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Electrochemically active ferrocene groups were covalently linked to vertically aligned carbon nanofibers
(VACNFs) in a simple and efficient manner via the Cu(I)-catalyzed azide alkyne cycloaddition (CuAAC),
one form of “click” chemistry. The VACNFs were terminated with azide groups followed by the attachment
of ethynylferrocene through a 1,4-disubstituted 1,2,3-triazole linkage. Our results show that the CuAAC
reaction goes to completion in one hour and provides highly stable attachment of electrochemically active
ferrocene groups to the nanofibers. X-ray photoelectron spectroscopy measurements of the density of
surface-bound ferrocene molecules are in good agreement with those determined by cyclic voltammetry.
The rates of electron transfer were found to be slightly faster than those measured previously through
alkyl linkages to the VACNF surface. Stability tests show that the covalently grafted ferrocene groups
are stable for more than 1500 repeated cyclic voltammograms and over a potential window of >1.5 V,
limited by the solvent. These results suggest that the use of “click” chemistry with VACNFs provides a
facile route toward synthesis of high-surface-area electrodes with high stability and tailored electrochemical
properties.

Introduction

Recent advances in the synthesis and characterization of
nanotubes, nanofibers, and related nanoscale carbons have
shown these materials to have many outstanding properties,
including high electrical conductivity and chemical stability.1-9

Although the chemical stability of carbon is often highly
desirable, there is great interest in selectively enhancing and
controlling the properties of carbon-based materials by
covalently linking more complex molecules to the surface,
yielding “smart carbons” that have specific types of chemical
or electrochemical reactions for applications in sensing,
electroanalysis, energy storage, and catalysis.4,5,7,10-12

The copper-catalyzed azide-alkyne cycloaddition (CuAAC)
has come into wide use since its introduction in 2002.13,14

The reaction couples a terminal azide with an alkyne, creating
a 1,4-disubstituted 1,2,3-triazole linkage via a [3 + 2]
Huisgen cycloaddition. This reaction is considered an excel-
lent example of “click” chemistry because of its selectivity
and tolerance to a variety of reaction conditions.15 Recently,

the CuAAC reaction has been used to chemically modify a
number of different surfaces16 including gold,17 silicon,18,19

and graphitic surfaces of pyrolized photoresist.20 The attach-
ment is particularly promising because it has been shown
that the reaction on gold is quantitative under mild reaction
conditions and because the 1,2,3-triazole linkage provides
excellent stability.17 Previous work on gold electrodes has
also shown that conjugation in the tethering chain can
promote stronger electronic coupling between the redox
active group and the surface, leading to faster electron
transfer rates.16,21-23
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Of the many forms of nanoscale carbon, vertically aligned
carbon nanofibers (VACNFs) are particularly interesting
because they have a unique molecular structure3,24,25 that
makes them especially attractive substrates for electrochemi-
cal and electrocatalytic reactions. VACNFs consist of
graphene sheets arranged into stacked-cup and “bamboo”
structures that expose large amounts of edge-plane graphite
along the nanofibers sidewalls;3 in comparison, carbon
nanotubes expose only basal-plane graphite along their
sidewalls. Because electron transfer rates on edge-plane
graphite are ∼1 × 105 times higher than basal plane
graphite,26 this suggests that VACNFs are promising as
scaffolds for electrocatalytic reactions. Furthermore, each
nanofiber has a direct electrical connection to the underlying
substrate.

Previous studies have grafted molecular layers to VACNFs
using the photochemical grafting of alkenes4,5 or via reaction
with diazonium compounds.4,5,12 The photochemical method
uses ultraviolet light to link terminal alkenes to the surface,
but is limited to alkenes that are stable under ultraviolet light
and may not be effective on thick nanofiber arrays because
of the strong optical absorption of the nanofibers. The
diazonium method frequently forms multilayers due to the
radical intermediates involved.27,28 Although several other
techniques29 including oxidative methods30,31 and acylation
in concentrated nitric acid32,33 have been used to functionalize
VACNF surfaces, these methods require harsh reaction
conditions and are difficult to control.

In this paper, we present a gentle method for covalently
functionalizing VACNFs through a CuAAC reaction in
which an azide group is bound to the surface and then linked
with an alkyne. We demonstrate that this procedure leads to
covalently grafted ferrocene groups exhibiting excellent
electron-transfer rates and with extremely good stability in
repeated cyclic voltammetry cycles.

Materials and Methods

Vertically aligned carbon nanofibers were grown in a custom-
built plasma enhanced chemical vapor deposition system.3,5,12,24,25

The nanofibers were grown on silicon substrates coated with 20
nm Mo, 20 nm Ti, and finally, 10 nm of Ni. The nanofibers were
grown at a pressure of 4 torr in a flow of 100 standard cubic
centimeters per minute (sccm) ammonia and 36 sccm acetylene, in
a DC plasma at a power of 360 W. The nanofiber length is
determined by the growth time. The nanofibers reported here were

typically grown for 18 min, which yields fibers 1.0 ( 0.3 µm long.
Nanofibers used for infrared spectroscopy experiments were grown
for a shorter time of 5 min in order to retain sufficient reflectivity.

Results

Substrate Functionalization. Figure 1a shows a scanning
electron microscope (SEM) image of the as-grown VACNFs.
Ethynylferrocene was attached to the VACNFs following the
procedure outlined in Figure 1b. The method for attaching
an alkyne group to the surface follows the procedure of
Devadoss, et al.20 and consists of first linking an azide to
the VACNF surface, followed by reaction of the azide with
an acetylide linkage to form a 1,4-disubstituted 1,2,3-triazole
linkage. Iodine azide was prepared in situ by cooling 0.020
g of sodium azide in 10 mL of acetonitrile (ACN) at 0 °C;
0.013 g of iodine monochloride was then added to the sodium
azide solution to form a 10 mM iodine azide solution, and
stirred at 0 °C for 15 min before warming to room
temperature. Freshly grown carbon nanofiber substrates were
immersed in the solution for 3 h at room temperature with
gentle stirring of the fluid. The substrates were rinsed with
alternating portions of methanol and chloroform before the
ethynylferrocene attachment.

The azido-modified VACNF surfaces were linked to
ethynylferrocene by immersing them in a solution of 40 µM
ethynylferrocene with 0.8 mM Cu(II)(tris-(benzyltriazolyl-
methyl)amine)SO4 (TBTA) and 32 mM sodium ascorbate
in a 3:1 (v:v) dimethylsulfoxide:H2O mixture. Samples were
rinsed in alternating portions of methanol and chloroform
and stored in methanol until further analysis.

The surface bonding of the azide and the subsequent
“click” chemistry to link ferrocene to the nanofibers were
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Figure 1. (a) SEM image of vertically aligned carbon nanofiber cross-
section. (b) Reaction scheme of ferrocene attachment to the VACNF surface.
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characterized using X-ray photoelectron spectroscopy (XPS).
Density functional calculations were used to assist in the
interpretation of these data; the results of the calculations
and comparison with the experimental spectra are presented
in the Supporting Information. Figure 2a shows nitrogen XPS
of the VACNFs after each stage of the functionalization. The
bare VACNFs have nitrogen peaks at 397 and 399 eV. These
peaks arise from nitrogen-containing species in the bulk
nanofibers, arising from the ammonia used as a reducing
agent and etchant during nanofiber growth. Prior experi-
mental and theoretical results and our own density functional
calculations (see the Supporting Information) indicate that
the 397 eV peak arises from N bonded to two adjacent C
atoms (and an adjacent carbon vacancy), whereas the higher-
energy peak at 399 eV arises from three-coordinate N
substituting for C in the lattice.34,35 After the azide attach-
ment, the peak at 399 eV increases in intensity relative to
the 397 eV peak, and a new peak at ∼402.3 eV is formed.
Peaks at similar energies were observed previously after azide

treatment of graphitic surfaces of pyrolyzed photoresist.20

This prior work and our density functional calculations (see
the Supporting Information) both indicate that the azido
group gives rise to two closely spaced N(1s) peaks at
comparatively low binding energy and a third peak ∼3 eV
higher in binding energy, in agreement with our results.
Although the complex structure in the N(1s) region makes
quantitative analysis very difficult, the area of the 402.3 eV
N(1s) peak is consistent with ∼1 × 1014 azide groups/cm2.

No XPS signal due to iodine or iron could be observed
on the azido-terminated samples (see the Supporting Infor-
mation). The absence of iodine is significant because
Hassner37 proposed that IN3 adds across the carbon double
bonds of organic molecules, followed by the elimination of
HI.20,37 Based on the observed C(1s) signal and the noise
level in the I(3d) region (spectrum shown in the Supporting
Information) we estimate that the density of iodine atoms
must be less than ∼8 × 1012 atoms/cm2, much less than the
density of iron atoms in the ferrocene groups that link to
the surface. Thus, our XPS data are consistent with the
elimination of iodine predicted by Hassner.37

Figure 2 also shows the N(1s) and Fe(2p) regions after
the azido-functionalized VACNFs were exposed to ethynyl-
ferrocene. Figure 2a shows that exposure to ethynylferrocene
removes the peak at 402 eV and reduces the intensity of the
peak at 399 eV. Figure 2b shows XPS data for the Fe region
after the azido-modified sample was exposed to ethynylfer-
rocene; also included are two control experiments in which
either the azide binding step or the copper catalyst was
intentionally eliminated. Although the azido-modified sample
exposed to ethynylferrocene with the Cu catalyst shows clear
Fe3/2 and Fe1/2 peaks at 720 and 707 eV, the control samples
show no detectable intensity from iron. The energies of the
Fe peaks are consistent with previously reported values for
ferrocene derivatives,38,39 whereas the absence of intensity
in the control samples confirms that the surface linkage
occurs via a Cu(I)-catalyzed azide-alkyne cycloaddition.

To ensure that grafting of the ferrocene was as complete
as possible, we characterized the rate at which ethynylfer-
rocene reacts with the azido-terminated surface using XPS.
Figure 2c shows the ratio of Fe/C(1s) XPS intensities as a
function of time. These data show that the reaction reaches
maximum coverage after approximately 1 h, after which there
is no further reaction. To quantitatively determine the amount
of Fe on the surface, the cylindrical shape of the nanofibers
must be taken into account; in the Supporting Information
we derive this geometric correction and show that for
cylindrical fibers with diameter large compared with the
inelastic mean free path, the Fe/C intensity ratio is increased
by a factor of (π)/(2) compared with that expected for a
ferrocene layer on a flat surface. Using the known sensitivity
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Figure 2. XPS characterization of VACNFs at various stages of function-
alization: (a) N(1s) XPS spectrum of as-grown nanofibers, after azide
modification, and after grafting of ethynylferrocene; (b) Fe(2p) XPS
spectrum of VACNFs after modification with azide and reaction with
ethynylferrocene, and control samples in which either the azide treatment
or the copper catalyst was intentionally eliminated; (c) kinetic curve of the
ferrocene attachment based on XPS iron peaks.
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factor corrections (SFe ) 2.69, SC ) 0.296)40 the Fe XPS
data yield a coverage of 9 × 1013 ferrocene molecules/cm2,
where this density refers to the number of ferrocene
molecules in a given microscopic surface area (as distinct
from the projected surface area of the sample).

The N3 attachment and ferrocene binding were also
characterized using infrared spectroscopy, shown in Figure
3. Nanofibers exposed to the azide solution show a closely
spaced pair of vibrations at 2083 and 2113 cm-1. These are
centered close to the values of 209441 and 2105 cm-1 36

reported previously on gold surfaces, confirming the presence
of the cumulated double bond (NdNdN) of the azide group
on the surface.42 We note that previous experiments for azides
on gold surfaces reported only a single peak,36,41 whereas
we observe two distinct peaks. This suggests the presence
of two different N3 species on the surface. After exposure
of the azido-modified sample to ethynylferrocene, Figure 3
shows that there are clear changes in the spectrum. In
particular, new peaks appear at 3101 and 2930 cm-1. The
peak at 3101 cm-1 is nearly identical to the peak at 3104
cm-1 attributed to the aromatic C-H stretching in unbound
ethynylferrocene and is close to the value of 3113 cm-1

observed for ferrocene-terminated monolayers on gold.43,44

The azide region also shows a substantial reduction in the
peak at 2105 cm-1; however, the peak at 2083 cm-1 is almost
unaffected. This result suggests that the 2105 cm-1 peak is
very reactive and corresponds to the azido group. The origin
of the 2083 cm-1 peak remains unknown. Its lack of
reactivity and the fact that the XPS data show no appreciable
N(1s) signal at high binding energy after reaction with
ethynylferrocene suggest that the 2083 cm-1 peak likely
originates from some other chemical moiety; further studies
will be needed to determine its origin.

Electrochemical Properties. Although the XPS and FTIR
data clearly establish the presence of covalently bound

ferrocene groups on the surface, electrochemical measure-
ments were performed to assess the electrochemical activity
of the surface-tethered ferrocene molecules. Figure 4 shows
cyclic voltammograms of VACNFs in 1 M HClO4 after
covalently linking ferrocene to the surface, along with a
control sample consisting of bare nanofibers. The cyclic
voltammogram after linking ferrocene shows clear oxidation
and reduction peaks at 0.253 and 0.333 V vs Ag/AgCl,
indicating that the covalently linked ferrocene molecules are
electrochemically active. In contrast, the control sample
shows only the trapezoidal-shaped curve characteristic of
interfacial capacitance. The vertical separation between the
forward and reverse sweeps can be used to estimate the
interfacial capacitance, yielding a value of (2.08 ( 0.02) ×
10-7 F. For comparison, identical measurements made on a
glassy carbon surface in the same cell yielded (2.42 ( 0.17)
× 10-8 F. Thus, the capacitance measurements suggest that
the nanofibers appear to have a microscopic surface area
approximately 9 times that of a comparable planar surface
with the same projected area. Because the cell has an exposed
area of 0.275 cm2, the capacitance measurements suggest
that the nanofibers have a microscopic surface area of 2.47
cm2.

To estimate the number of redox-active groups on the
surface, the cyclic voltammetry peaks were integrated,
yielding a peak area of (3.5 ( 0.3) × 10-5 C. Because the
ferrocene groups undergo a one-electron redox process, this
translates to 2.2 × 1014 redox-active ferrocene groups in the
0.275 cm2 exposed area, or (7.9 ( 0.7) × 1014 molecules/
cm2, where the normalization is per unit projected area.
Because our capacitance measurements show that the
microscopic surface area is ∼9 times the projected area, the
electrochemical data translate to approximately (8.8 ( 0.7)
× 1013 ferrocene molecules/cm2 of microscopic surface area.
This is similar to the value of ∼9 × 1013 iron atoms/cm2 we
estimate from our XPS measurements of iron. This value is
higher than the 2 × 1013 molecules/cm2 reported previously
from electrochemical measurement of ethynylferrocene
bound to pyrolyzed photoresist20 and is slightly higher than
the value of 4.1 × 1013 molecules/cm2 we estimated for
linking ferrocene to VACNFs via a photochemical method.45

Electron-Transfer Rates. For strongly adsorbed redox
systems with ideal electron-transfer characteristics, the anodic
and cathodic peaks are expected to approach the same peak
position (thereby yielding zero separation) at very low scan
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Figure 3. Infrared reflection-absorption spectrum of VACNFs after N3

attachment, and then after subsequent exposure to ethylnylferrocene.

Figure 4. Cyclic voltammograms of the as-grown nanofibers and of
nanofibers after modification with azide and then ethynylferrocene. Volta-
mmograms were measured in 1.0 M HClO4, at a scan rate of 1 V/s.
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rates.46,47 Experimentally, we find that the peak-to-peak
splitting for ferrocene attached to VACNF is 80 ( 7 mV at
1 V/s, and decreases to ∼30 mV at 200 mV/s, but does not
decrease further. Thus, the electron-transfer characteristics
do not reach fully ideal behavior.

The electron transfer rates can be calculated from the cyclic
voltammograms using the method of Laviron,46 who used
numerical integration of the rate equations to correlate the
standard electron-transfer rate constant k0 with the separation
between cathodic and anodic peaks ∆Ep at different scan
rates, V. Using this method to analyze voltammograms
obtained at a rate of 1 V/s, we determined that the standard
electron transfer rate for ferrocene attached to VACNF
surfaces via the “click” chemistry method described here is
1.4 ( 0.2 s-1. Surprisingly, this rate is, within experimental
error, identical to the rate of 1.2 ( 0.4 s-1 we found using
ferrocene molecules linked via longer undecenoic acid
molecules.45

Electrochemical Stability. A key concern in any surface-
tethered electrochemical moiety is the electrochemical stabil-
ity of the surface-tethered adduct. To test the stability, we
conducted multiple cyclic voltammetry experiments. Figure
5a shows each hundredth cyclic voltammetry scan from

100-1500. Figure 5b shows the reduction peak current
plotted as a function of scan number. Although there is an
initial loss of ferrocene during the first 100 scans, subsequent
scans show almost no change over as many as 1500 cycles.
The ferrocene linkages are also stable at higher voltages as
shown in Figure 5c, in which the scan area was increased to
-0.5 to +1.0 V vs Ag/AgCl, close to the stability limits of
the solvent. Even over this extended potential window, the
strong covalent bonding of ferrocene to the underlying
nanofibers remains intact.

Electrochemical Determination of Azide Binding
Sites. Previous work has shown that the electron-transfer rate
constants of many redox couples are sensitive to the surface
chemistry of carbon electrodes, which allows us to probe
the electron transfer properties of the VACNF electrodes.26,48,49

Outer-sphere electron transfer systems such as Ru-
(NH3)6

2+/3+ are insensitive to surface chemistry and their
electron transfer rates are determined by the electronic
density of states in the substrate material.48 Previous studies
have shown that the electron transfer associated with
Fe(CN)6

3-/4- is catalyzed by edge-plane graphite; conse-
quently, electron transfer rates using this redox couple are
determined by the ratio of edge plane graphite to basal plane
graphite.26 By performing experiments with both redox
couples, the total surface area and the ratio of edge plane
graphite to basal plane graphite can be studied.48,49

Figure 6a shows cyclic voltammograms of the bare and
N3 terminated VACNF surfaces using the Ru(NH3)6

2+/3+

redox couple. The voltammograms show oxidation and
reduction peaks with almost identical peak potentials, with
peak-to-peak splittings of 60 ( 3 mV for the bare surface
and 61 ( 2 mV for the azido-terminated surface. The nearly
identical peak splittings demonstrate that the density of states
at the electrode surface has not been altered by the func-
tionalization. However, when the Fe(CN)6

3-/4- redox couple

(46) Laviron, E. J. Electroanal. Chem. 1979, 101, 19.
(47) Murray, R. W. Electronal. Chem. 1984, 13, 191.

(48) Chen, P. H.; Fryling, M. A.; McCreery, R. L. Anal. Chem. 1995, 67,
3115.

(49) Chen, P. H.; McCreery, R. L. Anal. Chem. 1996, 68, 3958.

Figure 5. Stability of ferrocene-modified VACNFs: (a) Overlayed volta-
mmograms over 1500 repeated cycles demonstrating the voltage stability
of the ferrocene attachment in 1.0 M HClO4, 1 Vs1-, vs Ag/AgCl. The
figure shows the first scan and every 100th scan from 100 to 1500. (b)
Change in peak reduction current obtained by subtracting the capacitive
background from each voltammogram shown in a. (c) Cyclic voltammogram
over an extended voltage window, from -0.5 to +1.25 V vs Ag/AgCl.

Figure 6. Cyclic voltammetry data of bare and N3-terminated VACNFs
using different redox couples: (a) Ru(NH3)6

2+/3+ redox couple.; (b) Fe(CN)6
3-/

4- redox couple.
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was used (Figure 6b), the azido functionalization increases
the peak-to-peak splitting from 53 ( 3 mV on the bare
VACNF surface to 60 ( 4 mV on the azido-terminated
sample. While this increase is only slightly larger than the
experimental error associated with multiple measurements,
additional comparisons of nearly identical samples suggest
that the difference, while small, is real. The slightly slower
electron transfer on the azido-terminated surface demon-
strates that the azido functionalization reduces the amount
of accessible edge-plane graphite. The electrochemical data
therefore indicate while the nanofibers expose both edge-
plane and basal-plane sites, the azido groups likely bind
preferentially at the edge-plane sites. This interpretation is
consistent with previous work of Devadoss, et al., who
reported that azide functionalization and subsequent ethy-
nylferrocene attachment achieved high densities of attached
ferrocene on edge-plane graphite while the reaction with
basal-plane graphite did not show significant functionaliza-
tion.20

The width of the cyclic voltammetry peaks can be used
to gauge the homogeneity of the monolayer. A layer of
independently acting, highly reversible redox centers in
identical chemical configurations is expected to yield a full-
width at half-maximum (fwhm) of 90.6 mV.47,50,51 Our
measurements show that using “click” chemistry to attach
ferrocene molecules yields a significantly wider peak with a
fwhm of 147 ( 15 mV. Whereas increased widths can result
from interactions among ferrocene molecules, the average
distance between molecules is similar to that of prior work
on gold surfaces that exhibit nearly ideal behavior.17 We
believe the increased width beyond the ideal value most
likely arises from slight inhomogeneities in the chemical
environment of the molecules. While nanofibers expose edge-
plane sites along their sidewalls, the atomic structure of
exposed graphene can vary in a manner similar to the “zig-
zag”, “armchair”, and various chiral terminations of graphene
ribbons.52 The different local surface terminations will likely
affect the spatial position and energy of the attached ferrocene
molecules.

Discussion

Our results demonstrate that the use of “click” chemistry
can be an effective way of linking ferrocene and other redox-
active molecules to the surfaces of carbon nanofibers. It is
notable that the molecular-level structure of the VACNFs
plays a critical role in these results, since our results using
Ru(NH36)2+/3+ and Fe(CN6)3-/4- redox couples (Figure 6)
suggest that the azide coupling occurs preferentially at the
edge-plane sites exposed along the nanofiber sidewalls.
Transmission electron microscopy measurements of our
nanofibers (not shown) confirm the stacked-cup structure,
with graphene sheets intersecting the nanofiber surfaces at
an angle of intersection of approximately 8°; consequently,
the VACNF surfaces consist of rings of exposed edge plane

graphite, separated along the axis by approximately 2 nm of
basal plane graphite.53 If ferrocene groups were bonded ∼6
Å apart at the exposed edge plane sites and these were
separated by 2 nm, this would yield an average density of
∼8 × 1013 molecules/cm2, in good agreement with our
electrochemical and XPS measurements which show that
there are ∼9 × 1013 ferrocene molecules/cm2 on the
nanofiber sidewalls. Thus, the overall picture of the nanofi-
bers is similar to that depicted in Figure 7, in which ferrocene
groups are selectively tethered via the edge-plane sites.

One surprising aspect of our work is that the electron
transfer rates we measure here using the triazole linkage are
only slightly higher than those we found by tethering
ferrocene groups to nanofibers via longer alkyl chains. This
result is quite different from previous measurements using
dense, close-packed layers on gold surfaces, where a strong
dependence on length is typically found.54-58 The most likely
explanation for our results is that although molecular layers
on surfaces such as gold can form very dense, close-packed
layers that block electron transfer,54,55,59,60 monolayers co-
valently bound to the nanofibers have a much higher degree
of conformational flexibility, as depicted in Figure 7. This
flexibility has two consequences.61-63 First, it means that the
ferrocene groups can, on average, be closer to the nanofibers
than would otherwise be the case. Second, the ∼2 nm
separation between edge plane sites is sufficient for intercala-
tion of water between the ferrocene groups. Because the
barrier to electron tunneling scales inversely with the
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Figure 7. Schematic illustration showing ferrocene groups linked at exposed
graphene edge-plane sites. For simplicity, the triazole linkage is not explicitly
shown.

729Chem. Mater., Vol. 21, No. 4, 2009Grafting of Molecules to VACNFs Via “Click” Chemistry



dielectric constant of the barrier materials,63 for a relatively
sparse molecular layer in water, the electron-transfer process
likely occurs via tunneling through the water rather than
through the hydrocarbon chain.

One additional factor controlling the electron-transfer rate
is the comparatively low density of states of graphitic
materials. The density of states at the basal plane of highly
oriented pyrolitic graphite (HOPG) is ∼50 times smaller than
that of gold, making the exposed basal planes of conventional
carbon nanotubes essentially inert electrochemically.64 In
contrast, the presence of exposed edge planes along the
sidewalls of the “stacked-cup” VACNFs, combined with their
high surface area and the excellent stability of carbon make
covalently functionalized VACNFs an attractive support for
electrochemical and electrocatalysis studies.

Conclusion

Molecular monolayers can provide a versatile pathway
toward formation of complex materials. Our results demon-
strate that the Copper-catalyzed azide alkyne cycloaddition
(CuAAC) is a facile way to link the unique electrochemical
properties of redox-active centers such as ferrocene with the
high surface area and chemical stability provided by nano-
structured carbon. Our work takes advantage of the fact that
unlike conventional single- or multiwall carbon nanotubes,
VACNFs expose large amounts of edge-plane graphite along

their sidewalls. It is these edge-plane sites that provide the
attachment points for the azido groups that after reaction with
the alkyne ethynylferrocene serve as covalent linkages
between ferrocene and the nanofibers. The ability of the
bound ferrocene groups to withstand more than 1500 redox
cycles suggests that this type of functionalization may have
beneficial use in areas such as electrocatalysis by enabling
redox-active or catalytically active molecules to be grafted
to nanofibers. Our results demonstrate that “click” chemistry
is an excellent way to combine the high surface area,
chemical stability, and excellent electrical properties of
VACNFs with the unique and rich electrochemical properties
of organometallic complexes.
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