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ABSTRACT: Vertically aligned carbon nanofibers (VACNFs)
were grown by plasma-enhanced chemical vapor deposition
(PECVD) using Ni nanoparticle (NP) catalysts that were
deposited by airbrushing onto Si, Al, Cu, and Ti substrates.
Airbrushing is a simple method for depositing catalyst NPs over
large areas that is compatible with roll-to-roll processing. The
distribution and morphology of VACNFs are affected by the
airbrushing parameters and the composition of the metal foil.
Highly concentrated Ni NPs in heptane give more uniform
distributions than pentane and hexanes, resulting in more

Si, Al, Cu, Ti " Vertically al

carbon nanofibers

uniform coverage of VACNFs. For VACNEF growth on metal foils, Si micropowder was added as a precursor for Si-enriched
coatings formed in situ on the VACNFs that impart mechanical rigidity. Interactions between the catalyst NPs and the metal
substrates impart control over the VACNF morphology. Growth of carbon nanostructures on Cu is particularly noteworthy
because the miscibility of Ni with Cu poses challenges for VACNF growth, and carbon nanostructures anchored to Cu substrates
are desired as anode materials for Li-ion batteries and for thermal interface materials.
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Bl INTRODUCTION

Vertically aligned carbon nanofibers (VACNFs) have garnered
attention for use in diverse applications, including electro-
analytical probes,' > gene delivery devices,*® cell-mimetic
membranes,” neural interfaces,'°~'? sensors,'*™!° electron field-
emission sources,lé_20 supercapacitors,n’22 electrodes for
electrocatalysis,”>>® and batteries.”’ VACNFs are routinely
synthesized by catalytic plasma-enhanced chemical vapor
deposition (PECVD), which requires the use of catalyst
nanoparticles (NPs). Catalytic NPs for VACNF growth are
commonly prepared through a combination of traditional
photolithography, electron beam lithography, physical vapor
deposition, lift-off, and dewetting, which has sufliced for proof-
of-principle demonstrations. For example, the arrays used for
gene delivery by impaling cells (impalefection) and electron
field emission have mostly been produced by high-cost, low-
throughput electron beam lithography®” or slightly less
expensive projection lithography.”**”

While the use of lithography tools allows for fabrication of
precisely defined arrays of VACNFs, such precision is not
necessary for some applications. The critical parameters for
efficient impalefection and electrodes are the nanofiber aspect
ratio and areal density in the array, but periodic ordering among
nanofibers is unimportant and comes at significant cost.
Catalytic NPs are often prepared by electron beam evaporation
or sputter deposition,” but such batch processes limit the
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throughput for manufacturing arrays of VACNFs. Airbrushing
of presynthesized catalyst NPs allows for rapid in-air catalyst
deposition and still provides a highly monodisperse NP size
distribution. Moreover, airbrushing3’0’31 is a simple, inexpensive
method that allows for deposition of catalyst NPs over large
areas with controlled surface coverage that is compatible with
roll-to-roll processing.

Solution deposition of thin layers of precursors, such as metal
acetates, for forming catalytic NPs has also been used to grow
carbon nanotubes®* > but does not allow independent control
of the NP size and density of coverage. The catalyst NPs used
here (d > 100 nm) are also much larger than those used for
single-walled carbon nanotubes that are commonly obtained
from metal acetates.>® Microcontact printing has also been used
to pattern catalyst NPs***” or precursors for catalyst NPs**?
for the growth of carbon nanotubes, but airbrushing is
potentially faster for applications that do not require periodic
arrays, for example, for coating windows or buildings with
VACNFs.

Deposition of catalyst NPs and subsequent growth of
VACNFs have been conducted primarily on Si(111) substrates,
but some other substrates including Mo, Nb, W, and Cr have
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also been explored.**" Si has limited ability to withstand harsh

processing conditions compared to most metals, making it an
unsuitable choice for use as a substrate for VACNF growth for
some applications.”® Moreover, most of the applications listed
above require conductive pathways between the VACNFs and a
metal substrate that is connected to an electrical circuit. Si
substrates provide a beneficial Si-enriched coating on the
VACNFs that enhances their mechanical properties, but growth
of VACNFs with Si-enriched coatings on other substrates
requires an additional source of Si.*” Hereafter, we refer to
these Si-enriched coatings simply as Si coatings, with the
understanding that they may also contain C, N, and O.

Here, we report airbrushing of Ni NPs onto Si, Al, Cu, and
Ti substrates, followed by VACNF growth via PECVD. The
distribution and surface density of the VACNFs are defined by
the pattern of the Ni NPs obtained through airbrushing because
the Ni NPs catalyze VACNF growth. Detailed structural and
compositional analyses reveal the effects of interactions
between the catalyst NPs and metal substrates and prove the
existence of Si coatings on the VACNFs.

B EXPERIMENTAL SECTION

NP Synthesis. 1-Octadecene (5.0 mL, 90%, Sigma-Aldrich),
oleylamine (5.0 mL, 80—90% C,;; content, Acros), and Ni(II)
acetylacetonate hydrate (0.50 g, 98%, TCI America) were mixed and
allowed to degas under vacuum for 2 h at 60—80 °C. The solution was
then backfilled with nitrogen and heated at a rate of 10 °C/min to 230
°C and held at this temperature for 30 min. After completing the
reaction, the NPs were flocculated by adding ethanol, followed by
centrifugation for purification. The supernatant was discarded, and the
NPs were redispersed into different nonpolar solvents (pentane,
hexanes, or heptane).

NP Airbrushing onto Substrates. Varying concentrations of Ni
NPs were deposited onto ~1 cm? Si wafers and Al Alloy 6061, Cu
Alloy 101, and Ti grade 2 foils (obtained from McMaster Carr) using
an Iwata Eclipse HP-CS airbrush. For specifying the concentration, Ni
NP solutions with an optical absorbance of 1 at 600 nm were denoted
as 1X concentration. The airbrush was operated with compressed air at
50 psi. Prior to airbrushing, the metal foils were cleaned by sonicating
in acetone, rinsing with methanol, and then allowing the residual
solvent to dry. The NPs were airbrushed onto the substrates in two
short pulses of 0.5 s each, with the tip of the nozzle held 0.3 m from
the substrate. There was a brief pause between pulses to ensure that
the solvent had completely evaporated. For the metal foils, two 0.5 s
pulses of a dispersion of 0.5 g of Si micropowder (Atlantic Equipment
Engineers, SI-100, Technical Grade Silicon Metal Powder) in 10 mL of
acetone were airbrushed over the same area. The duration of spraying
and the distance from the airbrush nozzle to the substrate were the
same for all samples.

VACNF Growth. VACNFs were grown on the substrates with
airbrushed catalytic NPs (and Si micropowder for the metal
substrates) by direct-current glow discharge PECVD. The substrates
were heated to 600 °C under a 0.05 Torr vacuum, and then the
chamber was backfilled with 4 Torr ammonia. Acetylene (45 sccm)
and ammonia (85 sccm) were used as the carbon source and etchant
gases, respectively. The sample was grown for 2 h at a current of 0.5 A,
temperature of 600 °C, and pressure of 4 Torr. The chamber was
evacuated following growth, and the substrate was allowed to cool to
room temperature under vacuum.

Characterization. Conventional transmission electron microscopy
(TEM) images were acquired on a JEOL 2000FX microscope
operated at 200 kV, and scanning electron microscopy (SEM) was
performed on a Zeiss Merlin field emission SEM. High-angle annular
dark-field scanning TEM (HAADF-STEM) and bright-field (BF)
STEM images, and energy dispersive X-ray spectroscopy (EDS) maps
were acquired with a probe-corrected FEI Titan G2 60-300 S/TEM
operated at 200 kV and equipped with a Super-X EDS detector
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system. The elemental EDS data were acquired for 8 min with a beam
current of ~80 pA, and maps were formed using the K, X-ray signal of
the corresponding element. Histograms of the VACNF diameters for
each substrate were obtained by counting SEM measurements of 200
VACNFs from each substrate.

Bl RESULTS AND DISCUSSION

Growth of VACNFs from Sparse Coverage of Air-
brushed Ni NPs. To characterize the airbrushing process,
VACNFs were first grown on pieces of a Si wafer using Ni NPs
deposited by airbrushing. The Ni NPs (Figure la) were
synthesized according to a modification of a previously
reported method,*’ resulting in dendritic shapes and an average
diameter of dyp = 186 nm. The spatial distributions of the Ni
NPs deposited through airbrushing onto Si(111) substrates
from several solvents at different concentrations and of the Si-
coated VACNFs grown from these Ni NPs are shown in Figure
1b—i. Alkanes were chosen as solvents, where the evaporation
rate decreases as the chain length increases, to observe how the
drying kinetics affected the deposited structures. The Ni NPs
dispersed well into pentane and hexanes at the 1X
concentration, but significant clustering was observed after
deposition onto the Si substrate (Figure 1b,c). The NPs were
more uniformly distributed on the Si substrate when airbrushed
from a heptane suspension, for which three different
concentrations of the airbrushing solution (0.25%, 0.5X and
1X) were used (Figure 1d,fh). Two important observations
from images of VACNFs grown from these NPs (Figure le,g,i
and Supporting Information, Figure S1) are the following: (1)
The density of VACNFs is proportional to the concentration of
the Ni NPs in the airbrushing solution. Greater concentrations
of NPs give more densely packed VACNFs. (2) Despite minor
clustering of the Ni NPs prior to VACNF growth, there is less
clustering in the distribution of the VACNFs. This suggests that
the Ni NPs become somewhat mobile during the pregrowth
phase prior to the start of VACNF growth, when the NPs
become pinned at the tips of the VACNFs. In contrast to our
recent study, where we showed that trioctylphosphine (TOP)
ligands coating ~25 nm diameter Ni NPs are converted into
graphitic shells that protect the NPs from agglomerating during
the pregrowth stage,* some of the NPs reported here become
mobile, but the Ni cores do not coalesce together. The NPs
used in this study were synthesized without using any TOP,
and oleylamine is a more weakly binding ligand than TOP that
appears to reduce the NP mobility but does not completely pin
them in their as-deposited state. The clustering seen here is not
as severe or as problematic as the agglomeration of metal
catalyst NPs in thin film lithography deposition approaches,
however, where NP singularity is achieved via sufficient
separation of patterned islands, and undesired NP mobility
remains a significant challenge.*

VACNF Deposition and Growth on Al, Ti, and Cu Foils.
Ni NPs were airbrushed onto Al Alloy 6061, Ti grade 2, and Cu
Alloy 101 foils. Heptane was selected as the solvent for
airbrushing because it gave more uniform deposition than
pentane and hexanes. Prior to VACNF growth, Si micropowder
was separately airbrushed onto the substrate, which was
required to serve as a Si source for depositing Si coatings
onto the surfaces of the VACNFs that provide important
structural support™ and impart sufficient rigidity for the
nanofibers to point straight out of the plane of the substrate. Si
coatings on VACNFs have facilitated further processing and
applications, such as the deposition of polymer coatings onto
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Figure 1. (a) TEM image of Ni NPs and (b—i) SEM images of
airbrushed Ni NPs and VACNFs on Si substrates with a common scale
bar: (b,c) 1x Ni NPs dispersed in pentane and hexanes, respectively,
(d,£h) Ni NPs in heptane with respective concentrations of 0.25X,
0.5%, and 1X, and (e,gi) VACNFs grown from the corresponding
samples in (d,£h).

arrays of VACNFs without the fibers collapsing and allowing
VACNFs to be pressed into and to penetrate brain tissue
multiple times without mechanical degradation of the fibers.>'>
The basal diameters (averages given in parentheses) of the
VACNFs on the Al (230 nm), Ti (80 nm), and Cu (45 nm)
foils were measured manually from SEM images (Figure 2) and
tabulated in histograms (Figure 3). Typical fiber heights were
~0.1-2.0 ym. The VACNFs are conical in shape because
sidewall deposition of C accompanies catalytic growth.** More
C accumulates at the bases of the VACNFs because they were
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Figure 2. SEM images of VACNFs grown on metal foils of (a,b) Al
Alloy 6061, (c,d) Ti grade 2, and (e,f) Cu Alloy 101.
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Figure 3. Histograms of VACNF diameters measured by SEM for
VACNFs grown on Si wafers and Al, Ti, and Cu foils.

the first parts formed and experience the longest time for
sidewall deposition, resulting in a conical shape.*> The fact that
the VACNFs are vertically aligned when grown on substrates
other than Si but in the presence of airbrushed Si micropowder
confirms that the micropowder serves as the Si source for the Si
coatings.

Si-Enriched Coating. Here, the primary focus is on
characterizing the Si-coating on the VACNFs because their
internal structure is already known from previous studies.*®
STEM images and energy-dispersive X-ray spectroscopy (EDS)
maps for VACNFs grown on Al and Cu foils are presented in
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Al foil

Figure 4. HAADF-STEM/BE-STEM and elemental mapping by EDS of VACNFs grown on Al and Cu substrates. White box inset in the HAADF-
STEM image for growth on Al indicates the region of the EDS line profiles in Figure S.

Figure 4. An additional HAADF-STEM image for the VACNFs
grown on Cu is provided in the Supporting Information, Figure
S2. The Si signal is the most intense in the base of the fibers,
which is consistent with sidewall deposition of Si and the longer
exposure time of the base to the reactive plasma environment.
N is also present throughout the fibers, which is incorporated
from the ammonia etchant gas. An EDS line profile (Figure S)

Intensity (a.u.)

T T T
0.2 0.3 0.4 0.5 0.6

Distance (um)

0.0 0.1

Figure 5. EDS line profiles for Si, N, and C acquired toward the top of
a VACNF grown on Al, where the region of the line profiles is
indicated on the HAADF-STEM panel in Figure 4. Boxcar averaging
was performed to smooth each data set. Each plot has been normalized
to its maximum value.

across the diameter of a fiber shows two prominent peaks in the
Si signal on the sides of the fiber, which is consistent with a Si-
enriched coating that may also contain C, N, and O. The
amount of these species other than Si in the coating is unclear,
but the Si powder is required as a Si source for growth on metal
foils. While the VACNF growth temperature is well below the
bulk meting point of Si, the plasma in PECVD may drive
volatilization of Si, and the highly reactive environment may
also cause surface reactions resulting in gaseous Si-containing
molecular species. The reactive Si species are then deposited on
the sidewalls of the VACNFs.
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NP—Substrate Interactions. The nature of the catalyst
NPs and the substrate together determine the structure of the
nanofibers. Even though much research has been conducted to
produce VACNFs with uniform spatial distributions on Si
wafers, the interaction of catalyst NPs with metal substrates at
elevated temperatures prior to nanofiber growth remains a
significant challenge. Two possible kinds of NP-metal foil
interactions that are consistent with our results are the
following: (1) There may be interdiffusion between the catalyst
NPs and the metal substrate, which is expected for Cu, since
CuNi alloys are the classic example of binary isomorphous
systems. EDS mapping (Figure 4) confirms that Cu diffuses
into the catalytic NPs that are suspended at the tips of the
VACNFs. In some cases, ligands coating the NPs might also
impede the alloying process. (2) Changing the metal selected
for the substrate can alter the NP-substrate interaction. In the
case of Si, the average basal VACNF diameter (151 nm)
matches dyp (186 nm) well. For Al substrates, the broad
distribution of VACNF diameters that generally exceeds dyp
indicates agglomeration of the catalyst NPs prior to VACNF
growth. The average VACNF basal diameters on Ti and Cu
substrates are significantly smaller than dyp, which suggests that
the metal substrate in some cases may facilitate division of the
catalyst NPs into smaller NPs. Growth of VACNFs directly
onto Cu substrates overcomes a challenge in the fabrication of
Li-ion batteries, where it is desirable to anchor carbon
nanostructures that serve as anodes to Cu film current
collectors for connecting the batteries to an external circuit.*’*8
Carbon nanostructures bound to Cu substrates are also of
interest as thermal interface materials.** ™!

B CONCLUSIONS

In summary, airbrushing is a simple and economical technique
for depositing catalyst NPs for growth of VACNFs over large
areas that could also be applied to the growth of carbon
nanotubes and inorganic nanowires. Unlike lithographic
approaches for preparing catalyst NPs, airbrushing does not
require a flat substrate. We have demonstrated VACNF growth
on several metal substrates, where addition of Si micropowder
allows the growth of Si-enriched coatings that make the
VACNFs mechanically rigid. Use of ligand-stabilized NPs also
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inhibits coalescence of the NP cores, which helps to preserve a
narrow distribution of VACNF diameters. For growth on
different kinds of metal foils, the interaction of the catalyst NP
with the metal foil determines the VACNF diameter and
whether interdiffusion between the NP and foil occurs. Growth
of VACNFs directly onto Cu substrates overcomes a significant
technological challenge that will facilitate the use of VACNFs in
Li-ion batteries and thermal interface materials.

B ASSOCIATED CONTENT

© Supporting Information

Top-view SEM images of VACNFs grown from Ni NPs
airbrushed from heptane and HAADF-STEM image of
VACNFs grown on Cu foil. This material is available free of
charge via the Internet at http://pubs.acs.org.
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