carbides phase.

In the case of the sample produced by a deposition process Overall, the RHEED observations appear fully coherent
lasting 1 min and shown in Figure 2a, the Debye’s patterns with the information achieved by FE-SEM regarding the
(Figure 6a) were identifiéd as a superposition of signals structural/morphological evolution of the two carbon-based
due to both randomly dispersed nanotubes and graphiticmaterials produced during the same run. In particular the
nanoparticles (rings slightly elongated in the transversal possibility of achieving electron diffraction patterns under
direction, indicated by white arrows). On increasing the transmission-like conditions clearly indicates that the crystal-
deposition time up to 2 min (Figure 6b), the signals due to line material is not deposited on a 2D-substrate but is present
the graphitic phase disappear and only the signals attributedon the edges of a 1D-structure (i.e., the nanotube bundles).
to the presence of single-walled nanotubes remain. The wide All the characterization techniques indicate that, for
broadening of the diffraction signals in Figure 6b led us to deposition times shorter than 6 min, the deposits are similar
deduce that we are in the presence of single-walled structurego those obtained in some previous experimérisd consist
and to exclude the possibility that the ED signals could be of bundles formed by assembled nanotubes. Only in the case
generated by multiwalled structures, nanorods, nanofibers,of prolonged deposition times was the growth of a second
or nanowires (in agreement with the Raman RBM result- nanocrystalline phase detected. The analysis of the structures
s).The RHEED patterns do not change appreciably for the grown for times varying between 1 and 15 min provides a
sample obtained after 4 min. When RHEED analysis was clear description of the overall process and also indicates
performed on samples grown for 6 min (Figure 6c), an the growth sequence of the two types of nanostructured
additional set of Debye’s rings was detected (indicated with carbon, namely nanotubes and nanodiamond. The deposits
white arrows in Figure 6¢). The indexing of the diffraction shown in Figures 2c, 2d, and 3 actually result from two
patterns and matching with literature data facilitated the independent processes, the first one being the synthesis of
identification of a standard diamond latticEd3m space  the nanotubes, and the second one being the growth of
group)?! whereas the broadening of the rings was ascribed diamond nanocrystallites onto the already-grown tubular
to a morphology characterized by nanosized grains. The structures.
weakness of the diffraction signals belonging to the diamond
phase may be explained by considering that (as mentioned Discussion
above) the outermost crystalline deposit is only a fraction
(and probably not the more relevant one at this stage of
growth) of the material interacting with the e-beam.

The features of the RHEED pattern remain substantially
uncha_nged f(?r samples gro_wn for 8 min. Finally, for _the (23) Mehandru, S. P.; Anderson, A. B.; Angus, JJCPhys. Cheml992
deposits obtained after 15 min the RHEED response (Figure 96, 10978.
6d) shows the almost complete disappearance of the feature§?4) Li. Z.; Wang, L.; Suzuki, T.; Argiotia, A.; Pirouz P.; Angus, J. L.

Appl. Phys 1993 73, 711.
related to the tubular nanostructures and the presence of well{2s) Lgpmbres)ém, W. R. L. Le, C. H.; Segali, B.; Angus, J. C.; Li, Z

Despite the fact that atomic H is known to etch-bpnded
carbon during CVD treatments, the growth of diamond
directly onto graphitic substrates is not unheard®of® As

0

defined diffraction signals belonging to the polycrystalline Sunkara, M Nature 1993 364, 607. _
(26) Suzuki, T.; Yagi, M.; Shibuki, K.; Hasemi, M\ppl. Phys. Lett1994
65, 540.
(21) ICCD Database PDF 06-0675; CDF 037638. (27) Regel, L. L.; Wilcox, W. RJ. Mater. Sci. Lett200Q 19, 455.

(22) Rossi, M.; Vitali, G.; Terranova, M. L.; Sessa, Xppl. Phys. Lett. (28) Moran, M. B.; Klemm K. A.; Johnson, L. F. Diamond Film Deposition
1993 63, 2765. on Graphite; U.S. patent 5,654,044, 1997.
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early as 1992, Angus and colleagues reported the nucleatiorfigurations may produce defects containing dangling carbon
and growth of diamond particles on the basal plane of bonds, and promote the formation of suitable sites for
graphite in the presence of atomic hydrogen and hydrocarbonnucleation’? Changes in the structure were examined with
gases, using a traditional microwave plasma CVD technique.one, two, and three hydrogen atoms chemisorbed onto the
Later in 1994 Suzuki et &P reported the direct growth of outer side of each tube wall in specific configurations.
faceted diamond particles on graphite flakes, showing that Multiple hydrogen atoms were adsorbed in two different
the diamond nucleated at the edge of the graphite flakes,configurations, involving H-adsorption equidistant around
with growth proceeding along the edges; clearly favoring one of the six-membered rings, or around the base of a
the defective regions of the flakes. This work was confirmed triangular pyramid formed by three carbon atoms bound to
in subsequent studies; most recently Regal and Wilcox havethe same carbon in the center. The latter (pyramid) config-
reported the deposition of faceted diamond on graphite underuration was found to be energetically favorable, in addition
hydrogen-rich conditions, at pressures between 30 and 60to offering the possibility of a dangling bond being formed
Torr with a substrate temperature of 780, using a more in the center of the defect. To test the energetic favorability
innovative approacH. of the pyramid configuration, carbon atoms were adsorbed
On the basis of these studies (along with others mentionedat the center of the defect and the absorption energy was
above) and our reported results we can try to delineate thecompared with that obtained for a site on each SWNT far
dynamics of the entire process. At the onset of the synthesisfrom the H-defect (pristine). In general, the carbon atom
runs, etching of the source carbon nanoparticles by atomicadsorption energies were found to be consistently lower at
H causes formation of excited C atoms and clusters in gasthe pyramid site than at a pristine position; thus showing
phase. At this stage the basic steps controlling the growththat (depending upon the adsorption configuration) suéh sp
process of nanotubes are the condensation and self-assembgefects may contain a dangling bond and produce a site ideal
of sp-coordinated carbon clusters into nanoscale graphitic for the nucleation of diamond nanocryst&ls.
flakes, followed by the metal-catalyzed closing and wrapping  Therefore, the intriguing production of nanotube arrays
of such nanoaggregates. The tubular network continues tocoated by diamond nanograins can be rationalized if one
grow by further additions of C clusters produced by gas- considers that these experiments have been carried out in
phase condensation and the morphology of nanotube bundleshe presence of an unusually high concentration of atomic
resembles that typical of the nanotubes produced in previousH. The reduced distance between the substrate and the heated
experimentg’:29:30 filament (6 mm instead of the usual 8 mm of other runs)
The process can then follow two different routes, depend- leads to an increased amount of atomic H which reaches the

ing on the relative abundance of atomic H. When the active area of the CVD reactor.
concentration of atomic H is relatively low, as in the usual It is to be noted that under the general conditions of our
experiments of SWNT synthesis carried out in our laboratory, syntheses the building up of nanotubes occurs by progressive
the formation of nanotubes continues following the scheme additions of carbon clusters on the top of the growing
described above. Otherwise (under the same depositionstructure. This can be deduced from the fact that the Fe
conditions), the nanotubes begin to fall victim to attack by particles used to catalyze the synthesis are found at the
atomic H, via the creation of defective sites on the nano- starting end of the nanotubé#s.
tube wall, and a different pathway opetig® Several On the other hand, nucleation of diamond does not occur
researchef§ 28 demonstrated that sufficient atomic H im- simultaneously along the whole length of the tube, as
pinging on graphitic surfaces forms-&l bonds (as men-  demonstrated by the relative dimensions of the grains
tioned above), able to disrupt locally the-C sp7 network  deposited at the top and at the bottom of the cylindrical
and to create localized -€C sp defects that can act as  structures. A close look at the images of Figure 2 reveals
suitable sites for nucleation of diamond crystalli"t’@s. that the grains at the top have typica| sizes in the range 80
On the basis of the paper by Ruffieux ealt has been 100 nm, whereas at the bottom the grain sizes are less than
argued? that the continuous hydrogenation of carbon nano- 20 nm. The difference in size also indicates that the
tubes induces the clustering of®dponded C atoms. These H-induced processes leading to nucleation of the diamond
arguments prompted us to perform first principle calculations nanocrystallites start from the top of the nanotubes. This
on atomic H impinging on the external surfaces of carbon means that as soon as the first diamond crystallites are
nanotubes? formed, further top-growth of the nanotube is repressed, and
The results of these calculations (designed to investigatethat the initial coverage of the growing end by diamond
the effects of atomic hydrogen adsorbates on model (6,6) nanOnyStalliteS limits the further build up of nanotubes.
and (9,0) SWNTSs) illustrated that certain absorption con-  The preferential formation of the diamond nanocrystallites
rather than graphitic particles (or continued nanotube growth)
(29) Terranova, M. L.; Sessa, V.; Orlanducci, S.; Rossi, M.; Manno, D.; May be considered via thermodynamic arguments. As

=0) I\\;Ivicoczci,YG.ghenlm_. Irh%s. LetR004 N3|8E 3(6).| dedi S S v mentioned above, ab initio calculations and a model derived
u, £. Y.; Davoll, I.; lerranova, . L.; Orlanauccl, S.; sessa, V., : AR .

Abbas, M.: Ibrahim, K.; Zhong, J.; Botti, $hys. Script2005 (in to compare the gnergetlc stability of carbon nanomr?\terlals
press). as a function of size have shot#that diamond nanoparticles

(31) Ruffieux, P.; Groening, O.; Bielmann, M.; Mauron, P.; Schlapbach,
L.; Groening, PPhys. Re. B 2002 66, 245416.

(32) Barnard, A. S.; Terranova, M. L.; Rossi, @hem. Mater2005 17 (33) Barnard, A. S.; Russo, S. P.; Snook, |.X.Chem. Phys2003 118,
(3), 527-535. 5094.
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are thermodynamically preferred over fullerenes beyond a resulting sometimes in slight elongation. The production of
diameter of approximately 1.9 nm. It has also been shown diamond with nanosized dimensions is due to growing
that in general, a Sgbonded particle core is preferable over embryonic crystallites having reduced final domain sizes
an onion-like core over approximately 1.4 rifnlt is owing to the very small radius of curvature of the substrates.
therefore reasonable to deduce thatlspnded nodules or ~ One must also consider that, in contrast to conventional CVD
nanostructures forming at defect sites on the outer walls of experiments of diamond synthesis, in the present case the
the nanotubes considered herein will be unstable to the sp fundamental building blocks are not simple atomic species
to-sp phase transition and, upon reaching a critical size, will but rigid nanostructured units. The result is that the structure
rapidly transform into diamond nanoparticles. of the deposit is dramatically dependent on how such units

The diamond growth proceeds thereafter, taking advantagecan self-organize and attach to the nanotube walls.
of the surface supersaturation and localized carbon segrega-
tion produced by the etching of some of the nanotubes as . . )
well as that of the feeding C nanopowders. At this stage the  In conclusion, the synthesis process reported here outlines
nanotubes represent an adjunctive source of carbon speciefr the first time a systematic method of preparing arrays of
which favors the growth of the diamond phase, and the nanodiamond-coated carbon nanotubes. Both scientific inter-
process is comparable to the deposition of nanodiamond ontceSt and prospective technological applications motivates the

The gradual increase of nanotube alignment and orientation'oOSSibIe to imagine several intriguing uses for such strong
toward a defined direction is thought to be due to the and stable nano-objects that combine the two solid phases

increasing rigidity of the emerging structures. A current of C.

hypothesis is that the growth direction of the evolving _ConS|der|ng that-d|amond 'S one qf the most promising
nanotubular objects is being governed at this stage by theWlde band gap semiconductors for various electronic devices,

lattice matching of diamond nanocrystals nucleating and V\:Itgznst:)gﬁellent'p%tengal dueto its ntega;uw: ecljectrolr) aftf.|n|ty
growing at or near the substrate. ( ),%® these rigid rods are expected to find applications

. . . as micro- and nanosized cold-cathode devices, miniaturized
Another morphological feature to be pointed out is that

; . . . cathode-ray tubes, and light-emitting displays, but also
the diamond nuclei do not coalesce forming a continuous y g ¢ id

) . applications in micromechanics and nanosized sensing could
layer of nanograins. On the contrary, the nanograins are

found d as hanging objects which attach to the tubular S, &1 S39e ™
ound arranged as hanging objects which attach 1o the tubular However, it must be considered that important problems

s??hstrzyes via da redl:clti? portlotn %f thef|r bastﬁ. Thiot”etr]tat'onremain to be addressed to reach the complete control of the
ot the diamond crystallites protruding from the substrate can growth modes for both the inner nanotube and the outermost

be ascrlped to a process of dlamqnd nuc_leatlon that 'S diamond phases. One fundamental point is certainly to
preferentially located on the summit of relief structures nderstand the mechanism of each step of a multi-stage
thenerated t%Y H—etc;hcljng of'tt.he nartwott)uf) €s. Sorr]rjt'e asgetctst 0 omplex process where both chemical reactions and surface
© pre?e_nd |a:jnon_ .Iep.?.S' lon (t)r? ;Jh utar graphitic S(l; S fr1a ®Sstructural modifications play a key role. As an example, a
present ndeed simriartes wi al experienced when deep knowledge of the processes of nanotube self-alignment

;:Ir:a;nond was dtefhosnedfonto glag,sy czfirblon SUbSﬁéﬂBS‘ b and orientation following diamond growth is strongly needed
at experiment the surface erosion of giassy carbon sub-, fully exploit potential opportunities for nanotechnology.

stratgs during th.e early stage of the CVP process was fpund Although we have examined the transformation of our
LO. dd|ct?tke thet f'g?" arrangengsnSt of d|a_molnd g{_aln? Into deposits from pure nanotubes to the final complicated hybrid
pridge-iike protruding aggrega uccessive investigations material, a difficulty experienced in these experiments is that
indicated that.the reactions of atomch.W|th glassy ca?bgn the resulting nanostructures are detected only after the
and carbon f|peﬁ§ pfom"te the formation of turbqstranc formation steps have been completed. The rationale for
carbon, sometimes dishomogeneously aggregated in the forr"%tringent interpretation of the underlying phenomena can

of nodules’ consequently be provided only by the use of theoretical tools,
In this context one can deduce that the present organizationgych as simulations, guantum mechanics, and molecular

of protruding nanodiamond grains is driven by a nucleation gynamics. We hope that the findings of the current research

process occurring preferentially on prominent graphitic ¢oyid trigger studies along this direction.

nodules acting as active sites. The growing diamond grains

remain anchored to the substrate by the bottom facets, and Acknowledgment. This work has been partially supported
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