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ABSTRACT: To synthesize long and uniform vertically aligned carbon
nanotube (VACNT) arrays, it is essential to use catalytic nanoparticles
(NPs) with monodisperse sizes and to avoid NP agglomeration at the growth
temperature. In this work, VACNT arrays were grown on chemically
synthesized Fe;O, NPs of diameter 6 nm by chemical vapor deposition.
Coating the NPs with a thin layer of Al,O; prior to CNT growth preserves
the monodisperse sizes, resulting in uniform, thick and dense VACNT arrays.
Comparison with uncoated NPs shows that the Al,O; coating effectively
prevents the catalyst NPs from sintering and coalescing, resulting in

improved control over VACNT growth.
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1. INTRODUCTION

The unique structural, mechanical, electrical, and thermal pro-
perties of carbon nanotubes (CNTs) have made them appealing
for a wide range of scientific exploration and applications. Verti-
cally aligned carbon nanotube (VACNT) arrays are ordered
structures of CNT's where the nanotubes are oriented parallel to
each other and perpendicular to a substrate. VACNT arrays
containing a high density of long aligned CNT's have been used as
building blocks of high-s;)eciﬁc-strength fibers," composites,2
energy-absorbing foams,>* and biomimetic scaffolds.” VACNTSs
are usually grown on substrate-supported metal nanoparticles
(NPs) by chemical vapor deposition (CVD), which is a widely
used chemical process to produce high-purity solid materials or
thin film-coated surfaces.® A typical CVD process for CNT
growth involves flowing a carbon gas precursor that decomposes
on the catalyst particles and then nucleate and grow CNTs.
Various types of catalytic NPs have been reported for growing
VACNT arrays using CVD. Recently ligand-stabilized NPs, such
as Fe, Ni, Co, have attracted extensive research interest.” In addi-
tion to their novel magnetic properties,””'® these NPs have been
successfully used as catalysts for CNT growth'"'* and carbon
nanofiber growth."?

Achieving sustained and uniform growth of VACNT arrays
is critical to realizing the potential of CNTs in advanced appli-
cations.'* An important issue impeding such growth is the
limited thermal stability of the NPs. At high growth temperatures
(usually 700—800 °C), small catalyst NPs tend to agglomerate
into larger particles through atomic interdiffusion, which is well-
known as “Ostwald ripening”. Previous studies showed that the
resultant large catalyst particles created through Ostwald ripen-
ing tended to terminate VACNT growth'® and catalyzed the
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growth of randomly oriented CNTSs on the substrate.'® Signifi-
cant effort has been invested in resolving this issue by improving
the thermal stability of catalyst NPs through several approaches,
such as designin$ intermetallic alloys,'” using prepatterned porous
anodic alumina'® or block copolymer micelles'® as templates,
and adding water vapor to the growth chamber.”® However, an
efficient and direct solution to the catalyst agglomeration is
needed. Atomic layer deposition (ALD) is a method to deposit
conformal thin films with atomic thickness control through self-
limiting surface reactions.”" As distinct from other CVD techni-
ques, in ALD the source vapors are introduced onto the substrate
alternately, separated by inert gas purging or evacuation periods,
and react with the surface one at a time in a sequential manner.**
ALD of metal oxide thin films has been reported as a method for
stabilizing catalyst NPs at high temperatures,” and for perform-
ing heat treatment of FePt NPs, whereas preventing their
agglomeration and coalescence.”**

In this work, we report the stabilization of monodisperse Fe;04
NPs with Al,O; by ALD, which resulted in the synthesis of long
VACNT arrays with a high degree of uniformity. Our results re-
vealed significant effects of the Al,O; coating on the size distribu-
tion, activity and lifetime of the Fe3;O, NPs. The ultrathin Al,O3
layer encapsulating the NPs prohibited their agglomeration at high
temperatures, resulting in long, uniform, and dense VACNT arrays.
Under the same conditions, the bare NPs fused into large parti-
cles and formed large areas of particle clusters, which catalyzed the
growth of short, nonuniform and low-density CNT arrays.
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Figure 1. Schematic representation of Al,O3 ALD coating on mono-
dispersed NPs.

2. EXPERIMENTAL SECTION

Iron Oxide Nanoparticle Synthesis and Characterization.
Fe30,4 NPs with an average diameter of 6 nm were synthesized
using a method reported by Woo et al.* Four hundred micro-
liters (3.04 mmol) of Fe(CO)s (99.5%, Alfa Aesar) was rapidly
injected into a solution containing 0.96 mL (3.04 mmol) of oleic
acid (99%, Alfa Aesar) and 20 mL of octyl ether (TCI America)
ina 100 mL three-necked, round-bottomed flask at 100 °C under
nitrogen flow. The solution was then slowly heated and refluxed
for 2 h at ~300 °C. Upon cooling, ethanol was added (1 mL
per mL of NP growth solution), and the NPs were isolated by
centrifugation. The NPs were resuspended in hexanes (~1wt %)
and were then spincast on ALD Al,O5 buffer layer (~10 nm)/Si
substrate with an approximate monolayer coverage.”” Transmis-
sion electron microscopy (TEM) images of the NPs dropcast
onto a Cu TEM grid with the amorphous carbon and Formvar
supports were acquired using a JEOL 2000FX TEM operated at
200 kV. The NP sizes were measured using the Image] software.
For each NP sample, the diameter and standard deviation were
determined by averaging measurements of 100 NPs.

Al,03 Coating and VACNT Array Growth. ALD was carried
out following the procedure described by Gong, et al*® Ten
cycles of trimethylaluminum (TMA)/H,O deposited a 1 nm
Al O3 layer onto the NP-coated substrate. CNTs were grown
from the Al,O; coated Fe;04/Al,05/Si substrates using CVD.
Fe;04 NPs with and without Al,O3 coating were placed at
equivalent positions in the same CVD furnace during the same
run. After loading the catalysts, the growth tube was evacuated to
25 Torr and refilled with a mixture of flowing H, (10 standard
cubic centimeters per min, sccm) and Ar (65 sccm). The furnace
was heated to 750 °C in approximately 10 min. The carbon
precursor, ethylene (C,H,), was introduced into the growth tube
at a flow rate of 15 sccm once the furnace reached 750 °C, which
marked the beginning of the growth time. A series of identical
catalyst samples were used to grow VACNT arrays with growth
times of 5, 10, 20, 30, and 40 min. The array height was measured
using a calibrated scale bar in an optical microscope (30 x ).

53 82 nm

0 nm

Figure 2. (a) TEM image of the as-synthesized Fe;O, NPs; AFM images of
(b) Fe;0, NPs with AL, O3 ALD coating and () bare NPs, after annealing for
10 min under a H,/Ar atmosphere from room temperature to 750 °C.

The morphology of the CNT arrays was investigated using a field
emission scanning electron microscope (FE-SEM) (JEOL 6400)
operated at 5 kV, and the quality of the VACNT arrays was
examined by a Renishaw Raman spectrometer using a 514 nm
laser. The CNT diameter was measured using a JEOL 2010F
TEM operated at 200 kV. To characterize the pregrowth process,
samples of Fe;O4 NPs with and without the Al,O; coating were
exposed to the CNT growth environment in the absence of
C,H,. The samples were cooled to room temperature immedi-
ately after reaching 750 °C. The annealed samples were then
imaged by atomic force microscopy (AFM, Veeco Caliber) using
silicon nanoprobe cantilevers as scanning probes. The noncon-
tact scanning mode was used to collect images at a voltage set
point of 2.8 V and a scan rate of 0.5—1 Hz.

3. RESULTS AND DISCUSSION

The process for stabilizing NPs by coating with Al, O3 through
ALD is depicted in Figure 1. During spincasting, the ligands keep
the NPs well separated and prevent agglomeration of the NP
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Figure 3. SEM images of top views of VACNT arrays grown from the
(a) AL,O3-coated NPs and (b) bare NPs with 40 min growth, and side
views of the CNT arrays grown from the (c) Al,Oj-coated NPs and
(d) bare NPs with 40 min growth. Further magnified SEM images of
cross-sections of the CNT arrays grown from (e) Al,O3-coated NPs and
from (f) bare NPs.

cores, which have average diameters of 6 nm, as shown in
Figure 2a. After ligand removal from the catalyst NPs by ultra-
violet light and ozone (UVO) for S min, ALD of an amorphous,
1 nm thick layer of Al,O; provided a significant barrier to mobi-
lity of the underlying NPs. Conformal Al,O3 coatings produced
by ALD have been found to fully encapsulate NPs.*** In
addition, ALD films are usually deposited uniformly on sub-
strates that have the same chemical composition.”" The oleic
acid coating on the NPs results in gaps between NP cores of
~2—3 nm. After removing the ligands, we anticipate that the
Al,O; is deposited, on top of the NPs, on the buffer layer
supporting the NPs, and within the gaps between NPs.
Pregrowth experiments performed in the absence of the
carbon precursor allowed for characterization of the ripening
phenomena. Typical AFM images in Figure 2 reveal striking
differences in the wetting behavior of the two types of Fe;0,4
catalysts. As shown in Figure 2b, the coated sample exhibited
monodisperse NPs with a narrow size distribution. In compar-
ison, Figure 2c showed that the bare NPs coarsened into larger
NPs that formed agglomerates, between which few discrete NPs
were present. These observations are supported by the variation
in the surface roughness, which was approximately 12 nm for the
coated NPs and approximately 35 nm for the bare NPs after
pregrowth treatment. The Al,O3 coating appears to impede
wetting of the Fe;O, NPs on the substrate surface at high
temperatures. VACNTSs reported in this work grow through
root-type growth. While the Al,Oj; layer immobilizes the catalyst
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Figure 4. TEM images of CNTs grown from the (a) AL,O;-coated NPs
and (b) bare NPs. Corresponding histograms of the CNT diameters,
measured from TEM images acquired for at least 30 nanotubes in each
sample, are plotted in (c) and (d), respectively.

NPs, it does not quench their catalytic activity toward CNT
growth. It is plausible that gaps in the shell large enough to
support CNT growth may exist, or melting of the encapsulated
NPs might allow a gap to open if parts of the Al,O; float at the
interface. Moreover, at temperatures of ~700—800 °C, the
amorphous ALOs is expected to crystallize into y-ALO3>**
giving rise to morphological changes.”* Through one of these
mechanisms, the ultrathin coating on the NPs might migrate into
the thicker buffer layer during the heating, leaving the catalyst
surface uncovered for CNT growth. In contrast, the mobility of
uncoated NPs significantly increased, resulting in severe particle
agglomeration.

The ripening behavior and the catalyst morphology after
pregrowth closely correlate with the VACNT array morphology
(Figure 3). Top views of the arrays grown from the Al,O3-coated
NPs (Figure 3a) revealed a more regular array surface than for
the arrays grown using bare NPs (Figure 3b). Side views of the
VACNT arrays also show distinctly different morphologies:
uniform, thick and dense arrays (Figure 3c) were produced
by the coated NPs; while short, disordered and sparse arrays
(Figure 3d) resulted from the bare NPs. Further magnification of
the SEM images showed that the CNT's grown from the coated
NPs were straight and highly densely packed (Figure 3e), while
the CNT's grown using bare NPs were irregularly coiled, forming
a loose structure (Figure 3f).

Al Oj-coated catalyst NPs gave rise to uniformly distri-
buted CNTs in the array. Measurements from TEM images
(Figure 4a,b) revealed that the CNTs obtained from the coated
NPs had diameters of 7 & 1 nm, while the CNT's grown from the
bare NPs had diameters of 9 & 2 nm. The CNT's grown from the
coated NPs have a narrower diameter dispersion (Figure 4c)
than those synthesized from the bare NPs (Figure 4d). Measure-
ment of the catalyst morphology prior to growth and the
resulting CNT arrays suggest that the CNT growth conforms
to a well-known mechanism: the NPs catalytically decompose
C,H, into atomic carbon, which dissolves in the NPs and is
precipitated out as CNTs with diameters close to size of the
monodisperse catalyst NPs.** In comparison, unencapsulated
NPs resulted in a broad NP size distribution through agglomera-
tion and coalescence. Only those NPs with suitably small sizes
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Figure 5. (a) Comparison of Raman spectra of VACNT arrays pro-
duced by Al,O3-coated NPs and bare NPs. (b) Plots of maximum height
(histogram) of CNT arrays grown by Al,Oz-coated NPs and bare NPs,
as a function of time. The dotted line indicates excellent curve fitting of
the experimental data to Iijima’s growth equation.a’4

catalyzed CNT growth, and the larger NPs were too large to cata-
lyze nanotube growth, resulting in gaps between aligned CNT
bundles.

The Raman spectra in Figure 5a suggest that the Al,O;-coated
NPs produced CNT's with greater crystallinity, fewer defects and
less amorphous carbon. The CNT quality can be characterized
by the intensity ratio (Ig/Ip) of the G-band peak (1585 cm™ ') to
the D-band peak (1350 cm™'). The G-band peak arises from
crystalline carbon bonds, and the D-band peak corresponds to
amorphous carbon. Figure 5a shows that CNT's synthesized from
the coated NPs have a larger I/Ip ratio than for CNTs grown
from the bare NPs.

As shown in Figure Sb, the catalytic activity and lifetime of the
NPs strongly depend on whether the Al,O; coating is present.
The growth rate of the VACNT array represents the catalytic
activity, and the time at which VACNT growth ceases is the
lifetime. A comparison of the VACNT array height vs time plots
showed that the coated NPs produced approximately 820 #m
arrays in 40 min at a fast initial growth rate of 55 wm/min,
whereas the bare NPs produced 450 ym arrays in 20 min at a
slower initial growth rate of 32 ym/min. Longer growth times
yielded a final height of 830 m for coated NPs and 470 um for
the uncoated NPs. In summary, the catalytic activity and lifetime
of the bare NPs were about 60% of the values obtained from
the coated NPs. The time-dependent progression of the growth
(assessed by fitting the height vs time curves) is in good agree-
ment with Tijima’s growth models.>*

Our simple, template-free approach imparts thermal stability
and thus produces uniformly distributed, long VACNT arrays.
Compared with previously reported long VACNTSs” grown by
Al,O3/Fe catalyst, which was prepared by an ion-beam assisted
deposition technique, the VACNTs were successfully grown by
chemically synthesized NPs in this study. The chemical synthetic
approach allows fast preparation of small and monodisperse

catalyst NPs and in future work complex patterns of VACNTSs
might be enabled by patterning of these catalyst NPs."® In addi-
tion, the chemical approach of synthesizing NPs is more con-
ducive to large-scale and low cost production. ALD-based stabi-
lization of catalytic NPs is also promising for VACNT synthesis
on large substrates. Such VACNT arrays have a wide range of
applications. For example, the ultrahigh surface area coupled with
good electrical conductivity (118 S/cm for a shear-pressed
array”) may enable their use as components in solar cells*® or
supercapacitors.”” The high strength and lightweight also may
make them ideal reinforcement for polymeric composites.

4. CONCLUSION

Sub-millimeter-long VACNT arrays were successfully grown
from chemically synthesized catalyst NPs. Here, we have demon-
strated a simple and effective method to significantly enhance
the thermal stability of monodispersed NPs, maintaining their
monodisperse sizes at high temperatures. An ultrathin Al,O;
ALD coating deposited directly onto the NPs serves as an encap-
sulating layer to prevent the NPs from agglomeration, which
results in highly uniform VACNT arrays, where the CNT dia-
meter corresponds to the catalyst NP size. The improved uni-
formity and quality of the CNT arrays due to the Al,O; ALD
coating will improve their performance in applications that re-
quire high surface area and porosity, lightweight, or high strength

and electrical conductivity.
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