5006 Chem. Mater2007,19, 5006-5009

Nanoengineered Catalyst Particles as a Key for Tailor-Made Carbon
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Independent control of density and diameter of carbon nanotubes (CNT) is achieved by catalytic growth
from iron nanoparticles pre-defined by inert gas condensation. This two-stage process offers the opportunity
to investigate the particles prior to the CNT growth, thereby providing deeper insight into the growth
mechanisms. The intimate correlation between particle and CNT diameters at particle densities, where
interparticle coalescence is unavoidable, points to the nucleation of CNT setting in prior to this coalescence
process.

Introduction approaches include wet chemisfid/ and the deposition of
catalyst thin films onto substratés;}” which can also be
used for substrate patterning, e.g., by lithographical meth-
ods!?>1% However, these routes have the drawback that the
catalyst “particles” are formed in situ; hence, they do not
afford simultaneous control over the catalyst areal density
and the catalyst size together with a narrow diameter
distribution. The simultaneous control though is the key to
ensure the reliable and reproducible realization of CNT-based
devices; hence, a technique which provides this control is
of immense interest.

Owing to their unique mechanical and electronic proper-
ties! carbon nanotubes (CNT) are promising candidates for
applications such as components in compound matérials,
field emitters for display$,nanotube transistofsand nano-
electromechanical systems such as nanorgfaysactuators.
Among the different CNT synthesis methods, chemical vapor
deposition (CVD) is advantageous since it can be easily
scaled up for mass productidfrurthermore, substrate-based
CVD allows for the synthesis of aligned CR&t defined
positiong® 12 and thus holds significant potential for the _ - o _
integration of CNT into nanoelectronic devices. Here, the ~ The preparation and deposition of individual pre-defined

preparation of the catalyst material is a crucial step. Different catalyst particles holds the potential itwlependentiwary
both the catalyst size and density. A relevant approach is,
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from pre-defined gas-phase prepared iron particles is re-
ported. The nanoparticle synthesis is achieved in a single
step by sputtering from an elemental iron target. Thus, a
higher degree of purity is obtained, as compared to processes
where the synthesis of catalyst particles requires a series of
chemical preparation stepThe technique employed leads

to individual and pure nanoparticles and affords facile control
over particle size and density. With the appropriate choice
of material, the deposited particles can act as nucleation sites
for the growth of CNT in the subsequent CVD process. In
addition, the separate generation of the catalyst particles
facilitates their comprehensive characterization prior to the
CVD process. This cannot be so conveniently accomplished
in more conventional CVD methotfs” where the catalyst
particles form in situ. Due to the ease with which detailed
information on the catalysts’ size distribution and dispersion
can be accessed, the technique provides improved insight
into the growth mechanisms of CNT. In the present study,
this is highlighted by a direct relationship between the sizes
of catalyst particles and of the resultant CNT diameters,
respectively. Also, a clear link between the number of walls
of the CNT and the catalyst size is established.

Experimental Section

The iron catalyst nanoparticles are prepared by inert-gas con- 120 ; m
densation based on magnetron sputtering from a pure Fe target in ' ' '

: Figure 1. (a—c) TEM micrographs of (oxidized) Fe nanoparticles of varying
Ar andfor He atmosphere. For the CVD processing, the catalyst size and density deposited onto amorphous carbon filmd) GEM images

particles are deposited onto thermally oxidized silicon substrates o cNT grown from such particles on ADs-coated Si substrates via CVD.

coated with 10 nm thick AD; layers. For transmission electron distribution i inale st f)‘Th ticle si b
microscopy (TEM), particles are simultaneously deposited onto IStribution in a single step. 1he mean particie size can be

carbon-coated copper grids (referred to as TEM witness plates) CONtrolled by varying the sputtering power, the gas pressure,
mounted next to the CVD substrates. During any transfer of a and/or the gas mixture. Different deposition times lead to
particle sample from the deposition chamber into a microscope or different nanoparticle densities on the CVD substrates as
into the CVD reactor, the particles are exposed to ambient air and Shown in the TEM micrographs of the particle witness plates
thus oxidized. The subsequent CNT synthesis is carried out in ain Figures la-1c. Along with the particle density, the mean
vertical high-vacuum CVD reactor. In the reaction, the particles particle sizedp is varied in these sampleds(= 5 nm,dp =

are first reduced in hydrogen at 80C and then exposed to 7 nm, d, = 10 nm in Figures lalc, respectively). The
cyclohexane vapor. Tk_lis m_ethod yields CN_T_ m:_:lterial, yvhich is corresponding SEM images (Figures—1H) illustrate that
ready for che_lracterlzatl_qn without further purificatiftDetails of low particle densities lead to isolated CNT (Figure 1d) and
the nanoparticle deposition system, the CVD process, and the CVDmedium particle densities result in a coverage of the CVD

reactor are described elsewhéteThe Si/SiQ/AlzO; support’s . . .
surface dimensions were 1 cm 0.5 cm. Typical yields for dense substrate with rather interwoven CNT (Figure 1e), whereas

particle deposition were 50g (1 g/n?) of CNT. CNT samples for high partlcle densn'les lead to the formation of dense CNT
TEM investigations are prepared by gently sliding an empty cu Mats (Figure 1f). Figure 2 shows the Raman spectra of the
grid over the CVD-processed substrate. Structural and morphologi- as-grown CNT displayed in Figures tdf. Raman lines

cal information are obtained by TEM on a FEI Tecnai F30 originating from the silicon substrate (labeled “Si”) and those
microscope and by scanning electron microscopy (SEM) on a FEI originating from the CNT, namely, the graphite mode (“G™),
Nova NanoSem system. Raman spectroscopy of the CNT wasthe defect mode (“D”) and the radial breathing modes

conducted on a Bruker IFS100 spectrometer (1064 nm). (“RBMs”), are visible. For a low particle density (and size),
_ _ the Raman spectrum (Figure 2a) shows a very weak CNT
Results and Discussion signal as compared to the silicon signal of the underlying

substrate. Medium particle densities, as in the sample
displayed in Figure 1b, lead to stronger G and D modes,
and weak RBMs become visible (Figure 2b). For high

particle densities (Figure 1f), the Raman response of the Si

This gas-phase preparation route allows for the synthesis
of very pure catalyst particles with a well-defined size
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Figure 3. (a, ¢) TEM micrographs of (oxidized) Fe nanoparticles with
median diameters of 5 and 10 nm, respectively. (b, d) Corresponding TEM
micrographs of CNT grown from these particles. The particle size or CNT
diameter distributions are shown as insets.

(Figure 2c). These changes in the Raman spectra confirm )

the intimate correlation between the density of the catalyst 9r0Wth of CNT. The complete reduction of a thoroughly
particles and the density of the CNT as seen from the TEM Oxidized particle upon b treatment would lead to ao
and SEM images. For all samples under investigation in this Maximum shrinkage of the particle diameter of about 32%
study, the Raman spectra show rather weak D lines with Which is a reasonable upper limit for the observed effect
intensity ratios of the G and the D lines in the ranget1 ~ and may well explain the observed shift of the median CNT
I6/lp < 17 which point to clean CNT with few defects. This diameter. At higher particle densities, an increase of the

demonstrates both the constantly high quality of the CNT catalyst particle size due to coalescence is to be expected.
samples and the homogeneity of the CVD process. Howgyer, |nvest|gat|qns of samples with very hlgh particle
The effect of the catalyst particle size on the diameter of densities show that this has almasteffect on the diameters

of the resultant CNT. Figures 4a and 4b show the starting
catalyst particles and resultant CNT from a substrate with a
very high particle density where most particles are in direct
contact with other particles. The corresponding distributions
of both the primary particle size and the CNT diameter are
displayed in Figures 4d and 4e. Despite the obvious potential

3a and 3c) together with images of the corresponding CNT fc_)r particle coales_cence at these den_sn.les, the median
samples (Figures 3b and 3d). The particle size and CNT diameter of the obtained CNBdyr = 9 nm) is in remarkably
diameter distributions, as measured from high-magnification gooid al%reemerg with tZe mhe d'pnmaéﬁ)_lf"rt".:lﬁ dlagjeter,
TEM micrographs, are shown as insets in the images. AsF — r:jm |gl;]re C SfOW§ al . with a : ||ameht.erh
expected, all size distributions follow log-normal distribution corresponding to the size of a single primary particle whic

functions?? The median diameters of the CNT are determined Is gttacr_led to a much '?rger coalesced partit_:le agglomerate.
to bedenr = 5 M andder = 9 Nm, respectively; i.e., the This points to a scenario where the nucleation of the CNT
particle sizes are in excellent agreement with the diametersS€tS [In prior to particle coalescence_: The coale.scence of
of the obtained CNT. This indicates that the diameter of the metal nanoparticles oceurs largely via surface diffusfon.
catalyst particles dictates that of the resultant CNT which is As Soon as the catalytic growth of a CNT and hence the
in agreement with other studies on single-wall CRFurther formatlon OT a carbon layer aroqnd t_hmmary'catalyst .
statistical analyses reveal that the distributions of the CNT partlcle are initiated, the surfgce diffusion on this parF icle is
diameters are slightly broader than those of the particle impeded or at Ieastl modified, af‘d as a result, it may
diameters. The additional broadening arises mainly from morphologlcally survive th_e ongoing coalesc_ence of the
CNT with diametersmallerthan those of the particles. This particle a_\gglomera_te to Wh'c.h it belongs (cf. Figure 41).
finding is attributed to the size reduction of the catalyst In addition to this templating nature of the catalyst, an

articles during the hydrogen treatment prior to the CVD intimate correlation_between t.he cataly§t particle sizg and
P g ydreg P the number of walls in the obtained CNT is observed. Figure

5 shows TEM micrographs of catalyst particles with a median

Figure 2. FT-Raman spectra (1064 nm) of the CNT samples displayed in
Figures 1d-1f.

the resulting CNT is investigated with TEM. It is worth
noting here that amorphous carbon contaminationmeasr
observed in any TEM studies of our CNT samples which
again confirms the high purity of the obtained CNT material.
Figure 3 shows TEM micrographs of catalyst particles with
a median particle size @b = 5 nm andde = 10 nm (Figures
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Figure 4. TEM micrographs of (a) dense Fe catalyst particles and (b,c)
CNT grown from them. Corresponding (d) particle size and (e) CNT
diameter distributions. (f) Schematic illustration of the CNT growth from
agglomerated particles.

Figure 5. (a—c) TEM micrographs of the catalyst particles with median
diameters of 2.7, 10, and 18 nm, respectively-fildCorresponding HRTEM
images of CNT grown from these particles.

particle size ofdp = 2.7 nm,dr = 10 nm, anddp = 18 nm
(Figures 5a-5c) together with high-resolution images of the
corresponding CNT (Figures 5&f). Detailed TEM studies

Chem. Mater., Vol. 19, No. 20, 3009

show that the CVD processing of particles with a median
diameter ofd, = 2.7 nm nucleate the growth of CNT with
predominantly three walls (Figure 5d), whereas particles with
a median diameter alr = 10 nm lead to the formation of
multiwall CNT with 511 walls (Figure 5e). Increasing the
particle size yet further to a median diametedpf= 18 nm
yields CNT with 8-20 walls (Figure 5f). This correlation
between the number of walls of a CNT and the catalyst
particle sizeis in good agreement with other studieshere

a correlation between different catalyiin thicknesseand
both the obtained diameter and number of walls of the CNT
was shown; the authors had attributed this finding to changes
in the catalyst particle size. The separate preparation of the
catalyst particles in our approach enables us to reveal a clear
link between the catalysizeon the one side and the CNT
diameter as well as the number of walls for a given set of
CVD reaction parameters on the other side. This confirms a
previously proposed CNT nucleation mo§él arguing that
due to differences in the catalysts’ volume-to-surface area,
with increasing catalyst size the available carbon, which
precipitates from the catalyst particle at the point of
nucleation, can exceed the critical amount required for the
formation of a single cap (the so-called embryonic stage of
CNT growth). Hence, as the amount of precipitating carbon
increases with the catalyst size, the number of walls that form
the emerging CNT increases.

Conclusion

A gas-phase preparation method has been employed for
the controlled one-step deposition of pure catalytic (oxidized)
iron particles. When subjected to substrate-based CVD, these
particles successfully nucleate and grow pure CNT material.
The particle deposition time offers a facile means to pre-
define the density of nucleation sites and hence the amount
of CNT, ranging from lone individual CNT to dense CNT
mats. It is shown that the median diameter of the growing
CNT is templated by the median particle size. This way of
controlling the CNT diameter works for all investigated
densities of catalyst particles since the coalescence-induced
particle coarsening, which is unavoidable at high densities,
apparently occurs only after the nucleation of the CNT.
Further, we prove that as the catalysts particle size increases,
so do the number of walls from the resultant CNT. The
efficient control of our single-step catalyst particle prepara-
tion does not only yield a vital insight into CNT growth
mechanisms but also truly offers tailored CNT.
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