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Oxygenated cup-stacked carbon nanofibers (CSCNFs), the surface of which provide highly
ordered graphene edges and oxygen-containing functional groups, were investigated as
electrode materials by using typical redox species in electrochemistry, Fe?"*", [Fe(CN)¢]*>"*
and dopamine. The electron transfer rates for those redox species at oxygenated CSCNF
electrodes were higher than those at edge-oriented pyrolytic graphite and glassy carbon
electrodes. In addition, the oxygen-containing functional groups also contributed to the
electron transfer kinetics at the oxygenated CSCNF surface. The electron transfer rate of
Fe®**" was accelerated and that of [Fe(CN)¢]*’* was decelerated by the oxygen-containing
groups, due mainly to the electrostatic attraction and repulsion, respectively.  The
electrochemical reaction selectivities at the oxygenated CSCNF surface were tunable by
controlling the nanofiber amount and the oxygen/carbon atomic ratio at the nanofiber surface.
Thus, the oxygenated CSCNFs would be useful electrode materials for energy-conversion,
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biosensing, and other electrochemical devices.

Introduction

Study of edge plane sites of graphene has attracted a great
attention, because electronic, chemical, and magnetic properties
of graphene are strongly influenced by graphene edges."* In
the area of electrochemistry, it has been known that the electron
transfer reaction with redox species is accelerated at the edge
plane sites compared with the basal plane site of graphene.’”
Additionally, it has also been reported that the peripheral edge
of carbon nanotubes (CNTs) with a cylindrical structure plays
an important role in fast electron transfer reactions with redox
species.>!"  These phenomena are considered to be akin to
edge-oriented and basal-plane pyrolytic graphite (EOPG and
BPPG) electrodes, because a heterogeneous electron transfer
reaction at the former electrode is generally faster than that at
the latter one.'> Recently, nanofibers with stacked graphene,
such as platelet carbon nanofibers (PCNFs), cup-stacked carbon
nanofibers (CSCNFs), and herringbone carbon nanofibers
(HCNFs), are focused as a new conducting material, because
such carbon nanofibers provide a high density of exposed and
reactive edges at fiber surfaces compared with CNTs. Hence,
the study of the edge plane sites at the nanofiber surface
becomes increasingly important.

The edges are also easily oxidized so that oxygen-
The oxygen-
containing groups would afford selectivity to the nanofibers
based on interaction between the groups and redox species. In

containing functional groups are introduced.
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addition, sufficiently oxygenated nanofibers with stacked
graphene can be dispersed in a solvent such as water.'*'* The
dispersed nanofibers allow easy coating and patterning of
carbon nanofiber films. Those films consisting of nanofibers
with stacked graphene expose a high density of graphene edges
without control of the fiber orientation, whereas CNTs, which
have graphene edges only at the ends of nanotube, must be
vertically oriented to expose graphene edges. In addition, in the
case of CNTs, sufficient oxygenation causes degradation of the
two-dimensional network of sp* carbon.

Recently, we have successfully synthesized CSCNFs by a
chemical vapor deposition (CVD) method based on the
catalytic pyrolysis of poly(ethylene glycol) (PEG)."> '® Inner
and outer diameters of the resultant CSCNFs were about 20 and
30 nm, respectively. Its length was several micrometers. The
graphene layers were inclined at an angle of 5-25 degrees with
respect to the fiber axis. We previously confirmed that the
CSCNFs worked as an electric nanowire and enzyme support.'”
In addition, CSCNFs have so far been used for electrochemical
solar cells'® and electrochemical capacitors.'”  However,
electrochemical properties for oxygenated CSCNFs, in
particular their reaction selectivity have not yet been well
investigated. In the present study, the
electrochemical properties of oxygenated CSCNFs. We
modified glassy carbon (GC) electrodes with thermally
oxidized CSCNFs and examined their electrochemical
responses to three redox species, iron(II) chloride (FeCl,),

we report
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potassium ferricyanide (K;[Fe(CN)g]), and dopamine, which
have commonly been used for electrochemical characterization
of carbon electrodes. We controlled the amount of CSCNFs
and the degree of oxygenation at their edge plane sites to study
the electron transfer kinetics for those redox species.

Experimental

Preparation of CSCNFs

CSCNFs were prepared according to our previous reports.'> !¢

An aqueous solution containing 7.5 mM NiCl, and 8.0 M PEG
(Mw = 8 000, Wako Pure Chemicals, Japan) was stirred for 30
min at 60 °C and then coated on a silicon wafer (150 mg cm™)
uniformly. The silicon wafer was placed on a hot plate at 60 °C
for 1 h, followed by cooling at room temperature for 2 h. The
PEG-nickel membrane-coated silicon wafer was placed in a
quartz pipe (7.5 cm in diameter and 85 cm long) and heated to
750 °C in an electric oven at a heating rate of 15 °C min™' under
an argon atmosphere. The temperature was maintained at 400,
500, and 750 °C for 1 h each to obtain CSCNFs.

Oxygenation and Deoxygenation of CSCNFs

The as-grown CSCNFs in the quartz pipe were thermally
treated at 540 °C for 1 h in the electric oven under the
atmosphere to give oxygenated CSCNFs (ox-CSCNFs) with
oxygen-containing functional groups. The heating temperature
was decided on the basis of the thermogravimetric analysis
(TGA) curve of the as-grown CSCNFs (Figure 1A); its thermo-
oxidative degradation begins at 500 °C and its weight decreases
nearly 15% at 540 “C. We could not obtain a sufficient amount
of 0x-CSCNFs at temperatures above 580 "C due to extensive
thermo-oxidative degradation. The ox-CSCNFs were further
heated at 400 °C for 10 min or 600 °C for 30 min under a
nitrogen atmosphere to give partially deoxygenated CSCNFs
(deox1- or deox2-CSCNFs, respectively); the surface coverage
of oxygen-containing functional groups was controlled by
thermal desorption.

Atomic oxygen/carbon (O/C) ratios of the CSCNF samples
were examined by XPS (PHI Quantera SXM™, Ulvac-Phi Inc.,
Japan). The structure of CSCNFs were analyzed using a
Raman spectrometer (T-64000, Horiba Ltd., Japan) and a
temperature programmed desorption (TPD) system consisting
of an electric tubular furnace (ARF-40K, Asahirika Seisakusho)
and gas analyzers for carbon monoxide (HT-1210N, Hodaka
Co., Ltd.) and carbon dioxide (ZFP5YA31, Fuji Electric Co.,
Ltd.). Zeta potential was determined by a Zetasizer Nano ZS
(Malvern Instruments Ltd, UK).

Preparation of Electrodes Modified with CSCNFs

The oxygenated and deoxygenated CSCNFs were dispersed in
N,N-dimethylformamide (DMF) at 0.1 mg mL'. CSCNF-
modified GC electrodes (ca. 0.28 cm?®) were prepared by
casting 10-100 pL of the suspension. After evaporation of
DMF, the electrodes were immersed in a 1.0 M H,SO,4 aqueous
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solution for 30 min to remove the nickel catalyst, followed by
thoroughly rinsing with distilled water.

Electrochemical measurements were performed in a 1.0 M
H,SO, aqueous solution containing 1.0 mM FeCl, or a 0.067 M
phosphate buffer solution (pH 6.4) containing 1.0 mM
K;3[Fe(CN)g] or 1.0 mM dopamine with a potentiostat Versa
STAT (Princeton Applied Research, USA). A Ag|AgCI|KCl sat.
and a coiled platinum wire were used as reference and counter

electrodes, respectively.
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Figure 1. (A) TGA curve of as-grown CSCNFs. (B) Dependence of zeta potential
for ox-CSCNFs on pH. (C) CO and (D) CO, TPD spectra of as-grown CSCNFs and
ox-CSCNFs. (E) Raman spectra of ox-CSCNFs.

Results and Discussion

Oxygenation and Deoxygenation of CSCNEFs

Although the as-grown CSCNFs could not be suspended in
DMF and water, those were dispersible after the thermal
treatment in air at 540 °C. This suggests that oxygen-
containing functional groups are introduced to CSCNFs, likely
at the edge plane sites. Actually, the atomic O/C ratio at the
CSCNEF surface determined by XPS was increased from ~3% to
32.3 + 1.5% (mean + standard error, n = 3) after the treatment.
We also measured zeta potential of ox-CSCNFs. The surfaces
of 0x-CSCNFs were negatively charged in the entire pH range
examined here (Figure 1B). This result might be based on not
only delocalized & electrons at the CSCNF surface but also
oxygen-containing functional groups at the edge plane sites.

We further analyzed oxygen-containing functional groups
on 0ox-CSCNFs by a TPD method. If oxygen-containing
functional groups, such as carboxyl and phenol groups, are
present on the CSCNF surface, CO and CO, should be released
from the surface by thermal desorption during thermal

This journal is © The Royal Society of Chemistry 2012
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treatment under an inert gas.”*>* Figure 1C and D shows TPD
charts of CSCNFs before and after the thermal treatment. The
amounts of CO and CO, gases released from the as-grown
CSCNFs were negligibly small. In contrast, significant
amounts of the gases were desorbed from ox-CSCNFs. The
desorption of CO is attributed to anhydride (> 400 °C), phenol
(> 600 °C), ether, carbonyl, and quinone (700 °C) groups.’**
Meanwhile, CO, released above 400 °C is ascribed to lactone
groups and/or anhydrides.”*** It is, however, difficult to
determine the amount of each oxygen-containing functional
group precisely from the TPD results.

We also examined ox-CSCNFs by Raman spectroscopy,
which is frequently used for characterization of carbon
materials. As Figure 1E shows, ox-CSCNFs exhibit Raman
peaks at approximately 1350 and 1590 cm™. It is known that
carbon atoms in a well-ordered graphene structure exhibit a G-
band signal at about 1590 cm™', whereas carbon atoms adjacent
to a defect or a graphene edge exhibit a D-band signal at about
1350 cm™.*

The thermal treatment of ox-CSCNFs under N, decreased
the atomic O/C ratio to 15.8 + 1.1 and 7.9 + 0.8% for deox1-
CSCNFs (400 °C for 10 min) and deox2-CSCNFs (600 °C for
30 min), respectively. It is therefore obvious that ox-CSCNFs
were deoxygenated partially by the treatment.

Electrochemical Behavior of Fe?"**

We next examined electrochemical behavior of the three
selected redox species, namely Fe®', [Fe(CN)¢]*, and
dopamine, at EOPG, GC, and the ox-CSCNF-modified GC
At first, we used Fe*™**, the electron transfer

kinetics of which is known to be strongly sensitive to the
25,26

electrodes.

oxygen containing functional groups at the carbon surface.

Figure 2A shows cyclic voltammograms (CVs) recorded in
an air saturated 1.0 M H,SO, aqueous solution containing 1.0
mM FeCl,, where the scan rate was 50 mV s, The peak-to-
peak potential separation (AEp) at the EOPG electrode (438
mV) was smaller than that at GC (669 mV) probably due to the
edge plane sites of EOPG, where oxygen containing functional
groups should essentially be absent because the EOPG
electrode was used soon after polishing its surface.”” The AEp
value for the 0x-CSCNF electrode (1.1 x 10™ g cm™) (156 mV)
was even smaller than those at the GC and EOPG electrodes.
This reflects that the electron transfer is faster at the ox-CSCNF
electrode, and the fast kinetics may be attributed to the edge
plane sites, which may facilitate the electron transfer, and/or the
oxygen-containing groups, which may have chemical and/or
3% which usually undergo
inner-sphere redox reactions.”® Based on the method developed

electrostatic interaction with Fe

by Nicholson,”® we determined an apparent heterogeneous
electron transfer rate constant, koapp, based on projected
electrode area. Assuming that a = 0.5 and diffusion coefficient
D =51 % 10° cm® s1,% the koapp value at the ox-CSCNF
electrode was determined from the dependence of AEp on the
scan rate to be 2.3 + 0.5 x 10> cm s (n = 3). This value was at
least one order of magnitude larger than those for EOPG and
GC electrodes (< 10* cm s™!). In addition, the koapp value was

This journal is © The Royal Society of Chemistry 2012
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three orders of magnitude larger than that at graphene oxide
electrodes reported previously.’’ This means that unlike the
graphene oxide, oxygenated CSCNFs maintained the sp> carbon
network without serious defects.
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Figure 2. Cyclic voltammograms of (A) 1.0 mM FeCl, in a 1.0 M H,SO, aqueous
solution, (B) 1.0 mM K3[Fe(CN)g] in a 0.067 M phosphate buffer (pH 6.4), and (C)
1.0 mM dopamine in a 0.067 M phosphate buffer (pH 6.4) on EOPG, GC, and ox-
CSCNF electrodes. The amount of ox-CSCNFs at the electrode surface is about
1.1x10” g cm™. Scan rate is (A) 50 and (B and C) 100 mV st

We next controlled the amount of ox-CSCNFs on the GC
electrode surface and investigated its effect on the electron
transfer rate. The AEp values decreased and the koapp value
increased as the amount of ox-CSCNFs increased, as shown in
Figure 3. To confirm the possible contribution of the oxygen-
containing functional groups to the enhancement of the
electrode kinetics, we replaced ox-CSCNFs with deox1- or
deox2-CSCNFs to control the O/C ratio at the fiber surface. As
shown in Figure 4, the koapp value increased as the O/C ratio
increased, whereas the amount of nanofibers deposited on the

Phys. Chem. Chem. Phys., 2012, 00, 1-3 | 3
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electrode surface was constant, about 1.1 x 10° g cm™. These
results clearly indicate that the oxygen-containing groups
mainly contribute to the increase in the electron transfer rate for
Fe?"**. Thus, deposition of a large amount of CSCNFs with a
high O/C ratio on the electrode surface would allow further
acceleration of the Fe*"** redox reactions.
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Figure 3. Relationship between the amount of ox-CSCNFs on the electrode
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Figure 4. Relationship between the kDapp value of Fe*”*" and [Fe(CN)a]a'/"' and the

0/C atomic ratio of the CSCNF surface. The amount of ox-CSCNFs at the
electrode surface is about 1.8 x 10° g cm™.

Electrochemical Behavior of [F e(CN)6]3'/4'

We next examined the [Fe(CN)¢]*"* redox couple. The redox
behavior of [Fe(CN)¢*™* has been extensively studied in
electrochemistry and is known to be outer-sphere process in
Figure 2B shows CVs recorded in a 0.067 M
phosphate buffer solution (pH 6.4) containing 1.0 mM
[Fe(CN)6]3'/4', where the scan rate was 100 mV s™'. Again, the
AEp value at the ox-CSCNF electrode (1.1 x 10° g cm™) (79
mV) was smaller than those at the EOPG (89 mV) and GC (121
mV) electrodes. Here, the koapp values were about 8.6 + 0.8 x
103,5.8+0.5 x 103, and 3.4 + 0.3 x 107 cm s™ for ox-CSCNE,
EOPG, and GC electrodes, respectively, on the assumption that
a = 0.5 and diffusion coefficient D = 7.6 x 10 cm? s'.%

The dependence of the koapp value on the amount of ox-

general.”®

CSCNFs was also examined. Interestingly, the koapp value

increased and then decreased as the amount increased (Figure

4 | Phys. Chem. Chem. Phys., 2012, 00, 1-3

3). This suggests that at least two different factors control the
electron transfer rate; the graphene edges positively and the
oxygen-containing groups negatively contribute to the electron
transfer most likely. Since [Fe(CN)¢]*”* undergoes outer-
sphere electron transfer, the oxygen-containing groups do not
exhibit a catalytic effect. Rather, the electrostatic repulsion
between the negatively charged oxygen-containing groups and
[Fe(CN)¢]*"* decelerates the electron transfer. In fact, we
found that the koapp value decreased as the O/C ratio increased,
as shown in Figure 4 (nanofiber coverage is 1.8 x 10 g cm™).
This is reasonable because the electron transfer of [Fe(CN)¢]>"*
is known to be decelerated at oxygenated EOPG,?’ diamond?®
and graphene oxide®" ** electrodes due to the electrostatic
repulsion. Considering our finding here, use of a small amount
of CSCNF with the lowest possible O/C ratio may allow for
further acceleration of the [Fe(CN)s]*”* redox reactions.

Electrochemical Behavior of Dopamine

We further investigated electrochemistry of an organic redox
species, dopamine. It is known that dopamine is one of the
important neurotransmitters and its electron transfer is affected
by the surface morphology of electrodes.” Figure 2C shows
CVs in a 0.067 M phosphate buffer solution (pH 6.4)
containing 1 mM dopamine, where the scan rate is 100 mV s™'.
The AEp values were 176, 243, and 110 mV at the EOPG, GC,
and ox-CSCNF (1.1 x 10° g cm?) electrodes. Here we
examined adsorption of dopamine to the ox-CSCNF surface
due to m-m interaction or hydrogen bonding, by changing the
scan rate. However, the anodic and cathodic peak currents
were nearly proportional to the square root of the scan rate, as
was the case for the other redox species examined, so that
dopamine hardly adsorbed at the CSCNF surface. Although it
is difficult to determine the koapp values by the Nicholson
method, because dopamine oxidation is a multistep process,**
the koapp value at the ox-CSCNF electrode should be larger than
those at the GC and EOPG electrodes, because the AEp value at
the former electrode was much smaller than those at the latter
electrodes, as mentioned above.

The AEp value was almost independent of the amount of
nanofiber and the O/C ratio. Since the pK, values of dopamine
are 8.89 (first phenolic hydroxy group), 10.4 (amino group),
and 13.1 (second phenolic hydroxy group),” dopamine
molecule should have only one positive charge at the amino
group at pH 6.4. The poor dependence of the oxidation kinetics
of dopamine on the amount of the oxygen-containing groups at
the nanofiber surface may be explained in terms of its weaker
electrostatic interaction in comparison with F e?™3* which have
more positive charges.

Conclusion

The electrochemical properties of oxygenated CSCNFs were
investigated to explore their applicability as electrode materials.
The electron transfer rate for all redox species used here was
accelerated by the oxygenated CSCNFs. In addition, the
kinetics of Fe**" and [Fe(CN)s]*"* is tunable by changing the

This journal is © The Royal Society of Chemistry 2012
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amount of oxygenated CSCNFs and the O/C ratio at the
nanofiber surface. Those factors are therefore subject to

optimization in different applications, such as energy-

conversion, biosensing, and other electrochemical devices.
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