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The basis of the electrocatalytic nature of multi-wall carbon
nanotubes is suggested to reside in electron transfer from the
ends of nanotubes, which structurally resemble the behaviour of
edge plane (as opposed to basal plane) graphite, and is
demonstrated via the comparison of the electrochemical oxida-
tion of epinephrine and the electrochemical reduction of
ferricyanide at nanotube-modified electrodes using different
types of graphite electrodes and with Cgo-modified electrodes.

Carbon nanotubes have emerged as a new class of nanomaterials
with their electronic, mechanical and chemical properties which
have been claimed to be extremely attractive for use as chemical
sensors, in particular via electrochemical detection;1+ Table 1f,
athough not exhaustive, summarises the prolific use of carbon
nanotube-modified electrodes in electrochemistry. Nanotubes are
assigned into two classes: single-wall nanotubes (SWNTSs) and
multi-wall nanotubes (MWNTSs). The former are made from a
single graphite sheet rolled flawlessly producing atube diameter of
1-2 nm, while the latter are made of concentric and closed graphite
tubules having diameters ranging from 2 to 50 nm.1-3 Recent
studies have shown that nanotube-modified electrodes exhibit
attractive electrochemical properties producing ‘electrocatalytic’
effects, namely, enhanced currents with a significant reduction in
the overpotential and good signal-to-noise characteristics, in
comparison with other carbon based electrode materials, usually
glassy carbon.25-8

Recently we have studied the oxidations of NADH (-
ni cotinamide adenine dinucleotide, reduced disodium salt hydrate),
epinephrine and norepinephrine using both multi-wall carbon
nanotube- and graphite powder-modified basal plane pyrolytic
graphite electrodes. Both ‘film’ and abrasive attachment forms of
modification were used. Electrocatal ytic behaviour of both types of
nanotube-modified electrodes was observed with enhanced cur-
rents and reduced peak-to-peak separations in the voltammetry in
comparison with naked basal plane pyrolytic graphite. However,
similar catalytic behaviour was also seen at the graphite powder-
modified electrodes, suggesting caution in assigning unique
catalytic properties to multi-wall carbon nanotubes.®

The open ends of CNTs have been likened to edge planes of
highly orientated pyrolytic graphite (hopg) with the tube walls
suggested to have properties similar to those of basal planes of hopg
electrodes.1011 With this in mind, together with the comparison
with the graphite powder, we have tried to address the question as
to why the nanotubes are catalytic, a previously unaddressed issue
to the best of our knowledge.

A basal plane pyrolytic graphite (bppg) electrode was prepared
for modification as described previoudly.® Thiswas placed into a 1
mM solution of ferricyanide (in 0.1 M KCI) and cyclic voltammo-
grams were recorded over arange of scan rates. Cgp (99.5+%) was
obtained from Lancaster (Morecambe, UK) and used as supplied.
0.0122 g was placed into 1.2 mL of 1,2-dichloroethane. 15 uL was
pipetted onto a newly prepared bppg electrode and the organic
liquid allowed to volatilise before the voltammetric response was

T Electronic supplementary information (ESI) available: the use of CNT-
modified electrodes in electrochemistry, and SEM images of MWNTSs
before immobilisation and after modification of a basal plane pyrolytic
graphite electrode. See http://www.rsc.org/suppdata/cc/b4/b406174h/
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measured in the ferricyanide solution over arange of scan rates. For
comparison, abppg electrode was abrasively modified with Cgo Via
gentle rubbing of the electrode surface on afine quality filter paper®
and was explored via cyclic voltammetry in ferricyanide as
described above. Fig. 1 shows the comparison of al three
electrodes at a scan rate of 100 mV s—1. For the Cgo abrasively-
modified bppg electrode, the peak-to-peak separationis 134 mV (at
100 mV s—1), with a formal potential of 0.16 (£0.1) V (vs. SCE)
with the peak-to-peak separation increasing with scan rates
suggesting quasi-irreversible behaviour. In comparison, the un-
modified and Cgo film-modified electrodes have peak-to-peak
separations of 315 mV and 340 mV (vs. SCE) respectively. The
bare bppg electrode exhibits slow electron transfer as expected,12
while an apparent paradox arises for the Cgo-modified bppg
electrodes, where the data suggest slow electron transfer at the film-
modified electrode but faster electron transfer in the abrasively-
modified case; we return to this issue below.

A MWNT-modified!3 electrode was prepared by placing 0.018 g
of CNT in 15 mL acetonitrile. Thiswasdispersed, with 10 uL of the
suspension pipetted onto a prepared bppg electrode with the carrier
liquid allowed to evaporate before use. The MWNTSs were used as
received since it has been shown that pre-treatment either via
sonication or acid digestion has no effect on their electrochemical
activity.14 Shown in the ESI are SEM images of MWNT before
immobilisation and after modification of a basal plane pyrolytic
graphite electrode.t The cyclic voltammetric response was mess-
ured in a1l mM solution of epinephrine (in pH 5 acetate buffer) and
is shown in Fig. 2. Oxidation and reduction peaks can be seen at
+0.41 (£0.01) V and —0.23 (x0.01) V, respectively (vs. SCE)
suggesting the nanotubes are ‘ electrocatalytic’. In comparison, the
bare and Cgo film-modified bppg electrodes exhibit irreversible
oxidation peaks at +0.57 (x0.01) V and +0.64 (+0.01) V
respectively suggesting slower electron transfer. In the case of the
Ceo film, the modification of the electrode surface serves to act as
inert particles, resulting in a partially blocked electrode surface
which appearsto slow down the rate of electron transfer.15.16 Next
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Fig. 1 Cyclic voltammograms of Cgo abrasively- and film-modified and
CNT-modified 4.9 mm (diameter) basal plane pyrolytic graphite electrode
for thereduction of ferricyanide (in 0.1 M KCl) at ascanrateof 100mV s—1.
Also shown is the response of the bare bppg electrode.
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the response of an edge plane pyrolytic graphite electrode was
sought.1” Cyclic voltammograms run in the epinephrine solution
reveal an oxidation peak at +0.38 (x0.01) V which is virtualy
identical to the oxidation potential observed at the carbon nanotube-
modified electrode. The differencein the peak currentsfor the CNT
film-modified case compared to the other electrodes reflects the
fact that the nanotube film is potentially ‘porous’ leading to ‘thin
layer’ behaviour and loss of the diffusional tail seen with the other
electrodes.

We next compare the response of the Ceo- and nanotube-
modified film electrodes and the edge and basal pyrolytic graphite
electrodes in the electro-reduction of 1 mM ferricyanide (in 0.1 M
KCl). As depicted in Fig. 3, the bare and Cgo-modified electrodes
have peak-to-peak separations of 350 mV and 550 mV (at 100 mV
s—1) respectively. However, in comparison, the nanotube-modified
electrode has a peak-to-peak separation of 58 mV whilefor theedge
plane electrode thisis 78 mV suggesting that the electrochemical
reaction occurs with a similar rate constant for both. The dlight
difference in electron transfer rates between the edge plane
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Fig. 2 Cyclic voltammogramsfor the oxidation of 1 mM epinephrine (in pH
5 buffer) for CNT- and Cg film-modified bppg el ectrodes compared with a
bare bppg electrode and an edge plane pyrolytic graphite electrode. All at a
scan rate of 100 mV s—1. Note the current for all the CV’ s except the CNT-
modified have been multiplied by a factor of 4 for clarity (see text for
details).
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Fig. 3 Cyclic voltammograms for the reduction of 1 mM ferricyanide for
CNT- and Cg film-modified bppg el ectrodes. Also shown isthe response of
a bare bppg electrode and an edge plane pyrolytic graphite electrode. All
scans at arate of 100 mV s—1.

pyrolytic graphite electrode and carbon nanotube-modified elec-
trodes, may likely reflect slight impurities of basal planein the edge
plane pyrolytic graphite.

Comparison of the modified and bare electrodes in both the
oxidation of epinephrine and the reduction of ferricyanide reveals
that thereis no significant difference between the use of edge plane
pyrolytic graphite electrodes and carbon nanotube-modified graph-
ite electrodesfor use as electrocatalysts, at least in the context of the
chemical systems studied in this paper, suggesting that the
electrocatalytic properties of carbon nanotubes are edge plane like
sites which occur at the open ends of the nanotubes.

Returning to Fig. 1, an abrasively Ceo-modified graphite
electrode was shown to be somewhat electrocataytic for the
reduction of ferricyanide in comparison with a Ceg film-modified
electrode. It can beinferred that in the preparation of the abrasively-
modified electrode, the abrasive nature of the Cg, crystals serve to
‘roughen’ the basal plane pyrolytic graphite electrode, introducing
edge plane sites and hence the observed electrocatalysis.

If theinferencethat the ‘ electrocatalytic’ properties of multi-wall
nanotubes resides in electron transfer from their ends and that the
latter resemble edge plane pyrolytic graphite in behavior is correct,
it should be possibleto obtain fast electrode kinetics for avariety of
substrates (Table 1t) detectable via carbon nanotube-modified
electrodes by simply using edge plane graphite electrodes. Thiswas
examined for the cases of homocysteine, N-acetylcysteine, cysteine
and glutathione, and for each the electrocatalysis seen at nanotube-
modified electrodes was mirrored in the results seen at the edge
plane electrode.18
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