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ABSTRACT Self-assembled monolayers (SAMs) of iron oxide nanoparticles have been prepared using carboxylic-acid-terminated
dendrimers. The iron-containing SAM was used as the catalyst for growth of vertical arrays of carbon nanotubes (CNTs). This approach
has the potential for producing diameter controlled CNTs from premade catalyst nanoparticles as well as large scale production of

CNTs by chemical vapor deposition.
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ince their discovery, carbon nanotubes (CNTs) have

become a material central to the field of nanotech-

nology. Their physical properties (1, 2) have the
potential to impact a wide range of applications, including
the development of field emitters (3, 4), capacitors (5, 6),
field-effect transistors (7), applications in radio-receptor
devices (8, 9), energy storage (10), and fiber and coating
composites (11, 12), among others. Some of these applica-
tions demand large-scale synthesis of CNTs; however, CNT
mass production is still an inefficient and expensive process.
Of the many CNT synthesis methods, those that grow
vertical array (VA)-CNTs have several advantages, such as
alignment, control over the CNT length, and reduced catalyst
content. Unfortunately, the known processes for the creation
of the catalysts for VA-CNT growth require the use of vacuum
deposition conditions, such as electron beam evaporation
of iron. Such methods are not as conducive to scale-up as
an all liquid phase process. In such an approach, a suitable
pro-catalyst would be synthesized by wet chemistry tech-
niques that allow for control over the particle diameter and
composition. These particles would then be assembled into
a two-dimensional monolayer on the catalyst support sur-
face for VA-CNT growth. Spin coating-enabled deposition of
thin layers of catalyst that support VA-CNT growth has been
reported (13, 14), however, our studies have shown that
control of monolayer formation over large areas using spin
coating is not straightforward. Here we report that VA-CNT
growth may be accomplished from iron oxide nanoparticle
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pro-catalysts that are deposited as a self-assembled mono-
layer (SAM) on alumina substrates that have been shown to
be a key component for successful VA-CNTs growth (15—17).
The particle assembly takes place through —CO,H-termi-
nated dendrimers binding to the substrates as well as the
catalyst nanoparticle.

It has been shown that —CO,H terminated metal oxide
nanoparticles may be used as catalyst precursors for the
arrays and surface growth of CNTs (18—20); in addition, the
exchange of iron oxide-based nanoparticle —CO,H ligands
readily occurs (21). Thus, with a —CO,H terminated surface
on the alumina substrate the nanoparticle pro-catalysts are
expected to form a SAM. In separate studies we have shown
that the most efficient ligand for binding to an alumina surface
is the CO,H group (22—25). Based on the forgoing criteria a
suitable coupling ligand would be a molecule with many
terminal —CO,H groups such as a —CO,H-terminated polya-
midoamine dendrimer (PAMAM-CO,H). When PAMAM-
CO,H interacts with the alumina surface, it does through
multiple —CO,H moieties (23, 25); however, the large
number of terminal —CO,H groups (n = 128) and the
spherical shape of the dendrimer particle will mean that
some number of —CO,H groups will not be bound to the
alumina surface. These free —CO,H groups can undergo
ligand exchange with the —CO,H from the oleic acid on the
nanoparticle until the dendrimer surface is saturated with
pro-catalyst nanoparticles (Scheme 1). Once nanoparticles
cover the dendrimer surface and all the terminal —CO,H
group are occupied, there is no chemical driving force for
more particles to form on the surface, producing monolayer
coverage. Prior studies (26) have shown that at pH 7 and
above, multilayer dendrimers are not formed.

Monolayers of PAMAM-CO,H (G = 4.5; Mw = 26 251.86)
were deposited at 60 °C by dipping alumina-coated silicon
wafers in a PAMAM-CO,H/MeOH solution (132 uM). Subse-
quently, the PAMAM-CO,H functionalized alumina was ex-
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Scheme 1. Cartoon Illustrating the
Dendrimer-Assisted Formation of a SAM of Fe
Nanoparticles on Al,O5 Substrates That Leads to the
Production of a Vertical Array of Carbon Nanotubes
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posed to oleic-acid-functionalized iron oxide nanoparticles
(4.3 nm mean diameter, 2.0 and 11.5 nm min and maxi-
mum diameter, respectively) in hexane in a closed vial at
50 °C for 30 min, followed by a MeOH rinse and wash. After
being washed, the substrates were dried with N, and cal-
cined at 375 °C under air before being placed in the CNT
growth reactor described elsewhere (27, 28). CNT growth
was carried out at 750 °C for 15 min using C,H, as the
carbon source. H, and H,O were provided in a manner
similar to that of the supergrowth technique (28, 29). Prior
to growth, atomic hydrogen from a hot tungsten filament
was used to reduce the iron oxide nanoparticles for 30 s
(27, 28). The AFM image (Figure la) of the dendrimer-
assisted SAM prior to CNT growth shows a uniform textured
surface with individual features consistent with the catalyst
particle size. Ellipsometry measurements indicate a den-
drimer/pro-catalyst film thickness of 22 nm. Although this
is larger than the average diameter of the iron oxide pro-
catalyst nanoparticles (4.3 nm, AFM and TEM images in the

Supporting Information, Figure S1), it is consistent with
monolayer formation given the inclusion of the nanopar-
ticles and the linkage dendrimer (30). Additional evidence
for monolayer formation are the XPS measurements; the
SAM nanoparticle film gives a Al signal intensity similar to a
typical 1 nm evaporated iron catalyst (Figure 1b). Given the
special limitations of the SAM film (30) versus the more
densely evaporated film, this is reasonable. In fact, the less
dense arrangement of the SAM is indicated by a comparison
with an evaporated Fe film of comparable depth to the
average nanoparticle diameter (i.e., 4 nm). As may be seen
from Figure 1b, the 4 nm evaporated film has an Al signal
intensity at least four times less than our nanoparticle SAM
film. Furthermore, as expected, the Fe signal intensity is less
for our nanoparticle SAM film than the evaporated film (see
the Supporting Information, Figure S2).

VA-CNTs grown from preformed nanoparticles have been
reported in the past; when small-diameter particles were
used, larger CNT diameters were observed. This is likely an
indication that when the particles were sintered they coa-
lesced to form larger particles, that more than one particle
layer was present, and/or that the lateral spatial distribution
was nonuniform (18). If there are multiple layers of particles,
then it would be expected that sintering and ripening effects
would take place and the subsequently larger catalyst par-
ticles would then produce larger diameter CNTs than the
original or parent catalyst particles (18, 31). Therefore, a
monolayer arrangement of particles is considered necessary
to achieve reliable correlation between the size of the particle
and the diameters of the CNTs produced from the particles.
The VA-CNTs grown from SAMs of catalyst nanoparticles
produced in this work are similar in length to typical
evaporated catalyst samples (Figure 2a). The VA-CNTs are
free-standing, cover the entire surface of the substrate and
have a height of ~25 um (Figure 2b and the Supporting
Information, Figure S3). This is unlike CNTs grown from
catalyst layers, which were produced using spin coating or
drop drying, where irregular patches of CNTs were often
observed. The VA-CNTs grown from the preformed nano-
particle SAMs have typical diameters of 4—5 nm (Figure 3a
and the Supporting Information, Figure S4) and the number
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FIGURE 1. (a) AFM image of dendrimer-assisted iron oxide nanoparticle monolayer film and (b) XPS spectra of the Fe nanoparticle monolayer
film compared to 1 and 4 nm thick electron beam evaporated Fe catalyst.

16 IENAPPLIED MATERIALS

VOL. 2 e NO. 1+ 15-18 2010
XINTERFACES

Www.acsami.org



FIGURE 2. SEM images of VA-CNTs grown from dendrimer-assisted iron oxide nanoparticle monolayers: (a) top view and (b) side view of the

VA-CNTs.
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FIGURE 3. (a) TEM images and (b) Raman spectra of VA-CNTs grown from dendrimer-assisted iron oxide nanoparticle monolayer films.

of walls is in the 2—4 range by TEM analysis. VA-CNTs were
sonicated in ethanol for 15 min before drying a drop of the
CNT dispersion on lacey carbon TEM grid. The Raman
spectra taken on solid samples at 514, 633, and 785 nm
excitation wavelength show that VA-CNTs are similar to
CNTs grown from electron beam evaporated catalyst (Figure
3b). The D/G ratios are low and their length is in the same
range.

The technique described herein opens a route to diameter
controlled production of VA-CNTs; we think it will be possible
to determine the VA-CNT diameter prior to growth based on
control of the particle size. This work is in progress. The use
of dendrimers in CNT growth has been previously explored,
but is limited to assisting in diameter control of the catalyst
particles when synthesized in the liquid phase (32—35). In
contrast, our use of dendrimers allows for solution-based
deposition of a SAM of predetermined size catalyst that
allows for successful growth of VA-CNTs.

In summary, we report the preparation of a SAM of a
predetermined size of iron oxide nanoparticles on an alu-
mina surface. This self-saturated SAM film provides diameter
controlled growth of VA-CNTs.

Experimental Section. Iron oxide nanoparticles were
synthesized using a modification of the method by Sun
and Zeng (36) where Fe(lll) acetylacetonate is used in a
condensation reaction using an excess 1,2-hexadecanediol
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in the presence of oleic acid and olyel amine. The reactants
were mixed in solution with benzyl ether as solvent and
reflux for 45 min. Then, excess ethanol was added to
precipitate the particles and the mixture was centrifuged for
5 min at 4000 rpm, this process was repeated to further
remove the organic solvents. The particles were redispersed
in hexanes with assistance of additional oleic acid. For the
polyamidoamine dendrimer (PAMAM-CO,H) monolayer self-
assembly, PAMAM-CO,H was diluted in methanol and heated
to 60 °C. Alumina coated Si wafer substrate was dipped into
the methanol/ PAMAM-CO,H solution and keep at 60 °C for
30 min. The substrate was removed from solution and
dipped into clean methanol and rinsed further with metha-
nol. The substrate was dried with N, flow and dipped into
the Fe nanoparticle/hexanes solution for 30 min at 50 °C.
The substrate was removed and dipped into clean methanol
and further rinse with methanol. These substrate with den-
drimer/catalyst were placed into the CNT growth reactor at
750 °C for 15 min. The CNT growth protocol uses a 30 s
atomic hydrogen reduction and then C;H,, H,O, H, were
supplied during the growth period, which is described
elsewhere (27, 28). All chemicals and solvents were pur-
chased from Sigma Aldrich (Milwaukee, WI) and they were
used as purchased without any additional treatment. AFM
images were recorded with a NanoScope Illa, Digital Instru-
ments (Veeco Metrology group, Santa Barbara CA), in tap-
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ping mode. SEM images were taken with an environmental
SEM (FEI Quanta 400) at 20 KV, XPS spectra was collected
with a PHI Quantera SXM (Chanhassen, MN), TEM micro-
graphs were taken with JEOL field emission gun transmis-
sion electron microscopy. The Raman spectra was collected
with an inVia micro-Raman spectrometer (Renishaw, Gluo-
cestershire, U.K.).
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