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Single-wall carbon nanotubes (SWNTSs) are fascinating molecules
composed of a graphene sheet rolled into a seamless cylinder, ca.
1 nm in diameter. Their nanoscale size and unique electrical
properties have prompted investigations into their electrochemical
behavior. Previous electrochemical studies of SWNTs have involved
a variety of different electrode arrangements and pretreatments. d :
Common preparative methods have included depositing (Or grow- rjgre 1. (a) Schematic and (b) FE-SEM image of the SWNT electrode.
ing) the SWNTSs on a conducting electrode surfamemixing the
SWNTs in an inert matrix to form a paste electréda.nearly all

reported cases, the SWNTSs are subject to a harsh acid clean prior @ g“
to use, resulting in oxidative functionalization of the surface. The t20
effect of the various pretreatment procedures on the electrochemical § N
response of carbon nanotubes has recently been questioned.
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Moreover, to date, none of the reported electrochemical investiga- E (V) vs. Ag/AgCI

tions have addressed the fact that in a typical SWNT sample, onegigyre 2. (a) CV at 10 mV st for the reduction of 1 mM BQ (in 0.2 M
in three is metallic (MSWNTSs), whilst the remainder are semicon- KNO3 and 2uM fluorescein); 50Qum wide confocal microscopy images
ducting (sSWNTs}. obtained (b) before stepping the NE potentiat0.6 V, and (c) 8 s later.

In this communication, a novel experimental arrangement for
investigating the electrochemical behavior of SWNTSs is reported,  Electrochemical measurements were made by placing a drop of
namely, two-dimensional networks of pristine SWNTs on an solution (ca. 3Q«L) containing the electroactive mediator of interest
insulating support. Crucially, we demonstrate the significance of over the exposed area. A potentig(V), was applied between the
both MSWNTs and sSSWNTSs in determining the resulting electro- working electrode (the SWNT network contacted via one of the
chemical behavior of the SWNT network electrode (NE). The Au contact electrodes) and an Ag/AgCl reference electrode, which
fabrication of the NE is described in detail in Supporting Informa- was positioned within the solution droplet.
tion. Briefly, SWNTs were grown by catalyzed chemical vapor The electrochemical activity of the SWNT network was visually
deposition on an SiQsubstrate. Two contact electrodes (15 nm confirmed using confocal fluorescence microscopy to monitor the
Cr, 100 nm Au) were patterned on the substrates after SWNT evolving three-dimensional pH gradient for electrochemical reduc-
growth, creating a gap of 99m width and 1 mm length. A layer  tion of benzoquinone (BQ) in the presence of fluorescein. Figure
of photoresist (SU1815: Shipley) was then spin coated on top, and2a shows a cyclic voltammogram (CV) recorded at the SWNT
a 20 x 400um area was photolithographically removed from the electrode for the reduction of 1 mM benzoquinone (BQ) in a
gap region, leaving exposed SWNTSs, supported on an inert substratesolution containing 2uM fluorescein and 0.2 M KN@ The
and connected to the insulated contact electrodes. Au band testesulting CV shows pseudo-steady-state behavior. The absence of
samples were also fabricated by exposing a similar region on aa significant limiting plateau is likely to be due to reduction of
contact electrode, without SWNTs present. oxygen at more negative potentials as it was difficult to deaerate

A schematic of the NE and a FE-SEM image of the exposed the solution droplet with the experimental arrangement adopted.
SWNTs are given in Figure 1. The FE-SEM image shows that the ~ An optical image of an NE is shown in Figure 2b; the contact
sample is composed of a dense, multiply interlinked, random €lectrodes are apparent at the top and bottom of the image, as is
network of SWNTSs. The contrast in the FE-SEM image is due to the exposed zone (darker region) in the center of the gap. Figure
charging artifacsand, hence, does not show the true diameter of 2b was taken immediately prior to a step in electrode potential from
the SWNTs. Nanotube diameters were measured by AFM and found0-0 t0 —0.6 V, which was sufficient to reduce BQ at a diffusion-
to be in the range of 0:83 nm, indicating SWNTs.$10 SWNTs controlled rate. This reductive process consumes protons which
were found in each km square, implying an average spacing of locally increases the pH (initial pk 5.4), causing fluorescein to
0.1-1 um. The lengths of the SWNTs were typically in the range fluoresce with greater intensity, which can be visually mapped using
of 2—20 um, although a few longer SWNTSs with lengths of a few @ confocal microscope.Figure 2c was take 8 s later and
hundred microns were also present, which could span the entiredemonstrates the increase in fluorescence only in the exposed region
gap between the two contact electrodes. The majority of the SWNTs (& more complete time sequence of images is shown in Supporting
in the gap were, however, connected to the Au electrodes via Information). Additionally, this observation indicates that even
multiple SWNT contacts. though the majority of SWNTSs are connected to the Au electrodes

via SWNT—SWNT contacts, the resistance is not high enough to
* Department of Chemistry. suppress electrochemical activity. Repeated experiments on SWNT
* Department of Physics. samples confirmed these observations. Similar results were obtained
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Figure 3. (a) CVs at 10 mV s! for the oxidation and reduction,
respectively, of 5 mM Fe(phes? and 5 mM Ru(NH)e in 0.2 M KNO3
for the Au band and SWNT network electrode. (b) Conductivity of the NE
as a function of the electrode potential in the above solution.

for the Au band electrodes. The electrochemical response of both

electrodes was found to be stable over both prolonged periods of

time and wide potential windows (up tb 1.5 V versus Ag/AgCl),
demonstrating that the photoresist acted as an effective and stabl
insulator.

Figure 3a shows CVs recorded at 10 mV sn a Au microband
and an SWNT NE for the oxidation of Fe(phegt)and reduction
of Ru(NHp)™ (both present in the same solution, each at
concentrations of 5 mM in 0.2 M KN§). With the experimental

arrangement adopted, we were unable to avoid evaporation; hence

we used a dual redox mediator solution to allow intercomparison
of the anodic and cathodic currents. For the Au electrode, the
limiting currents for the two redox mediators (c&0.8 V for
Fe(pheny™ and—0.45 V for Ru(NH)s?") were in the ratio of-1:

1.6, respectively, due to the difference in the diffusion coefficients
of the two mediator$.Similar CV behavior was observed at a 7

e

usually found to be “p-type” doped.The inset to Figure 3b shows
conductivity measurements taken over a wider rand&{(\gf values,
which are sufficient to electrostatically dope the sSWNTs to
ambipolar conductiof demonstrating the efficacy of the wet gate.
The high background conductance in Figure 3b is due to both the
mSWNTSs, whose conductance is roughly independent of gate
potential, and those SWNTs not exposed to solution.

The conductance measurements help explain the anomalous
difference in the limiting currents for the two different redox couples
at the NE. At the limiting potential for Fe(phef) oxidation [E(V)
~ 0.8 V], both the mMSWNTs and the sSWNTs conduct and
contribute to the electrochemical signal. However, at the limiting
potential for Ru(NH)*" reduction E(V) ~ —0.45 V], the sSSWNTs
are depleted of charge carriers, and hedoenotcontribute to the
electrochemical response. The observed increase in oxidation current
compared to the reduction current supports the expectation that in
the network, only one in three SWNTs is metaflidhus, the
electrochemically active area of the SWNT network is strongly
dependent on the applied potential and electroactive mediator
employed. Importantly, the density of SWNTs constituting the
network must also be considered. For all samples investigated
herein, the density was sulfficiently high so that both sSSWNTs and
mSWNTs were above the percolation threshidldhrough correct
choice of mediator and electrode potential, MSWNTs can be
tlectrochemically addressed independently of SSWNTSs.
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SWNT NE, the limiting current for Fe(phesd) oxidation was
significantly greater than expected based on the limiting current
for Ru(NHz)>" reduction.

To complement these results, simultaneous electrochemical an
conductivity measurements were made on the NE (experimental
details in Supporting Information). The two contact electrodes

Supporting Information Available: Details of SWNT growth
procedure and SWNT network electrode fabrication. Confocal micros-

{COPY demonstrating directly the electrochemical activity of the exposed

region only. Experimental details of conductivity measurements. This

material is available free of charge via the Internet at http://pubs.acs.org.

enabled the conductivity of the SWNT array to be measured in a
standard two terminal device geometry, while the Ag/AgCl refer-
ence electrode allowed the solution potential to be controlled
independently of the SWNT network. In this configuration, the
solution acts as a “wet gate”, electrostatically doping the SWNTSs.
Previous experiments using wet gates on SWNTs have shown the
capacitance between SWNTSs and the electrolyte solution to be high,
making the solution a very effective gate electréd&ven though
the conductivity of SWNTs has been previously studied in aqueous
environments;® these measurements represent the first correlation
of conductance with SWNT electrochemical activity.

Figure 3b shows the effect of varyiri(V) on the conductance
of the SWNT network (under the same solution conditions as Figure
3a). Increasingg(V) corresponds to the solution potential decreasing
relative to the SWNT network and is thus equivalent to a decreasing
“gate potential”. The observed response can be separated into
transistor-like behavior on top of a constant background. The
increase in conductance &V) increases (i.e., decreasing gate
potential) is consistent with the presence of sSSWNTSs, which are
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