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ABSTRACT: Vertically aligned carbon nanofibers (VACNFs) were synthe-
sized using ligand-stabilized Ni nanoparticle (NP) catalysts and plasma-
enhanced chemical vapor deposition. Using chemically synthesized Ni NPs
enables facile preparation of VACNF arrays with monodisperse diameters
below the size limit of thin film lithography. During pregrowth heating, the
ligands catalytically convert into graphitic shells that prevent the catalyst
NPs from agglomerating and coalescing, resulting in a monodisperse s u o w w0 |
VACNEF size distribution. In comparison, significant agglomeration occurs
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when the ligands are removed before VACNF growth, giving a broad distribution of VACNF sizes. The ligand shells are also
promising for patterning the NPs and synthesizing complex VACNE arrays.
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B INTRODUCTION

The synthesis of ligand-stabilized nanoparticles (NPs) has
attracted intense interest because of their anticipated applications
in optoelectronics,1 magnetics,2 catalysis,3 and biomedicine.*
Apart from the magnetic properties of the 3d-ferromagnets, Fe,
Co, and Ni are also well-known as catalysts for growing carbon
nanostructures.”” ° There is strong interest in improving control
over the uniformity and patterning of carbon nanotubes
(CNTs), carbon nanofibers (CNFs), and inorganic nanowires
by controlling the composition, size," and assembly of the
catalyst NPs. Synthesizing CNFs with uniform diameters re-
quires both a uniform catalyst NP size distribution and thermal
stability up to temperatures of 700 °C, at which CNF growth is
initiated. In the synthesis of vertically aligned carbon nanofibers
(VACNFs) by plasma-enhanced chemical vapor deposition
(PECVD), the nanofibers grow from catalyst NPs that have
been deposited or patterned on a substrate.” When using Ni NP
catalysts, as reported here, VACNFs are known to grow through
tip-type growth where the catalyst NP is attached to the free end
of the CNE.” Agglomeration is no longer possible once the
catalyst NPs have been lifted above the substrate at the beginning
of CNF growth. VACNFs have been used as electron field
emitters," tips for atomic force microscopy,'" elements of solar
cells,'? intracellular electrodes,'® and as porous membranes for
biomimetic cells."* Obtaining uniform and controllable VACNF
size distributions is crucial for achieving the desired function in
such applications, which generally requires that agglomeration of
the catalyst NPs be avoided.

Many methods for chemically synthesizing ligand-stabilized
Fe,O,, 15720 0,2 72* and Ni**~?® NPs with size control have
been developed. The ligand shells are also potentially useful for
their ability to facilitate patterning of the catalyst NPs. In comparison
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to the extensively developed methods for NP synthesis,** much
less is known about how to prevent NPs from agglomerating at
high temperatures. Although covering metal NPs with oxide
shells is known to prevent agglomeration,® significant surface
coverage of catalyst NPs with inorganics would likely perturb the
reaction products during carbon nanostructure growth. Encap-
sulating NPs with graphitic shells has also been shown to protect
against agglomeration at high temperatures or under harsh
chemical environments.*>*?

Here, we report a study of the effects of ligands covering Ni
catalyst NPs on the synthesis of VACNFs, and we show that the
ligands catalytically convert into graphitic shells that prevent
agglomeration at high temperatures, resulting in a monodisperse
distribution of VACNF diameters that correlates with size of the
Ni NPs. In samples where the ligands were removed prior to
VACNE growth, significant agglomeration and coalescence
occurred, which gave a broad distribution of VACNF diameters.
Further benefits of ligand-stabilized NPs are their tunable sizes
and facile preparation and deposition onto substrates for
VACNF growth. Methods utilizing chemically prepared NPs
are potentially more reproducible and less expensive than
lithography and thin film dewetting approaches that are com-
monly employed for VACNF growth.**

B RESULTS AND DISCUSSION

Ligand-stabilized Ni NPs were synthesized by the high-
temperature reduction of nickel(II) acetylacetonate in the pre-
sence of trioctylphosphine (TOP) and oleylamine (OLA)
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Figure 1. (a) TEM image of ligand-stabilized Ni NPs with an average
diameter of 25 nm before VACNF growth. SEM images of (b, c) 30°
tilted views and (d, e) top views of VACNFs grown from the Ni NPs (b,
d) without ligand removal and (c, e) after ligand removal.

ligands.”® Phosphines interact more strongly with the Ni surface
than amines; after purification, the ligand monolayer coating the
NPs contains only TOP. Measurements of the Ni NPs by
transmission electron microscopy (TEM) show that they have
spherical shapes with an average diameter of 25 nm (Figure 1a).
By adjusting the reaction conditions, the diameter could be tuned
between 8 and 100 nm.”**’ Scanning electron microscopy
(SEM) images of the VACNFs (Figure 1) show distinctly
different diameter distributions (Figure 2), depending whether
the ligands had been removed.

Leaving the ligands intact resulted in highly monodisperse
sizes. The histogram of the VACNF diameters for growth from
Ni NPs whose ligands were not removed shows a narrow size
distribution, with a mean NP diameter of 21 nm (Figure 2a). In
comparison, ligand removal from the same batch of catalyst NPs
by treatment with ultraviolet light and ozone (UVO) resulted in
an average diameter of 46 nm and a significantly broader size
distribution (Figure 2b, where the largest sizes lie outside of the
range of the histogram). Therefore, leaving the ligands intact
suppressed agglomeration and resulted in diameters very close to
the size of the catalyst NPs, but ligand removal caused substantial
agglomeration and coalescence.

These results imply that bare NPs (after ligand removal)
agglomerate and coalesce before VACNF growth begins. Ag-
glomeration is possible only before VACNF growth starts,”
because Ni NPs catalyze tip-type growth of VACNFs, which lifts
the catalyst NPs off the surface of the substrate.” This pregrowth
phase includes heating the substrate to 700 °C under a reducing
ammonia (NHj;) atmosphere followed by a brief period of
plasma heating®® after acetylene has been introduced, until
graphitic layers start to form under the NPs. In a prior study
from our group that used identical UVO treatment conditions for
ligand removal, the UVO treatment at room temperature did not
itself cause agglomeration.®”
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Figure 2. Histograms of the diameters of VACNFs grown from Ni NP
catalysts, measured from SEM images acquired at 100 000 magnification
with a measurement uncertainty of &= S nm for S00 nanofibers in each
sample: (a) with ligands intact or (b) after ligand removal. Some
VACNFs after ligand removal had diameters greater than 150 nm that
are not tabulated.

Several reports of similar experiments have shown that the
ligands can be converted into graphitic shells while heating in a
reducing atmosphere.*>*** A plausible mechanism for conver-
sion into graphitic shells (Figure 3a—d) includes three main
steps: (i) Nickel NPs catalytically decompose TOP at
~300 °C,* which liberates elemental phosphorus and hydro-
carbon chains. (ii) At ~(400—500) °C, the Ni NPs catalytically
decompose the hydrocarbons into atomic carbon, (iii) which is
then restructured into graphitic layers.*” Some of the hydro-
carbons could also desorb from the NP surfaces, and some of the
atomic carbon might also dissolve in the NP core. To test this
hypothesis, a set of annealing experiments was performed, in
which NPs with intact ligands were deposited onto thermally
robust TEM substrates, followed by annealing at (450 or 700) °C
under a NH; atmosphere for 10 min. The products after
annealing at 700 °C are encapsulated by one or two graphitic
layers (Figure 3g, h). We further note that the ligands also serve
as an ample carbon source for the start of nanotube growth, when
the graphitic shell detaches from one side of the NP (Figure 3g,
h). The solid-state, catalytic conversion of amorphous carbon has
been extensively studied by in situ TEM.*"*

The pregrowth phase is the critical process, when the ligands
are converted into graphitic shells that encapsulate the NPs and
protect against agglomeration by preventing transport of Ni
along the surface of the substrate. In contrast, after ligand
removal, the bare NPs lack a carbon source for forming graphitic
shells, which allows mobility on the substrate at high tempera-
tures that gives rise to agglomeration. In these experiments, the
native oxide on the Si substrates is sufficient for eliminating
interdiffusion of Ni and Si as a possibility.® Previously, depth
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Figure 3. (a—d) Graphical depiction of the decomposition of trioctyl-
phosphine on a Ni NP and its conversion into a graphitic shell; bright-
field TEM images (with a common scale bar) of Ni NPs with ligands
intact (e) prior to heating, and after annealing for 10 min under NH;
atmosphere (f) at 450 °C (arrow indicates the shell surrounding a NP)
and (g, h) at 700 °C (arrows point to a fringes of graphitic layers).

profiling with an Auger microprobe has shown that the Ni
content in the substrate is undetectable.*> On a time scale of
several hours, however, interdiffusion and silicide formation
cannot be excluded from consideration.**

Control over the catalyst NP size and eliminating agglomera-
tion are critical factors for growing uniform sizes of VACNFs and

for fully realizing their applications, because the VACNF dia-
meter often controls the functionality. For example, in the case of
electron field emitters, the field enhancement factor is propor-
tional to the fiber length to tip diameter ratio. In nanospearing of
cells for gene delivery, the VACNF diameter determines its
ability to penetrate the cell membrane.* Catalyst NPs for
VACNF growth are commonly prepared by dewetting metal
thin films, which produces a broad size distribution, whose
average size increases with increasing film thickness.*® Dewetting
of thin films patterned by photolithography is useful for produ-
cing NPs with uniform diameters greater than 100 nm. Electron
beam lithography (EBL) can be used to pattern smaller NPs with
sizes of a few tens of nanometers.”* Use of EBL adds significant
complexity and cost that is especially problematic for commer-
cialization, but this chemical synthetic approach allows facile
preparation of small catalyst NPs with narrow size distributions.
We anticipate that soft lithography techniques, such as micro-
contact printing, could be useful for patterning chemically
synthesized NPs. Moreover, the ligands on ligand-stabilized
NPs prevent agglomeration and coalescence of the catalyst
NPs at the high VACNF growth temperatures, giving rise to a
monodisperse VACNF size distribution that is controlled by the
size of the catalyst NPs.

B CONCLUSIONS

Chemical synthesis is an appealing approach for preparing
catalyst NPs for VACNF growth. Synthetic methods are already
well established for obtaining highly monodisperse ligand-stabi-
lized NPs with tunable sizes. Here, we have shown that when
using ligand-stabilized Ni NPs for catalyzing VACNF growth, the
ligands also serve a critical role in preventing the NPs from
agglomerating, which gives a monodisperse VACNF size dis-
tribution. The ligands are converted into protective graphitic
shells. If the ligands are removed after deposition on the
substrate, ligand removal does not itself cause agglomeration,
but substantial agglomeration of bare NPs occurs during heating
in the pregrowth phase, which results in larger, polydisperse
VACNEF sizes. We are currently investigating how to extend these
results to the synthesis of complex patterns of VACNFs by
patterning the ligand-stabilized catalyst NPs.

B EXPERIMENTAL SECTION*’

Nickel Nanoparticle Synthesis and Characterization. Ni
NPs with average diameters of 25 nm were synthesized following
a method that we recently reported:** Amounts of 0.200 g of
nickel acetylacetonate (Ni(acac),, 98 %, TCI America), 2.0 mL
of oleylamine (OLA, 97 %, Pfaltz & Bauer), and 5.0 g of trioctyl-
phosphine oxide (TOPO, 99 %, Strem) were heated at 60 °Cin a
three-necked, round-bottomed flask for 1.5 h under a vacuum to
remove oxygen before backfilling with nitrogen. By syringe,
0.1 mL of trioctylphosphine (TOP, 97 %, Strem) was injected
into the mixture before rapidly heating the solution to 240 °C
(over ~10 min) with vigorous stirring. After aging for 30 min at
240 °C, the mixture was cooled to room temperature. The
product was isolated from the high-boiling solvent and excess
ligands by adding methanol, briefly centrifuging and then dis-
carding the supernatant and redispersing the NPs in hexanes.
The NP size was measured using a JEOL 2000FX transmission
electron microscope (TEM).
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VACNF Synthesis and Characterization. A solution of the Ni
NPs with a concentration of 1 wt % in hexanes was spin-cast onto
small (A1 cm®) Si substrates (As-doped, 1—10 Q-cm), which
provides approximate monolayer coverage. Ligand removal was
performed on one set of samples by treatment with ultraviolet
light and ozone (UVO)*”*® for 4 min. The samples were loaded
into the growth chamber at room temperature, followed by
evacuation to 13 Pa. Flowing ammonia (NH;) vapor was
introduced into the chamber and equilibrated at a flow rate of
85 cm’/min and pressure of 533 Pa, which was maintained
throughout the growth. While keeping the pressure constant at
533 Pa, the temperature was increased to (700 &= 5) °C. Once the
chamber reached 700 °C, flowing acetylene (C,H,) was
switched on at rate of 60 cm®/min. After waiting 10 s, the plasma
was turned on with a current of 200 mA and ramp time of 15 s.
After completing 10 min of growth, the plasma, NH;, C,H,, and
the heater were turned off, and the chamber was evacuated and
cooled to 100 °C before venting with nitrogen and unloading the
samples. Images of the VACNFs were acquired using a Hitachi
S-4700 field-emission scanning electron microscope. For plot-
ting histograms of the diameters, the diameters of 500 VACNFs
were measured for each sample.

Characterization of the Pregrowth Process. For character-
izing the evolution of the Ni NPs with ligands intact prior to
growth by TEM (Figure 3), three samples were prepared. The
ligand-coated Ni NPs were imaged as-deposited on SiO films
(Ted Pella, product number 01829). An identical specimen was
heated at 450 °C under an NH; atmosphere for 10 min on an
SiO film. The third sample was deposited onto a S0 nm thick
SiN membrane (Protochips, DuraSiN) and was heated to
700 °C under a NH; atmosphere for 10 min. The sample that
was not annealed was imaged using a JEOL 2000FX TEM,
and the annealed samples were imaged using a Philips/FEI
CM300FEG TEM.
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