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ABSTRACT For carbon nanotube-based electronics to achieve

CNFs on Cu

their full performance potential, it is imperative to minimize the

contact resistance between macroscale metal contacts and the 0.04 4 .
carbon nanotube (CNT) nanoelectrodes. We have developed a three- 021 i /
dimensional electrode platform that consists of carbon nanofibers < 041 i:’ ;

(CNFs) that are directly grown on a metal contact, such as copper § 061 Background /

(Cu). Carbon nanofiber morphology can be tailored by adjusting the 08/ 1600 om /

annealing time of a thin electrochemically deposited nickel catalyst 0] -

0O, reduction current (negative)
using FePc decorated CNFs

layer on copper. We demonstrate that increasing the annealing time

increases the amount of copper infused into the nickel catalyst layer.
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This reduces the carbon deposition rate, and consequently a more well-defined CNF 3D architecture can be fabricated. This direct growth of CNFs on a Cu
substrate yields an excellent electron transfer pathway, with contact resistance between CNFs and Cu being comparable to that of a Cu—Cu interface.
Furthermore, the excellent bonding strength between CNFs and Cu can be maintained over prolonged periods of ultrasonication. The porous 3D platform
affixed with intertwined CNFs allows facile surface functionalization. Using a simple solution soaking procedure, the CNF surface has been successfully
functionalized with iron(ll) phthalocyanine (FePc). FePc functionalized CNFs exhibit excellent oxygen reduction capability, equivalent to platinum—carbon
electrodes. This result demonstrates the technological promise of this new 3D electrode platform that can be exploited in other applications that include
sensing, battery, and supercapacitors.

KEYWORDS: carbon nanofibers - nanoscale electrodes - oxygen reduction reaction - direct growth - supercapacitors - fuel cells -

3D electrode platform

arbon nanotubes (CNTs) and carbon
C nanofibers (CNFs) are the most light-

weight electrically conductive mate-
rials. They have excellent electrical conduc-
tivity’ ranging from 107> to 10> Q-m and
107 to 10> Q- m for nanofibers>* and nano-
tubes,"~7 respectively. In addition, they pos-
sess extremely large surface areas that can
interact with or anchor/adsorb functional
ions and other molecules. With their excel-
lent thermal and chemical stabilities and
superb mechanical integrity, 1D carbon mate-
rials have been touted as ideal nanoelectrode
materials for sensors®® energy storage,'® '
and energy conversion.””~2' In the aforemen-
tioned applications and other related electronic
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technologies, the electrical conductance
across the junction between the CNTs and
metal electrodes is a critical factor that deter-
mines the performance.

Over the years, it has been demonstrated
that the direct growth of 1D carbon nano-
materials on metallic substrates creates a
superb direct electron transfer pathway. In
2006, Talapatra et al. successfully grew high-
quality CNTs on Inconel rods.?? In that study,
Inconel 600 (nickel with 17% chromium and
10% iron) served as a catalyst as well as the
macroscopic electrode. The CNT—Inconel
interface exhibits good electrical contact
and can be directly used as an electrode
for the supercapacitor application or as a
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Figure 1. Effect of annealing time on CNF morphology. Scale
bar is 3 um. Prior to growth, the Ni-coated Cu substrates were
annealed at (A) 30, (B) 35, and (C) 50 min.

robust field emitter, without any postgrowth proces-
sing. However, Inconel is relatively expensive and has
poor electrical conductivity (1.03 x 10> Q-m) compared
to copper (1.7 x 1078 Q-m). More recently, Lahiri et dl.
synthesized CNTs on a copper current collector using a
sputtered titanium carbide thin film as a catalytic layer."’
By employing this CNT—Cu system as an anode in
Li—ion cells, significant performance enhancement was
observed. This improvement was attributed to the strong
bonding of the CNTs to the substrate. However, this high
vacuum processing cannot be used to form a conformable
coating on nonflat surfaces.

Catalysts are critical for the formation and properties
of 1D nanomaterials. Nickel (Ni) and iron (Fe) have been
regarded as excellent catalytic systems®2* for the
growth of 1D carbon nanomaterials. However, they
have poor adhesion to copper (Cu). Consequently,
chromium, aluminum, and titanium nitride have been
used as adhesion promoters between catalysts and the
Cu**7%8 substrate. The adhesion layer is often applied
onto the Cu substrate by either electron beam eva-
poration or sputtering techniques. Herein we report a
facile approach of direct growth on a copper substrate
of any shape without the use of a buffer layer. A Ni
catalyst layer was deposited on Cu wires via electro-
plating, to facilitate conformal growth of CNFs on their
surfaces. The 3D CNFs' morphology, thickness, and
diameter were tuned by a simple annealing process
which adjusts the catalyst activity by interdiffusion of
Cu into the Ni catalyst layer.

The electrodes, as grown, show low electrical con-
tact resistance between Cu and the grown CNFs and
remain attached even after 1 h of sonication at 40 kHz
with a power of 135 W. This electrode structure,
consisting of porous 1D carbon nanomaterials affixed
on the metallic current collector, allows for solution
and vapor-based CNF surface functionalization pro-
cesses. To demonstrate the practical utility of these
electrodes, we successfully functionalized CNF surfaces
with iron phthalocyanine (FePc) molecules to impart
oxygen reduction reaction (ORR) capability. Owing to
the excellent electron transfer pathway between FePc—
CNFs and CNF to the underlying metal contact, the
functionalized electrode exhibited electrocatalytic activ-
ity, similar to Pt for the oxygen reduction reaction. This
facile fabrication method of generating a porous elec-
trode with tunable architecture will promote the use of
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CNF Layer
Thickness
(um)
16.5
10.5
3.6

Figure 2. A typical cross-sectional SEM image of CNFs
demonstrating the variations in CNF layer thickness as a
function of catalyst annealing time. Other parameters in the
growth recipe were kept constant for all samples.

1D carbon materials for a variety of electronic-related
applications by offering a morphologically controlled
3D conductive scaffold with excellent electron transfer
across 1D carbon nanomaterials and macroscopic metal
contact simultaneously for different applications.

RESULTS AND DISCUSSION

Annealing effect. Cu can grow 1D carbon nanomater-
ials but requires a higher growth temperature, typically
over 800 °C due to low carbon solubility and poor
graphitization ability?>~2>?°73" in Cu. It is known that
Ni is an excellent catalyst due to its finite solubility with
carbon and great tendency to promote graphitiza-
tion.2#2>3233 Without Ni, there is no growth on Cu
wires at 650 °C. Increasing the annealing time will
increase Cu and Ni interdiffusion since they are mu-
tually soluble at all concentrations, as evidenced by
their binary phase diagram.>* The net result is a “dilu-
tion” of Ni's catalytic properties because Cu has a lower
melting point than Ni, thus the Cu—Ni alloy will
decrease the rate of carbon incorporation. Figure 1 is
a set of SEM micrographs of CNFs grown on Cu using
the same catalytic system but under different anneal-
ing conditions. The catalyst seed is highly visible at the
CNF tip with roughly the same diameter as the CNF.
The presence of the catalyst at the tip indicates tip-
based growth and also implies that there is a direct
contact between the roots of the CNFs and the Cu
substrate. By increasing the thermal annealing time,
that is, more Cu interdiffusion into the Ni catalyst layer,
CNFs become more distinguishable. The thickness of
the CNF layer is reduced from 10 to 4 um with an
increased annealing time from 35 to 50 min (as dis-
played in the table in Figure 2) while the CNF diameter
is reduced down to 100 nm. This result is in good
agreement with previously published results®>3®
which observed that increasing the Cu content in
catalytic systems reduces the carbon deposition rate,
leading to the formation of smaller CNFs and CNTs.

Raman spectroscopy of the CNFs was used to
identify and assess the quality of the CNFs as shown
in Supporting Information, Figure S2. The spectra ex-
hibit the G-band peak in the vicinity of 1590 cm™'
associated with the graphitic structure of carbon as
well as the D-band peak at 1380 cm ™ that is normally
ascribed to defects therein. Upon estimating the ratio
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Figure 3. High magnification of CNFs. Shown are micrographs from catalysts annealed for 50 min. Scale bar: (A) 500 nm,

(B) 250 nm.
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Figure 4. a) UV—vis transmission spectra of ethanol solutions after sonication of CNF of Cu substrates. (b) IV curves of the
CNF—Cu interface after varied sonication durations. (c) Picture of CNF on Cu substrate before and after sonication for 60 min.

of the G and D band peaks of the grown CNFs, it was
noted that the defects or the distributions thereof were
similar irrespective of the annealing time, given that
the ratios between the bands were more or less the
same. Despite the negativity associated with defects
within the CNFs, their presence in all samples could be
beneficial in uniform postgrowth functionalization®37#
with surface dopants and other associated functional
entities.

Figure 3 is a set of high magnification micrographs
showing that distinct and individual CNFs are on the
order of 100 nm in diameter using a Ni-on-Cu catalyst
system annealed for approximately 50 min. In addition,
the CNFs exhibit a well-defined porous structure. This
set of wires was used for adhesion testing and electrical
conductivity simultaneously. Furthermore, they were
subsequently functionalized and used for ORR studies.

Adhesion and Conductivity Study. To evaluate the CNF
adhesion to the underlying Cu substrate, the CNF/Cu
samples were immersed in ethanol and then subjected
to sonication over different durations. UV—visible
spectrometry was used to evaluate the absorption of
the resultant solutions as shown in Figure 4a. Longer
sonication times resulted in higher optical absorption
of the solution. Photographs of a single CNF/Cu sample
before and after sonication for 1 h as well as their
respective ethanol solutions are shown in Figure 4c.
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After sonication of the substrate, the vast majority of
CNFs remained bonded onto the Cu substrate. SEM
inspection of the black solid that was removed after
sonication indicates that it did not contain a significant
quantity of CNFs. It is believed that the black material is
amorphous carbon particulates that were not bound to
the Cu substrate. Contact resistance measurements
between CNFs and Cu did not increase after sonication;
a testament to the fact that there is a superbly strong
CNF to Cu bond.

-V curves were measured to examine electrical
charge transport across the CNF—Cu interface, as
shown in Figure 4b, using a two-probe contact resis-
tance protocol whereby a potential sweep was applied
(—0.4 to 0.4 V) and the resultant current was recorded.
The distance between probes was kept constant as
depicted in Supporting Information, Figure S3a. The
straight /—V curves through the origin are indicative of
ohmic characteristics between CNFs and Cu. As shown
in the corresponding table in Figure 4, the electrical
contact resistance between CNFs and the underlying
Cu substrate was low, approximately 4 Q. This was
found to be comparable to that of Cu to Cu. This value
was much lower than contact resistances of CNFs
physically immobilized on metals, which typically have
a contact resistance that ranges from 1 to 300 KQ.3%4°
Such low resistance across the metal/CNF interface has
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only been demonstrated on ion beam bombarded
samples.>**! The excellent conductivity between CNFs
and Cu is thought to be due to a seamless integration
of CNFs to Cu substrate. From the SEM micrographs in
Figures 1 and 2, the most probable CNF formation
mechanism was via tip-growth, similar to Boellaard's
finding.>> Therefore it is hypothesized that the open
end CNT—Cu bond at the root of the fiber was the
dominant junction as shown in Supporting Informa-
tion, Figure S3b. It must be stated that a monolithic
integration of macroscopic electrodes with nanoscale
carbon electrodes is necessary in order to have effi-
cient electron transfer.*?

Oxygen Reduction Reaction. Electrocatalytic reduction
of oxygen to water is a process of great importance in
fuel cell technology. Research toward non-noble metal
based catalysis is a field of intense research.'®4344
Metallophthalocyanines (MPc), such as FePc, NiPc,
and CoPc have continued to show great potential in
the cathodic reduction of oxygen.**~*2 To demon-
strate the technological potential of this simple 3D
electrode platform, we performed solution-based
functionalization to immobilize FePc molecules. SEM
micrographs of the CNFs before and after functionali-
zation (Figure 5) show that minimal agglomeration

Figure 5. Micrographs of functionalized CNFs. The grown
CNFs were functionalized by soaking in an iron(ll) phthalo-
cyanine solution to enhance electrocatalytic activity. Scale
bar is 500 nm.
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occurred, an attestation that they retained their high
surface area. This is due to the combination of a strong
interface between CNFs and Cu as well as the relatively
large fiber diameter that imparted individual fiber rigidity.
Such a configuration enabled solution functionalization
of the CNF surfaces with minimal aggregation to render
the desired properties. In stark contrast, conventionally
functionalized electrodes prepared by mixing either
carbon powders or CNTs with either catalyst or redox
active centers in solution together with binder lose a
significant percentage of their surface area due to the
agglomeration of carbon materials.

Cyclic voltammetry (CV) was used to evaluate the
ORR activity of a Cu wire, a CNF/Cu sample, and a FePc
functionalized CNF/Cu electrode under both N, and O,
rich electrolytic solutions. As shown in Figure 6a, the
cyclic voltammograms of the Cu wire exhibited two
oxidative peaks during the anodic sweep, centered on
—0.3 and —0.15 V. In the subsequent cathodic sweep,
two reductive peaks centered at —0.32 and —0.75 V
were noted. The two pairs of peaks are attributed to the
two-stage redox processes associated with Cu.>® The
CVs of the other two samples exhibited larger current
response in addition to the Cu redox processes. As
expected, no O, reductive activity was noted by the
three samples in a Ny-rich environment. However,
upon repeating the same experiments in an O,-rich
electrolytic solution, both the CNF/Cu electrode as well
as the electrode infused with FePc exhibited ORR
activity, as shown in Figure 6b. This is in good agree-
ment with other published results,'” implying that 1D
carbon nanomaterials exhibit electrocatalytic activity.
The enhanced ORR activity, improved current gain and
low on-set potential of the FePc functionalized CNFs
are thought to be due to the combination of a 3D
porous structure which provided an extremely large
surface area for effective incorporation of FePc, and the
facile electron transfer between catalyst, 3D carbon

electrode, and current collector.

The catalytic activity of FePc-functionalized CNFs
was also evaluated by rotating disk electrode (RDE)
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Figure 6. Cyclic voltammograms in (a) N, saturated 0.1 M NaOH and in (b) saturated O,: Cu wire (purple), FePc functionalized

samples (red), as grown samples (green) at the scan rate of 50 mV s
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Figure 7. (a) Polarization curves of FePc functionalized CNFs in O,-saturated 0.1 M NaOH (scan rate, 10 mV s~ 1; room
temperature) and (b) the corresponding Koutecky—Levich plot; (c) RRDE measurement of oxygen reduction (negative
current) and hydrogen peroxide oxidation (positive current) using the FePc-decorated CNFs at 1600 rpm in O,-saturated
0.1 M NaOH: (iy) disk current; (i,) ring current (scan rate, 10 mV s ': room temperature).

voltammetry. Figure 7a shows the polarization curves
at different rotation rates and the corresponding
Koutecky—Levich plot in Figure 7b. The onset potential
of the oxygen reduction potential was approximately
80 mV, comparable to the value obtained from the Pt/C
reference.”® Slopes of the experimental data in the
Koutecky—Levich plot at each rotation speed are very
close to 4. This indicates 4 electron reduction of O, in
good agreement with literature.>°

It is common knowledge that the indirect or per-
oxide pathway of oxygen reduction involves the for-
mation of peroxide (H,0,) as an intermediate, where
oxygen is first reduced to H,O, and then further
reduction of the H,0, to water occurs via a 2-electron
process, whereas the direct reduction to water is
via the 4-electron process. Peroxide is conveniently
detected electrochemically using a gold rotating
ring-disk electrode (RRDE). The Koutecky—Levich plot
(calculations available in the Supporting Information,
Figure S4) using the result from the RRDE measure-
ment is shown in Figure 7b. It demonstrates that the
reduction reaction of our FePc—CNF system occurs
through a 3.95 electron pathway with minimal hydro-
gen peroxide production of 2.5%. This indicates that
the newly fabricated 3D electrode with adsorbed FePc
molecules is highly effective for the reduction of oxy-
gen. This result also indicates that the 3D electrodes
provide ohmic contact with 1D nanomaterials and that
3D electrodes made of CNFs are excellent conductive
scaffolds for surface functionalization. Supporting

METHODS

(atalyst and Substrate Preparation. Eighteen AWG Cu wire
(Fisher Scientific) was polished using emery paper to mechani-
cally roughen the surface. It was then chemically treated with
nitric acid and subsequently hydrochloric acid to provide a
clean surface. Photographs at various stages of cleaning were
taken using an upright microscope (Olympus BX51) as indi-
cated in the Supporting Information, Figure S1. A nickel thin
film was electroplated onto a copper wire substrate from a
0.02 M nickel salt solution composed of nickel(ll) nitrate and
nickel(ll) chloride (Sigma-Aldrich) using a galvanostatic current
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Information, Figure S5 contains two XPS core-level
spectra of Pt 4f obtained from our FePc-CNF system.
XPS analysis shows no trace of platinum.

CONCLUSION

We have demonstrated a facile process to fabricate 3D
CNF-based electrodes directly on a metal contact. Due to
the ultralow contact resistance of the as grown CNFs with
metals and strong bond strength between CNFs and the
metal contact, solution functionalization of the CNF sur-
faces for desired properties can be readily achieved. FePc-
decorated carbon surfaces offer excellent electrocatalytic
activity and have the potential to be used as cathode
material for ORR in fuel cell technologies. Many applica-
tions require the growth of nanoelectrodes directly on a
current collector to maximize total surface area while
ensuring low current loss such as sensors, batteries, or
supercapacitors. By employing direct growth, most post-
processing steps can be eliminated. This 3D electrode
design protocol eliminates the use of binders, thus main-
taining the large surface area offered by the CNF platform.
By electroplating a thin catalyst layer, CNFs can be grown
on electrodes of any type and shape. Furthermore, by
tailoring the catalyst's properties using a simple thermal
annealing, growth of CNFs with controlled morphol-
ogies can be achieved. This new fabrication method
to generate a well-defined 3D porous electrode plat-
form with morphology control provides an enabling
conductive scaffold for energy storage, energy con-
version, and sensing.

of 0.3 mA for 3 min (Princeton Applied Research model 263a)
with a 3-electrode setup.

Chemical Vapor Growth. The copper wire substrate was
placedin atube furnace and annealed in an argon/hydrogen
environment at 600 °C to ensure that both Ni and Cu were
in their reduced state. Ethylene gas was introduced into
the chamber at a rate of 50 sccm at 650 °C for 10 min during
the growth step. After the growth, both hydrogen and
ethylene gases were turned off and substrates subsequently
cooled in vacuum to 300 °C and then in argon to room
temperature.
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Growth Characterization and Interface Study. The synthesized
CNFs on Cu samples were characterized using a Philips XL30
FEG and Hitachi S-4100 scanning electron microscope (SEM).
Adhesion studies of the CNFs on the Cu were performed by
sonication of the samples in ethanol using a Branson ultrasoni-
cator at 40 kHz with a power of 135 W. Optical images of CNF/Cu
samples were taken using a hand-held digital camera before
and after sonication.

|-V curves were obtained using a Hewlett-Packard 4145B
semiconductor parameter analyzer to study contact resistance
between Cu-to-Cu and Cu-to-CNFs before and after sonication.
To ensure good contact with Cu probes, the probes were
cleaned each time before measurement.

UV—vis spectroscopic analysis study of ethanol solutions
after sonication was performed using a Perkin-Elmer Lambda
UV—vis spectrophotometer to further study the extent of CNF
adhesion on Cu.

Raman spectra were obtained using a Renishaw RM2000
system operating at 632.8 nm with a power of 2 mW to observe
fiber chemical changes as a function of various growth conditions.

Functionalization, Oxygen Reduction Study, and Postmeasurement
Characterization. FePc solution was prepared by dissolving FePc
(TCI America) in tetrahydrofuran (Sigma-Aldrich). The CNFs on
Cu substrates were functionalized by soaking them in 0.02 M
FePc solution for 3 days. Excess iron was removed by rinsing in
tetrahydrofuran. SEM was used to characterize the change in
morphology. CNF/Cu samples were placed in a 0.1 M sodium
hydroxide solution purged with pure nitrogen and oxygen gas.
Using a reference electrode of saturated potassium chloride
Ag/AgCl and Pt counter electrode, the oxygen reduction reac-
tion was studied by cyclic voltammetry obtained using a poten-
tiostat (Princeton Applied Research model 263a).

To better understand the kinetics of the oxygen reduction
from our CNFs, we employed the rotating disk electrode (RDE)
technique which eliminates mass transport problems. The
functionalized CNFs, 50 mg by weight, were scraped from Cu
wires and mixed with a 0.05% Nafion binder before depositing
onto a rotating graphite disk electrode (0.070 cm?). The RDE
experiment was run with a Pt counter electrode and Ag/AgCl
reference electrode. The rotating ring-disk electrode method
was subsequently used to detect the amount of peroxide
generated electrochemically using a gold ring electrode with
Ag/AgCl as the reference electrode.

X-ray photoelectron spectra (XPS) of functionalized wires
were obtained from an upgraded PHI-5000C ESCA system
(Perkin-Elmer). The monochromatic Mg Ko with photon energy
of 1253.6 eV was selected as the X-ray source. FePc functiona-
lized CNFs were removed from the Cu wire and placed onto a
glass slide for analysis.
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