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Introduction

Ultra high-yield one-step synthesis of conductive, and
superhydrophobic three-dimensional mats of carbon
nanofibers via full catalysis of unconstrained thin film

Efrat Shawatj, llana Perelshteinl, Andrew Westoverz, Cary L. Pintz, and
Gilbert D. Nessim'*

1. Department of Chemistry, Bar Ilan Institute for Nanotechnology and
Advanced materials (BINA), Bar [lan University, Ramat Gan, 52900,
Israel

2. Department of Mechanical Engineering, Vanderbilt University, Nashville,
TN 37235, USA

We directly synthesized large conductive and superhydrophobic three-dimensional mats of
entangled carbon nanofibers (CNFs) using thermal chemical vapor deposition (CVD). We
show that the yield obtained from the catalysis of an unconstrained thin Ni-Pd film is over an
order of magnitude higher compared to the same thin film when bound to a substrate. The
growth mechanism differs from substrate-bound growth, where catalysis occurs only the top
surface of the catalytic film, as the full Ni-Pd catalyst layer participates in the reaction and is
totally consumed to bi-directionally grow CNFs. Therefore, the yield further increased with the
thin film thickness, in contrast with substrate-bound growth. The unconstrained growth
occurred thanks to a weak adhesion layer that delaminated during the thermal process.
Additionally, we showed that the supporting substrate material strongly affected the
nanostructure morphology obtained. The as-grown CNF mats were used as a three-dimensional
electrode for lithium-ion batteries. We envisage these CNF mats to be an ideal platform to be
functionalized for multiple applications including high-performance electrodes, sensors,
electromagnetic shields, and conductive polymer-coated composites.

and thermal’ properties relevant for various applications. CNFs
have gained significant attention due their synthetic processes

Carbon nanofibers (CNFs)' are a class of carbon that require less precision and energy input compared to other
o . - . 3 8 .
nanostructure that exhibit interesting mechanical,* * electrical® carbon nanostructures,” such as carbon nanotubes.” Synthesis

processes for CNFs? typically involve the decomposition of
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gas-phase hydrocarbons over metal catalyst particles (e.g. Fe’,
Co,'> ' Ni, and alloys), which leads to saturation of the metal
catalyst with carbon and subsequent precipitation of CNFs.> '2
Studies have emphasized the crucial role that catalyst support
materials play in this process, dictating the energetics
governing the catalytic activity of the particles as well as the
physical mode for CNF growth (e.g. tip-growth or base-
growth). '2, 1 % Additionally, the growth of CNFs from bulk-
like metal alloy layers have indicated novel growth mechanisms
where fragmenting of the metallic surface layer due to carbon
interaction enables simultaneous tip-growth and base-growth
modes from the same catalyst particles.”” This research
emphasizes the importance of the architecture involving the
catalyst and underlayer materials in dictating the growth
mechanism and behavior, which is a concept that could be
extended to growth processes operating in a similar manner and
involving both single- and multi-walled carbon nanotubes'® '’

A key challenge for synthetic techniques is the ability to
build upon growth mechanisms to engineer -catalyst
architectures that enable hierarchical assemblies of
nanostructures into templates directly usable in applications.'®
These assembly routes dictate the feasibility of such materials
for use in applications spanning across energy storage, energy
conversion, catalysis, among other areas, where the device
performance is strongly correlated to how such nanostructures
are assembled.'” ’Whereas previous studies have emphasized
the ability to posthumously control assembly of CNF' or
CNT?' materials directly grown on supporting substrates, to
adapt such materials in lithium-ion batteries, the presence of a
supporting substrate often hinders applicability. Nonetheless,
CNFs and CNTs have been demonstrated as excellent anode
template materials for lithium-ion batteries building upon
commercially implemented anode-electrolyte-cathode
chemistries, but with promise of higher rate capability and in
some cases better storage capacity. 622 23 24 25 26

In this research, we demonstrate synthesis control of
freestanding, three-dimensional, super-hydrophobic, conductive
mats of CNFs via controlled self-delamination of the catalytic
stack. We show that all the catalytic material participates in a
bi-directional growth mechanism and not only its top surface as
occurs in substrate-bound growth. This leads to yields over an
order of magnitude compared to substrate-bound growth.
Additionally, we show how the delamination process can be
modulated by the choice of the substrate to dramatically affect
the morphology of the carbon nanostructures. Finally, we
demonstrate how the freestanding foam-like CNF mat obtained
yields storage capacities for lithium-ion batteries comparable to
bulk carbon anodes for volumetrically thick structures.

Experimental section

Carbon nanofiber (CNF) growth was performed on clean,
polished n-type Si (100) wafers using thin films of Ni (5 nm)
over Pd (200 nm) with Ti adhesion layer deposited by e-beam
evaporation without breaking vacuum at a pressure of 1 x 10—6
Torr. The wafers were manually cleaved into 5 x 5 mm samples
using a diamond scribe. Catalyst pretreatment followed by CNT
growth was performed in two atmospheric-pressure furnaces
(Lindberg Blue) connected in series, in a single fused-silica
tube with an internal diameter of 22 mm. The first furnace
preheated the source gases (at 770 °C), while the sample was
positioned in the second furnace for the annealing and growth
steps (650 °C). The furnace temperatures were displayed by the
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built-in furnace thermocouples. Flows of Ar (99.999%), Ar/O,
(mixture of 99% Ar with 1% oxygen), C,H,; (99.5%), and H,
(99.999%) were maintained using electronic mass flow
controllers (MKS 247D). All experiments were performed
using the “fast-heat” technique, in which the samples were
initially positioned outside the heated zone of the furnace with a
fan blowing on the exposed quartz tube wall to keep them at
room temperature. Argon and hydrogen flows of 100 and 400
standard cubic centimeters per minute (sccm), respectively,
were maintained, while the two furnaces were ramped to the
desired temperature. The flow rates of the gases remained
constant in all studies at 100 sccm (Ar), 500 sccm (Ar/O,), 400
scem (H,), and 300 sccm (C,Hy) during growth. The CNTs
were characterized by field-emission SEM (FESEM; FEI,
Helios 600) operating at 5 keV and by high-resolution
transmission electron microscopy (HRTEM) using a JEOL-
2100 operating at 200 keV equipped with EDAX. HRTEM
samples were prepared by dispersing a section of the CNF mats
in 2-propanol with gentle sonication for an hour and then
placing 1 drop of the solution on a 300 mesh Cu holey carbon
grid (from SPI). XRD was used to determine the structure of
the Pd and Ni catalysts. Finally, an analytical balance was used
to weight the nanocarbon mat. We used a Ramé-Hart model
100 for contact angle measurement. Raman spectra were
measured in a dual laser confocal (X100), LabRam HR using
an excitation wavelength of 532 nm.

Results

CNF mats were synthesized using chemical vapor
deposition in Ar/O, (a mixture of Ar and 1% 0,)" %, H,, and
C,H, gas mixtures on substrates with Ni / Pd catalyst layers (10
nm/200 nm, respectively) e-beam deposited on Ti/Si or Ti/SiO,
substrates where the Ti adhesion layer ranged from 5 to 15 nm
in thickness. The synthesis adopts techniques we previously
developed such as fast heat, gas precursor preheating® & %39,
and in-situ controlled formation of water vapor" *’. The Ti
adhesion layer is necessary due to the poor adhesion of Pd to
the Si or SiO, wafer® '°. For thick layers of Ti (15 nm), we
synthesized entangled, micron-tall, CNFs on the substrate. For
thin Ti layers (5 nm), we obtained three-dimensional CNF
mats, separated from the substrate, with surface up to four times
that of the substrate from which it originated (Fig. 1) and with
weight up to 30 times what we obtained with the thick Ti layer
(up to 35 mg/cm? compared to approximately 1 mg/cm?, (Fig. 5
and Fig. S3). High-resolution transmission electron microscope
(HRTEM) images of the CNFs from the delamination-enabled
mats show the catalytic bidirectional growth of CNFs with
embedded catalysts and diameters ranging from 70-160 nm
with an average of 105 nm and standard deviation of 23 nm
((Fig. 1 (a2), and Fig. 4 in S.I.). Using a four-point probe, we
measured the sheet resistance of the CNF mats to be
approximately 200 Q/[]. Contact angle measurement show that
the CNF mats are superhydrophobic with a contact angle of
157° (see Figure 5 in S.I.). Using Raman, we measured a G/D
ratio of 0.9 (= 438 / 500), confirming the amorphous nature of
the CNFs.
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Fig. 1 Photo of mats (a’) delaminated from substrate (a) and of
substrate-bound CNFs (b). The delaminated mats are made of
entangled CNFs (a;) with catalytic bidirectional growth (az). The
substrate-bound formation is also made of entangled CNFs (b4)
but no catalytic bidirectional growth is observed (b,).

To pinpoint the transition from substrate-bound CNF mats to
freestanding CNF mats, we performed experiments where we
varied the Ti layer thickness between 5 to 15 nm (with Ni/Pd =
10/200 nm). For a Ti thickness 5 nm, we observed total
delamination. X-ray diffraction (XRD) of the substrate from
which the CNF mat delaminated indicated that no Ti was
present on the Si substrate, while XRD of the CNF mat itself
showed a small amount of Ti was detected as Ni3Ti (Fig. S1).
Although EDAX of the CNF catalyst did not detect Ti, given
the small amount of Ti used, it is possible that it was below the
detection limit. For a Ti thickness of 15 nm the CNF growth
was substrate-bound while we observed partial delamination for
a Ti thickness of 10 nm.

To understand the role of the Pd underlayer in the growth of
freestanding CNF mats, we tested increasing Pd thicknesses
(50, 100, and 200 nm). We observed that the yield of the
freestanding mats significantly increased with the thickness of
the Pd layer (Fig. 2). This shows that (a) Pd is indeed involved
in the catalysis (most underlayers do not actively participate in
CNT/CNF growth) and (b) that all the catalytic material (here
an alloy of Ni/Pd, and possibly Ti) participated in the catalysis,
and not just the top surface (as usually occurs in substrate-
bound CNT/CNF growth).

e S T

I 200nm 100nm  50nm

Fig. 2 Photo of mats delaminated from substrate grown with Pd
layers of various thickness. The yield significantly increased for
increasing thickness of the Pd underlayer.

Discussion
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When delamination occurs, the CNF mats grow much larger
than the growth substrate from which they delaminated,
indicating that the mechanism for high-yield unconstrained
growth is clearly different than that for low-yield substrate-
bound growth. The catalyst embedded in the CNFs (Fig. 1a2) is
consistent with previously observed bi-directional growth using
Ni and Pd catalyst layer® '>. In line with the mechanism
previously described for bidirectional growth of CNFs, where
catalyst particles formed by fragmentation occurring through
carbon diffusion along grain boundaries'’, we hypothesize that
here all the Ni-Pd metal stack is catalytically active. Under
growth conditions that yield substrate-bound mats (i.e., for
thick Ti layers), the fragmentation at the grain boundaries of the
top catalytic metal particles leads to a process where both
mechanical coupling of the mat to a constrained substrate and
diffusion limitations of the precursor lead to a slow growth
from the ongoing fragmentation of catalysts (grains) during the
growth process. In contrast, when delamination occurs (i.e., for
thin Ti layers), we hypothesize that the release of the mechano-
chemical constraints that limit the catalytic activity for
substrate-bound growth, enable a faster fragmentation of metal
catalysts and enhance diffusion of the carbon precursor to
catalyze freestanding mats. Based on the extensive
characterizations on our materials following partial and total
delamination (HRSEM, HRTEM, elemental X-ray analysis
(EDX), and x-ray diffraction (XRD)), we postulate the
following mechanism (Fig. 3).

’P‘Anneal 30 sec ”wsromh 30 se{.
> S I CE

a

Growth 3 min

Growth 15 min

e e

Fig. 3 Schematics with HRSEM and HRTEM images describing
the proposed mechanism for delamination, nucleation, and
growth. The details are described in the text.

During the initial short (30 seconds) reducing anneal step (Fig.
3b), we expect the Ni to start diffusing through the Pd grain
boundaries'®. The mechanism we propose for the delamination
mediated by the thin Ti layer is based on the volumetric change
in the Pd metal film associated with the inward diffusion of
carbon species generating strain at the substrate interface (Fig.
3c). We hypothesize that the carbon species cause the strain by
diffusing through the Pd grain boundaries and interstitially into
the octahedral site of the face-centered cubic Pd lattice®’. The C
atoms diffusing in the Pd grain boundaries and lattice could
also participate during the catalysis of the CNFs. It is important

Journal of Materials Chemistry A., 2014, 00, 1-3 | 3
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to note that we did not observe delamination during annealing
experiments where we did not flow the carbon precursor (not
shown), thus confirming that the carbon precursor is critical to
induce delamination.

Now that the catalytic thin layer is no longer constrained by
the substrate, film stresses are removed and a larger catalytic
surface is exposed to the incoming precursor gases, with likely
acceleration of carbon diffusion through the grain boundaries of
the thin catalytic film'’. Consistently with the mechanisms
discussed in our previous study using similar but substrate-
bound Ni/Pd catalytic films, and supported by EDAX
characterizations of our catalysts embedded in the CNFs, we
also anticipate possible diffusion of Ni, and possibly Ti,
through the Pd grain boundaries and to continue alloying with
Pd to form a binary Ni-Pd alloy, or possibly a ternary Pd-Ni-Ti
alloy*>. When thick Ti interlayers are used, the robust adhesion
at the Si-Ti and Pd-Ti interfaces overcomes the film strain and
maintains substrate-bound CNF growth.

After 30 seconds, we observed partial delamination of the
catalytic layer (Fig. 3c¢’), which exhibited very short growth.
Following delamination, we observed the growth of CNFs from
particles fragmented from pieces of the delaminated Ni-Pd-Ti
films (Fig. 3c). XRD and EDAX of the CNF mats and of the
catalysts embedded in the CNFs, emphasize the presence of Ni,
Pd, and Ti in the mats with no observed presence of any metal
left on the Si substrate after delamination (Fig. S2); this
analysis confirms that the delamination occurs at the Ti-Si
interface, and that the resulting metal films nucleate and evolve
into the unconstrained, freestanding materials observed after
delamination occurs. Similarly to the fragmentation-based
mechanism we observed in our previous study'>, we believe
that each initial grain of Pd, which now has alloyed with Ni,
and possibly Ti, is bi-directionally growing CNFs (Fig. 3d, d’,
dl, and d2). Since more surfaces are now exposed and the
mechanical constraint from the substrate has been removed, all
catalyst grains can now participate in the catalysis and bi-
directionally grow CNFs, thus maximizing the yield. The large
network of entangled CNFs obtained after 15 minutes of
growth results in the formation of freestanding CNF mats (Fig.
3e and 3¢’).

Since the delamination process is the key of our synthesis
to yield large freestanding CNF mats, we wondered if by
changing the substrate, we could sufficiently affect the
delamination process to yield different nanostructures. When
we used Si wafers coated with thermal SiO,, instead of the
pristine Si wafers used in our study, we again observed a high
yield of carbon nanostructures but with a uniquely different
morphology (Fig. 4). The CNFs obtained following
delamination from SiO, substrates are composed of hair-like or
stranded features (Fig. 4b) in comparison to the smoother
macroscopic morphological properties of the mat obtained
following delamination from Si substrates (Fig. 4a).

Mats b

weight (mg)

LT

" .
substrate

Time (min) Si

SiO, substrate

Figure 4. CNF mats obtained from Si substrates (a) and from
SiO, substrates (b). The yield obtained from SiO, substrates is
highly higher for any growth duration (c).

4 Journal of Materials Chemistry A., 2014, 00, 1-3

We also noticed that the yield obtained using SiO, as a
substrate was slightly higher for any growth duration (Fig. 4c;
images of the mats and hairs obtained are shown in Fig. S3). As
we emphasize that the key interface associated with
delamination of the Ni-Pd catalyst layer is the interface
between the Ti adhesion layer and the substrate, this confirms
that varying the substrate material can lead to controllable
modification of the three-dimensional carbon nanostructure
morphology based on the manner in which the catalyst film
delaminates from the substrate. This underlines a level of
controllability in the macroscopic mat properties that can be
uniquely modified based upon the substrate-adhesion layer
interaction that mediates delamination.

Application example: as-is synthesized CNF mat as
Li-ion anode

A key challenge in developing applications from CNFs or
CNTs requires the assembly of these materials into functional
templates usable in devices. The one-step synthesis presented
here is attractive as we can readily obtain a nanostructure that
can serve as platform to be functionalized for various
applications. The porous three-dimensional nature of the
conductive CNF mats synthesized could be functionalized with
active material to fabricate efficient electrodes for batteries®. As
an illustration, we tested the as-grown CNF mats as anodes for
Li-ion batteries. This would provide a baseline from which the
anode could be improved through additional functionalization.

Compared to the utilization of conventional micron-scale
graphitic anodes, the use of freestanding CNFs enables
capability to use millimeter-scale thickness anode materials
while leaving accessible surface of active material compatible
with routes to develop advanced cathodes or anodes for
batteries®. Freestanding 3-D electrodes minimize the
packaging needed for commercially-employed electrodes that
must be utilized in thin film electrodes. Similarly, we used
CNF mats as anodes in half-cell lithium-ion Dbattery
configurations by utilizing 1 M LiPF; electrolytes dissolved in
ethylene carbonate — dimethyl carbonate solvents. Millimeter-
scale thickness CNF mats were pressed into coin cells, and then
subjected to galvanostatic and cyclic voltammetry (CV) testing
at voltages (vs. Li/Li") of 2 V and less, corresponding to usable
capacity in a full cell configuration (Fig. 5).
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Fig. 5 (a) Galvanostatic charge-discharge cycling of freestanding
3-D CNF mats (vs. Li/Li*), with discharge curves shown in
dashed lines, (b) rate capability plot of capacity (at 2 V vs. Li/Li+)
vs. the rate of charging. Inset is a plot of capacity retention at 2
C for 150 cycles. (c) Cyclic voltammetry from 0.1 — 1 mV/second
scan rates for half-cell CNF mat batteries, (d) schematic
emphasizing the benefit of a 3-D mat for utilization of a
macroscopically accessible active material.

In galvanostatic measurements (Fig. 5a), we compared
discharge rates from C/10 to 10C (C = 372 mAh/g) to assess the
rate capability of the device (plots in Fig. 5b). At C/10 rates,
we observed 2 V capacities measured to be 253 mAh/g. At
high currents (10C, or 3.7 A/g), we still observed capacities of
49 mAh/g. Compared to the rate capability of graphite
materials,” where the capacity drops to ~ 150 mAh/g at rates of
100 mA/g, our macroscopically thick mats exhibit ~ 150 mAh/g
capacities at over 3.5X faster charging rates (1C), emphasizing
greater rate capability compared to bulk carbons. Also
emphasized from Fig. 4b are the near 100% Coulombic
efficiencies measured in these devices over a period of cycling
at 2 C for 150 cycles with ~ 90% capacity retention. This is
comparable or better than previous studies on CNF electrodes,
which often exhibit more than 10% capacity fade over 25-50
cycles.?” 2 CV scans (Fig 4c) further highlight the device rate
capability based on measurements carried out at scan rates
between 0.1 — 1 mV/second. In these curves the bulk insertion
and de-insertion reactions correspond to the reversible
formation of a conventional bulk compound resembling that of
LiC¢. Although the capacities are average, the CNF mats have
been used as-is (i.e., not functionalized). The benefit of these
CNF mats compared to bulk film electrodes, especially after
functionalization with active material such as silicon®*, lies in
the improved diffusion of Li through the 3-D millimeter
thickness scale structure, which would enable most of the
material to be active for storage unlike comparable millimeter-
scale bulk carbon electrodes. To summarize, the fully
accessible surface of the CNF mats, combined with their porous
and conductive nature, make them a suitable freestanding
architecture that could be functionalized (post-process) with
high capacity anode materials for developing more efficient
battery electrodes.

Conclusions

Whereas the delamination-based technique described has
been applied to synthesize large CNF mats, it should be noted
that the observations reported in this work are generally
universal to CNTs that grow from solid substrates. It is known
in such materials that catalyst-support layer interactions
similarly dictate the growth properties observed, and thus we
anticipate the results of this work to be transferrable to CNTs.
In this manner, the ability to utilize growth as a tool to
nanomanufacture carbon nanostructured templates in one step,
without additional transfer or binding post-processes, could
enable the large-scale fabrication of new materials for
applications such as electrochemical energy storage systems.
In particular, we demonstrate a growth-to-applications route to

This journal is © The Royal Society of Chemistry 2012
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thick CNF freestanding materials that can serve as conductive,
freestanding templates for novel functionalized electrodes.
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