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The use of covalently bonded molecular layers provides a way to combine the outstanding stability
and electrochemical properties of carbon-based structures with the unique properties of molecular
structures for applications such as electrocatalysis and solar conversion. The functionalization of
vertically aligned carbon nanofibers (VACNFs) with 1-alkenes, using ultraviolet light, was investi-
gated as a potential way to impart a variety of different functional groups onto the nanofiber
sidewalls. We report how variations in the nanofiber growth rate impact both the amount of exposed
edge-plane sites and the resulting electrochemical activity toward Ru(NHs)e /" and Fe(CN)g* /4~
redox couples. Measurements of the distribution of surface oxides show that surface oxides are
unaffected by the grafting of alkenes to the nanofibers. Carbon nanofiber reactivity was also
compared to multiwalled and single-walled carbon nanotubes. Our results demonstrate that edge-
plane sites are preferred sites for photochemical grafting, but that the grafting of molecular layers
only slightly reduces the overall electrochemical activity of the nanofibers toward the Ru(NH;)s> 7>+
couple. These results provide new insights into the relationships between the chemical reactivity and
electrochemical properties of nanostructured carbon materials and highlight the crucial role that
exposed edge-plane sites play in the electrochemical properties of carbon nanotubes and nanofibers.

Introduction

There has been increasing interest in nanoscale carbon
materials because of their high stability, surface area, and
electrical conductivity.' > The utility of carbon nanoma-
terials, in principle, can be further increased by covalently
linking molecules that will confer specific properties (e.g.,
chemical selectivity, catalytic behavior, or molecular
recognition properties) to the materials. The resulting
properties are potentially of high importance for a range
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of applications including electroanalysis,*> sensing,®™ '

energy storage,'""'? and electrocatalysis.'® Previous stu-
dies have shown that the edge-plane sites play extremely
important roles in the chemical properties of carbon-
based materials,'* '® and electron-transfer rates at
edge-plane graphite are reported to be ~10° times higher
than those at basal-plane graphite.'” Consequently, the
number density of exposed graphitic edge planes is often
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considered a key parameter controlling the electrochemi-
cal behavior of carbon-based materials.' 2!

Vertically aligned carbon nanofibers (VACNFs) are
a particularly interesting form of carbon, because, unlike
carbon nanotubes, the molecular structure of VACNFs
consists of stacked cones of graphite that expose large
amounts of edge-plane graphite along their sidewalls.****?
Furthermore, each nanofiber has a direct electrical contact
to the substrate. Recent studies have shown that varying the
growth conditions can alter the angle at which the VACNF
graphene cones intersect the nanofiber edge, thereby leading
to the ability to tune the relative amounts of edge-plane and
basal-plane graphite that is exposed.” This enables the
ability to investigate the role of edge planes in controlling
the chemistry and electrical properties of this unique form of
nanostructured carbon.

Photochemical grafting of terminal alkenes has re-
cently emerged as a method for grafting molecules to
carbon surfaces such as diamond,***> amorphous car-
bon,?*?’ glassy carbon,®?® and VACNFs.”*3% With
regard to VACNFs, this method has been used to attach
and detect redox activity of molecules such as Cyto-
chrome ¢ to the nanofiber sidewalls.”®?° Studies on
diamond and amorphous carbon have shown that photo-
chemical grafting is initiated by the photoemission
of electrons from the substrate into adjacent reactive
liquid.?*>*"3! As a result, the electronic structure of the
carbon and the electron acceptor levels of the alkenes
impact the reaction efficiency on the surfaces. However,
previous studies have not identified whether edge vs basal
planes affect photochemical grafting, nor have they es-
tablished how the bonding of molecular substituents
impacts the electrochemical properties of the nanofibers.

Here, we present studies aimed at understanding the
interplay between nanoscale structure, photochemical
grafting efficiency, and electrochemical properties of
VACNFs. Our results show that the electrochemical
activity and the photochemical reactivity of VACNFs
are both dependent on the density of exposed edge planes
and can be controlled by modifying the nanofiber growth
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conditions. Using redox species to probe the density of
exposed edge planes and basal planes, we demonstrate
that the photochemical reaction leads to preferential
grafting of molecules to the edge-plane sites of the
vertically aligned carbon nanofibers, but that the electro-
chemical activity of the basal planes is essentially un-
changed. By chemically derivatizing reactive oxygen
groups such as alcohols, carboxylic acid, and carbonyl
groups,®> ** and characterizing their distribution before
and after grafting, we show that nascent oxidized sites do
not significantly impact the photochemical grafting.
Most importantly, our results show that although the
molecular substituents preferentially bind to the exposed
edge-plane sites, the resulting nanofibers retain their
electrochemical activity toward redox-active species such
as Ru(NHz) /2",

Experimental Section

Carbon Nanostructure Growth. VACNFs were grown by
plasma-enhanced vapor deposition (PECVD)® in two similar
growth systems. Nanofibers were grown on silicon wafers, using
a nickel catalyst deposited directly onto the silicon substrate or,
in some cases, onto films of molybdenum (20 nm thick),
titanium (20 nm thick), and nickel (10 nm thick). Both proce-
dures yield similar nanofibers, but the addition of molybdenum
and titanium films improve the electrical contact.

After deposition of the nickel, a brief initial treatment in a
pure NHj3 plasma was used to heat the sample and induce the
nickel to dewet from the underlying substrate. The resulting
nickel nanocrystals catalyze the growth of the VACNFs upon
introduction of acetylene. Most nanofibers were grown in a flow
of 100 standard cubic centimeters per minute (sccm) ammonia
and 36 sccm acetylene at a total pressure of 4 Torr for a time
(~18 min) sufficient to achieve a nanofiber length of 1.0 &+
0.3 um. For experiments in which the edge-plane density of the
VACNFs was varied,” three sets of growth parameters were
used to generate nanofibers with varying internal structure.
“Slow” VACNFs were grown using 200 sccm NH3 and 85 sccm
C,H,, 5 Torr total pressure, and 1 A of current. “Medium”
VACNFs were grown using 200 sccm NH3z and 87 sccm C,H,, 10
Torr total pressure, and 2 A of current. Finally, “fast” VACNFs
were grown using 200 sccm NHj and 89 scem C,H,, 20 Torr
total pressure, and 3 A of current. The growth continued for 20,
S, and 2 min respectively for slow, medium, and fast growths,
such that the resulting nanofibers were ~2 um tall.

To facilitate comparing the properties of VACNFs with those
of more conventional nanostructured carbon materials, single-
walled carbon nanotubes (SWCNTs) and multiwalled carbon
nanotubes (MWCNTSs) were grown in a low-pressure chemical
vapor deposition benchtop system (Atomate) with an iron
catalyst on SiO,. The MWCNTs were grown with ethylene as
a carbon source and argon as a diluent. The SWCNTs were
grown in methane, hydrogen, and ethylene.

Surface Functionalization. The VACNFs were functionalized
using a photochemical grafting procedure described previously’
in which organic alkenes are linked to carbon surfaces using
ultraviolet (UV) light at 254 nm. In the present work, we
investigated three different alkenes with different terminal
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Figure 1. Reaction scheme of the photochemical functionalization on
VACNFs.

groups depicted in Figure 1. Trifluoroacetic acid-protected 10-
aminodec-1-ene (TFAAD) has been studied previously on
diamond and other carbon surfaces.®*>™* TFAAD can be
converted to a primary amine and used as a starting point for
further linking of redox-active molecules and biomolecules to
VACNEF surfaces. It is the easiest of the three molecules to
characterize, because of its distinct spectral signature in XPS.*
Undecylenic acid methyl ester (UAME) is a precursor to
carboxylic acid-modified VACNFs.” 1-Dodecene is a simple
hydrocarbon with no additional functionality; functionalization
with 1-dodecene leads to an extremely hydrophobic surface.

To graft these molecules to the VACNFs, a drop of the neat
alkene (TFAAD, UAME, or dodecene) was placed on the
VACNF sample and covered with a fused-silica window to
prevent evaporation. This assembly was then illuminated with
254 nm light (~10 mW/cm?) from a low-pressure mercury lamp
while purging with nitrogen; a duration of 16 h was typically
used unless otherwise noted. After the reaction, samples were
rinsed in alternating portions of methanol and chloroform.

Surface Characterization. Secondary electron images of the
VACNEF samples were obtained using a Hitachi Model S-4700
field-emission scanning electron microscopy (SEM) system.
Imaging of the VACNF graphitic structure was achieved by
high-resolution transmission electron microscopy (HRTEM),
using a Hitachi HF-3300 cold field-emission microscope oper-
ated at 100 and 300 kV. Sample preparation for HRTEM
analysis required the removal of the VACNFs from the sub-
strate and their transfer to holey carbon-coated transmission
electron microscopy (TEM) grids.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted in an ultrahigh-vacuum XPS system with a mono-
chromatic Al Ko source and a hemispherical analyzer with a 16-
channel detector array. A 45° photoelectron takeoff angle was
used for all spectra. Atomic area ratios for core-level spectra
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were calculated by fitting the raw data to baseline-corrected
Voigt functions and correcting the values using atomic sensitiv-
ity factors (C = 0296, F = 1, O = 0.711).* Ultraviolet
photoemission spectra (UPS) were obtained using a He(l)
emission lamp (21.2 eV photon energy) and collected at 0.2 eV
resolution with an electron takeoff angle of 45°. Samples were
negatively biased to ensure that the vacuum level of the sample
was higher in energy than the analyzer. Spectra were recorded at
bias voltages sufficiently high that the high binding energy
cutoff converged, and this value was used to calculate the work
function.

Fourier transform infrared reflection—absorption spectro-
scopy (IRRAS) measurements were performed using a Fourier
transform infrared spectrometer (Bruker Model Vertex70) with
a variable-angle reflectance accessory (VeeMaxlII, Pike). Spec-
tra were collected using a 60° angle from the surface normal
using p-polarized light at 4 cm™! resolution for both the back-
ground of unmodified nanofibers and the sample.

Electrochemical Characterization. Cyclic voltammetry mea-
surements were performed using a three-electrode cell with an
exposed area of 0.275 cm?. The carbon nanofiber samples were
used as the working electrode with a platinum-mesh counter-
electrode and a Ag/AgCl junctioned reference electrode. Cyclic
voltammetry measurements were performed in 1 M KCl using
the Ru(NH3)¢>*/** and Fe(CN)>~/*~ redox systems at concen-
trations of 4 mM. All solutions were made with water that
was purified with a Nanopure filtration system (> 18 MQcm
resistivity) and purged with argon before use.

Oxide Group Derivatization. Measurements of the distribu-
tion of oxidized sites on VACNFs were conducted using a
method described by Langley and co-workers.>*** This method
is based on highly selective reactions of certain fluorine-contain-
ing compounds with specific types of oxidized species, followed
by XPS analysis to quantify the extent of reaction. Detailed
procedures and controls are presented in the Supporting
Information.

Results

X-ray and Ultraviolet Photoemission Spectroscopy. To
investigate the reactivity of VACNF surfaces, we used
TFAAD as a model system. Figure 2a shows a survey
spectrum of VACNFs before and after functionalization
with TFAAD. Before functionalization, a large bulk
carbon peak is visible at 283.7 eV. Smaller peaks from
nitrogen and oxygen and from the nickel catalyst used
in growth are also visible in the survey spectrum. The
N peaks are attributed to substitutional nitrogen in
the graphitic lattice, because of the ammonia used dur-
ing growth.? After functionalization with TFAAD, XPS
spectra show a new F peak and increases in the N and O
peaks. The high-resolution carbon spectrum (Figure 2b)
reveals a large peak at 283.7 eV, with higher-binding-
energy C peaks at 292.2 and 288.1 eV. The C Is peaks at
higher binding energy can be attributed to specific C
atoms from TFAAD. The peak at 292.2 eV arises from
the —CF; group and the peak at 288.1 eV arises from the
C=0 group. The alkyl chain and the VACNFs both

(40) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. D.
Handbook of X-ray Photoelectron Spectroscopy; Perkin—Elmer
Corp.: Eden Prarie, MN, 1992.
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Figure 2. XPS spectra of TFAAD reacted with VACNEF surface for 16 h:
(a) survey spectrum showing bare and functionalized surfaces, and (b)
C 1s region after TFAAD attachment, showing high-binding-energy C
peaks.
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Figure 3. UPS spectra of (a) bare and TFAAD-functionalized VACNF
surfaces, and (b) the low-energy region of bare and functionalized
VACNFs, showing the Fermi step.

contribute to the bulk carbon peak at 284 eV. These
features are all similar to those reported previously.*>*!
The as-grown VACNFs and TFAAD functionalized
samples were also characterized using He(I) ultraviolet
photoemission spectroscopy (UPS) before and after func-
tionalization. Figure 3a shows the full spectra, whereas
Figure 3b shows an expanded view of the region near the
Fermi energy (Er = 0 eV). The bare VACNFs yield a
single broad peak with a maximum at 16.1 eV and weaker
features near 11 and 7 eV. These features can be assigned
based on previous work on graphite.** The peak at 16 eV
is attributed to an s-like o-band. The intensity near 7 eV
arises from po-bands, while the intensity at smaller bind-
ing energies is the result of pz-bands. These features are
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Smith, L. M.; Hamers, R. J. Langmuir 2006, 22, 9598.
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very similar to those reported previously on graphite and
glassy carbon.*

Because our previous work showed that grafting was
induced by an internal photoemission process (i.e., ex-
citation from the valence band of the substrate to a
molecular acceptor level), we measured the work function
of bare VACNFs by finding the energy of the high-
binding-energy cutoff and subtracting this from the in-
cident photon energy of 21.2 eV. The resulting value
of 4.79 eV is slightly smaller than the photon energy
(4.88 eV) used in grafting. Figure 3b shows that the bare
nanofibers exhibit a sharp Fermi edge. This sharp edge
demonstrates that the nanofibers are metallic, with a
significant density of states near the Fermi energy. Spec-
tra obtained on nanofibers grown at different rates (see
the Supporting Information) showed no significant dif-
ferences in the UPS spectra; all three samples showed a
Fermi edge of roughly comparable shape, allowing us to
conclude that nanofibers grown at different rates have
similar valence electronic structures.

Photochemical grafting of TFAAD to the VACNF
surface produced notable changes in the UPS spectra.
Small local maxima are visible at 15.4 ¢V and 13.1 €V,
with a broad peak at ~9 eV. Previous UPS studies of
solid-phase alkanes show that the peak at 13 eV arises
from the C 2s band, while the peak at ~9 eV arises from
the C 2p band.* On the TFAAD functionalized samples,
the Fermi step is significantly attenuated. While this
attenuation could suggest that grafting reduces the Fermi
level density of states, electrons emitted from near the
Fermi energy (kinetic energy of ~21 eV) have an inelastic
mean free path of only ~1 nm,* comparable to the length
of the molecules being grafted. Thus, the low emission
intensity near zero binding energy is largely a conse-
quence of inelastic scattering in the molecular layer; this
is further supported by electrochemical measurements
(vide infra), showing good electrochemical activity after
functionalization. Measurements of UPS spectra near the
high binding energy cutoff show that functionalization
increases the work function very slightly, to 5.16 eV.

Rate of Grafting and Dependence on Molecular Struc-
ture. The overall rate of TFAAD grafting was measured
using XPS to characterize the F:C ratio. Figure 4a shows
the ratio of the F1s and C Is peak areas (Ag1s)/Acqs)
after correcting for the appropriate sensitivity factors.
The F:C ratio increases linearly for the first 16 h of the
reaction before reaching a constant value of 0.26. Because
of the complex geometry of the nanofiber sample, it is
difficult to relate this number to an absolute coverage.
However, at long times, the data suggest that the reaction
either self-terminates, because of saturation of available
surface sites, or reaches a constant composition, because
of multilayer formation. Electrochemical data (vide infra)
showing that the majority of the nanofiber surface is
electrochemically active after functionalization suggest
the former.

(43) Pireaux, J.J.; Caudano, R. Phys. Rev. B 1977, 15, 2242.
(44) Seah, M. P.; Dench, W. A. Surf. Interface Anal. 1979, 1, 2.
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Figure 4. (a) Kinetic curve of TFAAD functionalization on the VACNF
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using CH; infrared absorption; and (c) IRRAS of the CH, region after
16 h photochemical reactions with dodecane, UAME, or TFAAD. The
varying molecular density is apparent from the differences in peak
intensity.

The rate of reaction of other molecules cannot be
assessed easily using XPS, because of the absence of
robust spectral signatures of the molecules. Therefore,
we used FTIR spectra to compare the grafting of
TFAAD, UAME, and 1-dodecene onto VACNFs, using
the integrated intensity of the CH, stretching region.
UAME does not graft as quickly as TFAAD, and
Figure 4b shows that with UAME the reaction rate
inferred from FTIR measurements is linear with time
and that the reaction has not yet self-terminated at the
longest times used. Figure 4c shows the CH, region of all
three samples illuminated for 16 h, showing that, under
these conditions, TFAAD has the largest CH infrared
absorbance, UAME has less, and 1-dodecene has the
least. Because the VACNF substrates used in these stu-
dies are otherwise identical and all three molecules have
similar lengths, we attribute these differences in CH,
infrared absorbance to differences in surface coverage
that arise from the different rates at which each molecule
grafts: TFAAD grafts most quickly, UAME more slowly,
and 1-dodecene the slowest. Based on these and other
similar FTIR spectra, we chose 16 h as a standard time at
which to compare the properties of the photochemically
modified VACNF samples. This time was chosen because
it corresponds to the time at which the fastest-grafting
molecule (TFAAD) approaches its terminal F1s:C s
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Figure 5. Electron microscopy images of VACNFs grown with varying
amounts of edge-plane graphite: (a, ¢, ¢) SEM images of VACNFs grown
under slow, medium, and fast rates, respectively; (b, d, f) TEM images of
VACNFs grown under slow, medium, and fast rates, respectively, show-
ing that the graphene planes intersect the nanofiber sidewalls (the white
bar is parallel to the graphene sheets and is intended only to guide the eye).

XPS ratio. Because the FTIR data show that the other
molecules graft more slowly than TFAAD, this allows us
to compare reactivity under conditions where any possi-
bility of multilayer formation is negligible.

The Role of Edge-Plane Density. In previous work,?%*
we proposed that photochemical grafting of alkenes
might proceed preferentially at the edge-plane sites. To
determine whether the amount of edge-plane graphite
along the nanofiber sidewalls has a significant effect on
the density of grafted molecules, we grew nanofibers with
different amounts of exposed edge-plane sites, as de-
scribed previously. In previous work,” we showed that
increasing the total pressure during growth leads to
nanofibers in which the graphitic planes are more nearly
parallel to the nanofiber sidewalls, thereby decreasing the
amount of edge-plane sites exposed along the nanofiber
sidewalls. Figure 5 shows SEM images (Figures 5a, c, e)
and TEM (Figures 5b, d, f) images of nanofiber samples
grown at three different growth rates. To facilitate direct
comparison, we adjusted the growth time so that all
nanofibers had a similar length of ~2 yum. SEM images
show similar diameters and densities for fibers grown at
slow (Figure 5a), medium (Figure 5b), and fast (Figure 5¢)
growth rates. However, TEM images show distinct dif-
ferences in the angle at which the graphene sheets inter-
sect the nanofiber sidewalls, resulting in different
amounts of edge-plane sites exposed, with the slowest
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Table 1. XPS Area Ratios of VACNFs Grown at Different Rates after

Grafting with TFAAD
Area Ratio
growth F:C N:C 0:C
fast 0.157 £ 0.004 0.062 £ 0.008 0.062 £ 0.015
medium 0.167 £ 0.003 0.081 £ 0.008 0.072 £ 0.02
slow 0.252 £ 0.003 0.087 £ 0.002 0.078 £ 0.02

growth (Figure 5b) showing the largest angle and the
medium growth (Figure 5d) and especially the fast growth
(Figure 5f) showing planes intersecting at shallower
angles. The white bars in Figures 5b, d, and 5f show
representative measurements of the orientation of the
graphene sheets. We analyzed numerous TEM images
from each sample to determine the average spacing
between exposed edge-plane sites along the VACNF
sidewalls. The slowest growth leads to the smallest se-
paration (of 9.7 £ 0.8 A) between edge-plane sites,
whereas the fastest growth produced a substantially
larger separation (~27 A) between edge-planes. The
medium growth rate produced an intermediate separa-
tion of ~13 A between edge-plane sites. Because the
nanofiber diameter is controlled by the nickel catalyst,
the nanofibers grown by the three methods have the same
average diameter of 70 nm.

To characterize how the differences in edge-plane
graphite affected photochemical grafting, XPS measure-
ments were performed on the VANCFs functionalized
with TFAAD. Table 1 shows the resulting peak arca
ratios Aras)/Acasy, Anas/Acasy, and Aoqs/Acqas)- The
F:C ratios are a good way to assess the surface binding
density, because the bare nanofibers lack fluorine. The
nanofibers with the lowest density of exposed edge-plane
sites had a F:Cratio of 0.157 4+ 0.004, while the nanofibers
with intermediate edge-plane density had a slightly higher
ratio of 0.167 + 0.003, and the nanofibers with the highest
density of edge-plane graphite had a F:C ratio of 0.252 &+
0.003. The N:C and O:C ratios are less useful for quanti-
fication, because the as-grown nanofibers have nitrogen
from the NH; source gas®® and may have oxygen in the
bulk or from water adsorbed onto the surface. However,
for the functionalized fibers, the amount of nitrogen and
oxygen increases as the spacing between exposed edge-
plane sites decreases. Thus, our XPS data clearly show
that controlling the growth to yield a higher density of
edge-plane sites also increases the number of molecules
grafted to the surface.

Electrochemical Probes of Nanofiber Structure and
Electron-Transfer Properties. Previous studies have
shown that certain redox-active species can be used to
probe for different types of species at carbon electrodes.
For example, the electron-transfer kinetics of the Fe-
(CN)s*>~/*~ redox couple are very sensitive to the amount
of edge-plane graphite on a surface.!” In contrast, the
Ru(NH3)¢**?* redox couple is relatively insensitive to
the presence of oxidized groups or other surface groups,
and its electron-transfer kinetics are determined by the
Fermi-level density of states of the electrode material.'®!”
We used these two probes to provide more insight into the
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Figure 6. Cyclic voltammogram obtained on bare and TFAAD-functio-
nalized VACNFS using the (a) Ru(NH3)s> > and (b) Fe(CN)g> /4~
redox couples.

types of structures present at the VACNF sidewalls,
yielding the results shown in Figure 6. The splitting
between the peak in the oxidation and reduction waves
can be used to characterize the rate of electron transfer,
with faster electron transfer leading to a smaller peak-to-
peak separation.* When using the Ru(NH3)¢*"/** redox
couple (Figure 6a), the bare (as-grown) VACNFs yield a
peak to peak splitting AE, = 67 &2 mV. After functio-
nalization with TFAAD for 16 h, the peak-to-peak split-
ting was 66 + 3 mV, essentially unchanged. Thereis also a
slight reduction in the peak current. This similarity
indicates that the overall Fermi-level density of states of
the nanofibers is not significantly impacted by the photo-
chemical functionalization, but the molecular layer does
slightly reduce the available redox-active area. When
using the Fe(CN)¢*/*~ redox couple, however, more
significant differences emerge. While the bare nanofibers
yield a peak-to-peak splitting of 58 £ 5 mV, after grafting
of TFAAD, the splitting increases to 76 = 3 mV and the
peak current is reduced to approximately half its original
value. The fact that photochemical grafting substantially
increases the Fe(CN)s® /*~ peak-to-peak splitting while
leaving the Ru(NH;)s> /> splitting unchanged indicates
that photochemical functionalization with TFAAD de-
creases the amount of electrochemically active edge-plane
sites but leaves a significant amount of basal-plane gra-
phite exposed and electrochemically accessible.

To characterize how molecular grafting impacts the
electrochemical properties of the electrodes, we again
utilized the Ru(NH;3)s " and Fe(CN)s ™ redox-
active probes after grafting of the alkenes to the VACNFs
for 16 h. Table 2 summarizes the results. When using
Ru(NH;)s*"/?*, the three functionalized surfaces and the
bare surface show almost identical peak separations,
demonstrating that none of the functionalization molecules

(45) Nicholson, R. S. Anal. Chem. 1965, 37, 1351.
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Table 2. Electrochemical Data on Bare and Covalently Functionalized
VACNFs

Peak-to-Peak Splitting (mV)

capacitance in 1 M KCI

surface  Ru(NH3)¢> 7T Fe(CN)> /4~ (mF/cm?)
bare 67+2 58+5 1.13+£0.16
1-dodecene 67+ 1 66 £+ 1 NA
UAME 63+3 74+ 5 1.05 £ 0.07
TFAAD 66 +3 76 £3 0.96 £0.16

significantly change the electronic nature of the under-
lying VACNF substrates. However, much more signifi-
cant changes are observed when using the Fe(CN)g* /4~
redox couple, which is sensitive to the amount of edge-
plane graphite.!” On the bare VACNF surface, the
Fe(CN)e*/*~ redox couple yields a peak-to-peak split-
ting of 58 £ 5 mV. When dodecene, which is the least
reactive molecule, was attached to the surface, the peak-
to-peak splitting increased to 66 mV; the 8 mV increase in
splitting is outside the margin of experimental error. Even
larger splittings result from grafting of the methyl ester
(74 £ 5 mV) or TFAAD (76 + 3 mV) onto the surface.
Because our infrared data (Figure 4c) show that the trend
in number density of grafted molecules is 1-dodecene <
UAME < TFAAD, our electrochemical data again suggest
that all three molecules preferentially bind to the graphitic
edge-plane sites, and that the differences in electrochemical
behavior after grafting of the three molecules are primarily a
result of the different number density of molecules that graft
under these conditions.

As another independent test of the electrically accessi-
ble area, we investigated how molecular grafting influ-
enced the interfacial capacitance of the VACNFsin 1 M
KCI solutions. The capacitance was measured at poten-
tials near the open circuit potential, where the current was
independent of voltage, signifying the absence of any
Faradaic processes. As shown in Table 2, these measure-
ments show a small decrease in the capacitance due to
grafting of molecules to the VACNFs. The bare nanofi-
bers had a capacitance of 1.13 + 0.16 mF/cm?, whereas
those functionalized with TFAAD had a capacitance of
0.96 +0.16 mF/cm?. The UME functionalized surface fell
between the two extremes, at 1.05 + 0.07 mF/cm?. It was
not possible to measure the dodecene functionalized
surfaces, because they do not wet. The above results for
TFAAD and UAME show that grafting occurs selec-
tively at the edge-plane sites exposed along the nano-
fiber sidewalls. Grafting does not significantly impede
electron-transfer processes of the “inner-sphere” couple
Ru(NH;)s**/?*, whereas the outer-sphere couple Fe-
(CN)¢>*~ is strongly affected. This is consistent with
previous studies on graphite,*® which found that Fe-
(CN)¢*>~/*~ requires special surface sites for facile electron
transfer. Our results imply that grafting leaves the basal
plane sites exposed where they remain accessible for
redox reactions; the exposed basal plane sites also support
an ionic double-layer immediately adjacent to the electrode
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Figure 7. XPS survey spectrum of VACNFs showing the results of
selective fluorination with trifluoroacetic acid: (a) bare VACNFs, (b)
bare VACNES derivatized with trifluoroacetic acid, (c) dodecene-func-
tionalized VACNFs, and (d) dodecene-functionalized VACNEFS deriva-
tized with trifluoroacetic acid.

surface without an intervening molecular layer, resulting
in a high capacitance even after grafting.

Influence of Oxidized Surface Sites. Because surface
oxygen can play a role in electrochemical properties of
carbon,***” we used the method developed by Langley
and co-workers*** to identify the relative amounts of
different oxygen-containing groups on VACNF samples.
This method uses highly selective derivatization reactions
between fluorinated compounds and specific types of
surface oxidized sites, followed by the use of XPS to
quantify the amount of fluorine present after derivatiza-
tion. Detailed procedures and control experiments are
described in the Supporting Information. To illustrate the
method, Figure 7 shows a sample XPS survey spectrum of
a VACNEF sample after derivatization with trifluoroacetic
acid, which selectively reacts with —OH groups. Before
functionalization, Figure 7a shows that spectra of bare
VACNFs exhibit a large bulk carbon peak at 281.6¢V, a
smaller O Is peak at 539.7 eV, N 1s peaks at 398.2 and
396.0 eV, and a peak from nickel at 851.5 eV that arises
from the catalyst used during growth. No significant
fluorine was observed on the bare VACNF samples.
Figure 7b shows a spectrum after derivatization with
trifluoroacetic acid; this spectrum shows C Is, O 1s, and
N 1s peaks that are similar to those of the underivatized
sample, but with a new F 1s peak that is due to reaction
with surface —OH groups. Similarly, Figure 7c shows a
survey spectrum of dodecene-modified VACNEFs,
whereas Figure 7d shows the spectrum after the —OH
groups of the dodecene-modified sample were derivatized
with trifluoroacetic acid. Quantitative analysis of high-
resolution spectra (not shown) establishes that surface
—OH groups accounted for 29.8% =+ 1.3% of all oxygen
on the “bare” VACNFs and 32% =+ 4% of all oxygen
after the grafting of 1-dodecene; these values are indis-
tinguishable (within experimental error).

Similar experiments were conducted using other deri-
vatizing agents that previous studies**** have shown to be
selective for carboxylic acid groups and for carbonyl
groups, as described in the Supporting Information.
The results of these derivatization experiments are sum-
marized in Table 3. Overall, the results for surface —OH

(46) Cline, K. K.; McDermott, M. T.; McCreery, R. L. J. Phys. Chem.
1994, 98, 5314.

(47) McCreery, R. L.; Cline, K. K.; McDermott, C. A.; McDermott,
M. T. Colloids Surf. A 1994, 93, 211.
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Table 3. Oxidized Forms of Carbon on VACNFs before and after Grafting
of 1-Dodecene, Identified Using a Selective Derivatization Method

%0OH  %COOH 9%COCH;

bare VACNFs 298+13 1743 29+ 11
dodecene-functionalized VACNFs 32 +4 14+4 I5+£5
600; c
TFAAD F
5007 on
MWCNT O N
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Figure 8. XPS survey spectrum of MWCNT and SWCNT reacted with
TFAAD for 16 h. (The SWCNT spectrum was shifted to correct for
charging.)

groups, carboxylic acids, and carbonyl groups all show
that there is no statistically significant change in compo-
sition induced by photochemical grafting of alkenes to the
VACNEF surfaces. Thus, we conclude that, although sur-
face oxides are undoubtedly present and may indirectly
affect the grafting kinetics, the oxide functional groups
are not significantly altered by the photochemical graft-
ing of alkenes onto VACNFs. Similarly, we conclude that
the effects of grafting on the electrochemical properties
are not due to changes in surface oxides, but instead are a
direct consequence of the molecular grafting.

Control Samples of Single-Walled and Multiwalled Carbon
Nanotubes. To further test the differences in reactivity of
edge-plane and basal-plane sites, we conducted experiments
on single-walled carbon nanotubes (SWCNTSs) and multi-
walled carbon nanotubes (MWCNTs). Because SWCNTSs
expose edge-plane graphite only at their ends and at defect
sites, we hypothesized that grafting would not occur on the
SWCNTs. As shown in Figure 8, SWCNTs that were
exposed to TFAAD and illuminated for 16 h showed no
measurable fluorine peak in XPS. Using the XPS noise level
in the F 1s region, we determined that the detection limit for
fluorine would correspond to a peak area ratio of Ag(is)/
Acqsy = 0.019. In comparison with the values of 0.16—0.25
observed on VACNFs, we conclude that the grafting reac-
tion is at least 10 times less efficient on SWCNTs than on
VACNFs.

Additional control experiments were performed using
MWCNTs; XPS measurements after grafting of TFAAD
yielded an area ratio of Ap(s/Acasy = 0.20, which is
comparable to the values observed for VACNFs. To
confirm whether the grafting on MWCNTs was due to
the presence of exposed graphitic edge-planes, the elec-
trochemical properties of the as-grown MWCNT samples
were investigated with the Ru(NH;)s>™?" and Fe-
(CN)s>/*~ redox-active probes. The peak-to-peak split-
ting using Ru(NH3)s> "/>* was 56 + 3 mV, which is lower
than the value of 67 & 2 mV observed on the VACNF
surfaces. Measurements using the Fe(CN)s® /4~ redox
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couple (which is sensitive to edge-plane graphite) yielded
peak-to-peak splitting of 63 + 5 mV on the MWCNTs,
compared with 58 = 5 mV on bare VACNFs. The larger
splitting with Fe(CN)¢*/*~ on MWCNTs indicates that
the MWCNTs have a lower density of edge-plane gra-
phite than the bare VACNFs, despite having a larger
overall accessible area.

Discussion

While the electronic properties of edge-plane and basal-
plane graphite are well-known,'>""*"=% much less is
known about how edge-plane sites influence grafting of
molecules to the surface.”® It is generally recognized that
the edge-plane sites exhibit much-higher electron-transfer
rates,'” and studies of nanotubes have established that
edge-plane sites at the nanotube ends and at wall defects
are responsible for their electrocatalytic activity.'#!>-1-32
Indeed, in many cases, mechanical or harsh chemical
methods are used to intentionally disrupt the perfect
graphitic structure, increase the exposed edge-plane sites,
and enhance the electron-transfer characteristics.?!
Although these studies have demonstrated the impor-
tance of exposed edge-planes, the influence of edge-plane
versus basal-plane graphite on photochemical grafting
reactions has not been investigated previously. Our stu-
dies provide several new insights into photochemical
grafting onto VACNFs and the resulting impact on
electrochemical properties. These factors ultimately con-
trol whether molecular layers can be used advantageously
to control the selectivity and electrochemical perfor-
mance of VACNFs.

Role of Edge-Plane Graphite in Photochemical Grafting.
The data in Table 1 show that the density of molecules
grafted to the VACNFs increases commensurate with the
amount of edge-plane graphite exposed along the side-
walls. Grafting is less efficient on multiwalled nanotubes
and is undetectable on single-walled nanotubes, which is
consistent with the trends in edge-plane graphite detected
electrochemically using the Fe(CN)>~/*~ redox couple.
These results show that edge-plane graphite sites play an
essential role in the photochemical grafting on VACNFs
and likely on other nanostructured carbons as well.

The correlation between edge-plane density and graft-
ing efficiency alone does not establish whether the role of
the edge-plane sites is to improve initiation of the reaction
or if edge sites are the actual grafting locations on the
surface. However, the measurements showing that the
photochemical grafting of molecules to the VACNFs
affects the electron-transfer kinetics of Fe(CN)g® /4~
(which is sensitive to edge-plane graphite) but does not
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edge

Figure 9. Schematic illustrations of functionalized nanofibers: (a) illlus-
tration of VACNF structure after selective grafting of alkenes to nano-
fiber step edges and (b) one possible reaction pathway for grafting alkenes
to H-terminated edge plane sites on nanofiber sidewalls. Other pathways
are also possible.

significantly impact the kinetics of the Ru(NH;)s> 7/ +
couple implies that the grafting occurs selectively at the
edge-plane sites. Figure 9a depicts the overall structure
that can be achieved; our results suggest that the separa-
tion between step edges can be easily adjusted over the
range of ~1—3 nm.

To understand why molecules preferentially link to the
step edges, we note that, in previous studies of photochemi-
cal grafting of alkenes on diamond and amorphous carbon,
we established that grafting was initiated by photoemission
of electrons from the sample into acceptor states of the
adjacent alkene.”> > Those experiments showed that the
reactivity was strongly correlated with the electron affinity
of the reactant molecules, and that TFAAD was exception-
ally reactive because the trifluoroacetamide group is an
especially good electron acceptor.?” However, recent studies
have shown that the spatial location of molecules grafting to
diamond is not controlled by the photoemission site, but
rather by the &oles that are left behind. In this mechanism,
photoemission of electrons into alkenes (strongly dependent
on the molecular electron affinity) creates “persistent” holes
in the substrate that then serve as reactive sites for nucleo-
philic addition by the electron-rich vinyl group of the
reactant olefins.’”>* The trends in reactivity between the
molecules investigated here (see Figure 4c) are consistent
with the trends in reactivity and in electron affinity identified
in previous studies on diamond and amorphous carbon.?”->?
Since our experiments use UV photons whose energy
(4.88 eV) exceeds that of the work function of the
nanofibers under vacuum (4.75 eV), we believe that a
similar mechanism is likely active on VACNFs.

To explain why the molecules preferentially bond at the
step edges, we note that previous studies of large poly-
cyclic aromatic hydrocarbons have found that their ca-
tions have the positive charge localized on the C atoms at
the edges,’” which suggests that these should be unusually

(53) Colavita, P. E.; Sun, B.; Wang, X. Y.; Hamers, R. J. J. Phys. Chem.
C 2009, 113, 1526.
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reactive sites for reaction with electron-rich olefin (C=C)
groups. The density of states near the Fermi energy can be
increased by the introduction of disorder into graphite,*®
and studies of graphite and graphenes show that there is a
localized state at the Fermi level associated with “zig-zag”
graphitic edges.>®® These studies suggest that graphitic
edge sites would likely be an excellent site for trapping
holes, thereby facilitating preferential reaction of the
alkenes at the edge-plane sites. Figure 9a depicts one
possible pathway, assuming an exposed edge of the zigzag
structure and assuming that the unsaturated bonds at the
edge are terminated with H atoms because of the hydro-
gen-rich environment during nanofiber growth.

Impact of Molecular Grafting on Electrochemical Prop-
erties. One motivation for these studies has been to under-
stand how to optimize the use of molecular layers as integral
components of inorganic—organic hybrid materials for ap-
plications such as electrocatalysis or sensing, where mole-
cular layers are used to confer specific properties such as
chemical or biological selectivity, but where the electron-
transfer properties are also of interest. Our results show that
grafting of molecules to the graphite edge planes significantly
impedes the electron-transfer properties of the Fe(CN)> /4~
couple, yet, the peak-to-peak splitting of the Ru(NH;) >+
redox couple does not change significantly; and the peak
redox current, using both couples, changes by a factor of < 2.
Furthermore, the interfacial capacitance measurements
show only a 16% decrease in capacitance after functionaliza-
tion (from 1.14 mF/cm? to 0.96 mF/cm?) for the molecule
with the highest grafting efficiency (TFAAD).? If the
molecular layers formed a continuous layer, then they would
be expected to introduce a new series capacitance that would
reduce the total capacitance. For example, studies on a gold
surface with molecular layers of similar length revealed much
more pronounced decreases in capacitance, by a factor of
6 or more.”® Our results show that the photochemical
grafting occurs only at the edge-plane sites, leaving the basal
plane sites exposed, as depicted in Figure 9a.

Ultimately, designing an optimum electrode structure
for processes such as electrocatalysis or sensing requires
control of the density of surface-linked functionalities
(e.g., electrocatalytic centers, biomolecular binding sites)
and the electron-transfer properties. For many applica-
tions, it is advantageous to have a molecular layer that
is permeable to redox species. Our results show that
the properties can be controlled by tuning the number
density of step-edge sites exposed along the nanofiber
sidewall.

Conclusions

Our results show that photochemical grafting of mole-
cules onto vertically aligned carbon nanofibers occurs
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selectively at the exposed edge-plane sites and likely
occurs via a photoemission-initiated process similar
to that reported previously on diamond. The exposed
basal plane sites remain electrochemically accessible
to inner-sphere redox probes such as Ru(NH3)¢> 2+,
By varying the nanofiber growth conditions, it is possible
to tune the amount of edge-plane graphite and thereby
control the ratio of edge-plane to basal-plane sites. This
connection between surface structure and chemical reac-
tivity indicates that the chemical functionalization of
the surfaces can be controlled through both chemical
means and through the underlying surface structure.
These results may yield the ability to make redox-active
electrodes with enhanced selectivity and good redox
properties for applications such as electrocatalysis and
sensing.
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