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The electrochemical properties of the closed ends and
sidewalls of pristine carbon nanotube forests are investigated
directly using a nanopipet electrochemical cell. Both are
shown to promote fast electron transfer, without any
activation or processing of the carbon nanotube material
required, in contrast to the current model in the literature.

Carbon nanotubes (CNTs) are of considerable interest for a
wide variety of applications and can be arranged in a multitude of
different geometries, ranging from 1D isolated tubes to 2D planar
arrays and random networks, and 3D forests. The forest is
particularly interesting with wide ranging applications."** In the
electrochemical arena, forests have been proposed for sensing and
energy applications,* with the vast majority of studies focusing on
forests with open ends. Open ends also provide sites for surface
functionalisation.” Open-ended CNT forests have also been
proposed as the preferred arrangement for electrochemistry,®
since some work has suggested that heterogeneous electron
transfer occurs much more readily at open ends than sidewalls,
with sidewalls suggested as being electrochemically inert.”* On
the other hand, studies of isolated'®'"'? and randomly arranged
two-dimensional networks of single walled carbon nanotubes
(SWNTs)'"3 have shown that the sidewalls of SWNTs promote
facile electron transfer. This provides an impetus to determine
whether similar activity is evident in SWNT forests.

In this communication we investigate SWNT forest electrodes
using a new nanoscale electrochemical cell technique," '> which
allows us to examine electrochemistry at characteristic sites -
closed ends and sidewalls, in isolation. In essence, a nanopipet
containing electrolyte solution and one or more reference /
counter electrode(s) is used to make an electrochemical cell with
a targeted region of a sample, which is connected as a working
electrode. For the present application, this is particularly
powerful, as any type of post processing, lithography'® or
mechanical cutting of the SWNTs is avoided,'® allowing the
study of the true electrochemical activity of the forests in the
native, pristine, unprocessed state. For the studies described
herein, SWNT forests, were grown using chemical vapour
deposition (CVD). CVD was chosen for forest growth, in
preference to chemical processing and vertical alignment via
chemical binding to a substrate, as CVD enables high density,
pristine, closed-end SWNTs to be grown directly. Chemical
processing, results in cutting and shortening of the SWNTs and

60

incomplete coverage of the underlying conducting substrate.> !’

Figure 1. a) FE-SEM image of a SWNT forest. b) Typical TEM image of
a SWNT extracted from a forest.

Figure 1 shows a representative field emission-scanning
electron microscopy (FE-SEM) image of an a CVD as-grown
SWNT forest (a) and a typical TEM image (b) of a SWNT
extracted from the forest (CVD growth and characterisation
details can be found in section 1, Supporting Information). The
absence of any amorphous carbon is noteworthy. The high quality
of the forests was further proven using micro-Raman
spectroscopy on intact forests, recorded from both the SWNT
ends and the sidewalls, as described in section 2, Supporting
Information.

It was also particularly important to confirm that the ends of
the forests were free from catalytic metal nanoparticles (NPs),
since these can impact significantly on the electrochemical
response of SWNTs.'®?' The results of X-ray photoelectron
spectroscopy (XPS) are shown in Figure 2a, for the top surface of
the forest (black line), and the surface of the cobalt (Co) catalyst
(red line) after subjecting it to ‘growth’ conditions but without a
carbon source (i.e. no actual growth). The catalyst sample shows
a distinct cobalt 2p peak at 780 eV. Peaks at 75 eV and 530 eV
are for aluminium (Al 2p) and oxygen (O 1s), respectively, from
the aluminium oxide under-layer. In contrast, for the forest, the
Co peak disappears and the spectrum is dominated by a carbon 1s
peak at 290 eV.
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Figure 2. a) XPS spectra of bare catalyst substrate (red line) and SWNT
forest surface (black line). The inset shows the spectral range
corresponding to Co 2p;, for both SWNT forest (black line) and catalyst
(red line) surfaces. b) Typical TEM image of SWNT ends.

Since the penetration depth of XPS is ca. 10 nm and the forest
was ~500 pum thick, this analysis proves that these SWNT forests
exhibit a root growth process,?? where the catalytic NPs reside at
the base of the SWNT, i.e. on the substrate. There is a very small
oxygen ls peak, relative to C 1s, originating from the top 10 nm
of the SWNT forest. This most likely results from a small degree
of oxygenation of the SWNT forest under ambient conditions, but
is insignificant compared to the signals obtained when a SWNT
end is delibarately opened.® '® Further TEM images of SWNT
ends, e.g. Figure 2b, confirmed that they were closed and free
from catalyst NPs, the latter in agreement with the XPS data.

Figure 3a shows a photograph and schematic, respectively, of
the the
measurements. More detailed information on the experimental

experimental  arrangement  for voltammetric
arrangement is given in section 3, Supporting Information.The
theta glass (double baralled) pipet tips, of typical inner diameter
~400 nm (accurately characterised using FE-SEM) were filled
with the solution of interest, and Ag/AgCl quasi-reference
counter electrodes (QRCEs) were placed in each barrel. With a
bias applied between the two barrels the conductance current,
which flows between barrels, via the mensicus at the end of the
pipet tip, could be monitored. This enabled us to: (i) accurately
position the tip, keeping the tip and meniscus in a fixed position

during voltammetric measurements;'* 13

and (ii) assess the
contact area of the mensicus with the area of interest on the
SWNT forest. Figure 3b shows typical conductance current —
voltage curves, recorded by sweeping the potential of one QCRE
with respect to the other (held at ground), with 50 mM potassium
chloride solution in the pipet. The pipet was maintained in a fixed
position on the SWNT forest over the closed ends (blue line) and
sidewalls (red line). A similar reponse is seen in both locations,
which is close to that recorded for similar sized theta pipet tips on

40 hydrophobic impermeable substrates.”> We thus conclude that
the SNWT forest is not permeated to any significant extent by
electrolyte from the pipet tip.
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Figure 3. a) Digital photograph and schematic of the pipet in contact with
the forest sidewalls, for voltammetric and conductance analysis. b)

45 Current-voltage curves (forward and reverse) recorded on the closed tips
(blue) and sidewalls (red), with a pipet of inner diameter 400 nm,
containing 50 mMKCI, at 100 mV s™.

For redox measurements, the pipet was filled with solution
containing both supporting electrolyte and the redox species of
so interest. Once contact had been made between the pipet meniscus
and forest, cyclic voltammetric (CV) measurements were carried
out at different spots on several samples, at both the forest ends
and the sidewalls, with the SWNT forest connected as the
working electrode. Two well-known outer sphere, redox couples,
sswith  very different formal potentials (E°  values),
(ferrocenylmethyl)  trimethylammonium, (FcTMA"?")%nd
hexaammineruthenium (Ru(NH;)s>">" ), were used to probe the
local electrochemical response. Figure 4 and section 3,
Supporting Information, show typical CVs recorded at the SWNT
60 ends and sidewalls. These data clearly show that, for both
couples, the electrochemical response is comparable with a
difference in the Y4-wave and %-wave potential, £/, — E34, in the
range 57 — 64 mV, indicating that the reactions are close to
reversible in all locations.
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6s Figure 4. Typical CVs of 5 mM Ru(NH3)53+ reduction in 50 mM KCl at a
scan rate of 100 mV s, Red lines indicate forest sidewalls, blue lines,
forest closed ends.
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The mass transfer rate coefficient (k) for this pipet electrode
arrangement is estimated as ~ 0.03 cm s, from simple analysis of
the limiting current. Hence, the effective standard heterogeneous
electon transfer rate constant in both areas is much larger. Since £,
is higher than that experienced in standard CV experiments (at
scan rates up to ca. 5 V s), we deduce that SWNT forests should
display essentially reversible behaviour for most common
electrochemical techniques for outer sphere redox couples. Thus,
both the closed ends and sidewalls of CVD grown SWNT forests
should be considered highly electrochemically active, and
capable of fast electron transfer. Furthermore, it should not be
necessary, as has been suggested by others,” 2% to carry out any
pretreatment or activation of CVD-grown SWNTs for
electrochemical studies and measurements with redox couples of
this type. Note that for some inner sphere processes which may
need to bind directly with the electrode surface in order to
undergo efficient electron transfer,” the chemical nature of the
surface (and whether the end is open or closed) may be more
important.

In summary, we have demonstrated a novel approach for
interrogating the electrochemistry of different parts of SWNTs in
a forest arrangement, using a mobile nanoscopic electrochemical
cell. In this way the electrochemical activity of the forest, or for
that matter, any complex sample, can be studied in its native
state, in any desired location, at high spatial resolution, without
the need for sample processing. Using this arrangement, we have
proved that a SWNT end does not need to be open for it support
fast electrochemistry with outer sphere redox couples. This
overturns the present consensus that the electrochemistry of
SWNTs is dominated by open ends® * 33! formulated from the
results of CV measurements averaged over macro-sized areas of
SWNTs assembled on conducting surfaces.

The studies herein provide further convincing direct evidence
for the considerable activity of SWNT sidewalls,'® 112
contrast to various indirect studies which have suggested that
such sites are electrochemically inert.” ** > More generally,
direct nanoscopic studies — such as those reported herein — are
providing a new consensus that the basal surface of various
related sp® carbon materials promotes fast electron transfer.'>3>%
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Electrochemistry at Carbon Nanotube Forests: Sidewalls and
Closed Ends Allow Fast Electron Transfer

Thomas S. Miller, Neil Ebejer, Aleix G. Giiell, Julie V. Macpherson and Patrick R.
Unwin

Section 1: SWNT forest growth and characterisation

SWNT forests were grown on silicon wafers (n-type, 525 um thick, IDB Technologies Ltd,
UK) which had been sputtered (Plassys (MP 900S)) with a 10 nm layer of aluminium (Al)
and cleaved into ~ 1 cm % 1.5 cm pieces. The individual substrates were ashed in an oxygen
plasma for 2 minutes (K1050X plasma system, Emitech, UK; O2 pressure 6 x 107" mbar) and
sputtered (Quorum Technologies SC7640 sputter coater, fitted with a Co target, 99.95%,
Testbourne Ltd. UK) with Co. Once prepared, the substrates were heated to growth
temperature (7G) in a CVD oven consisting of a 1” diameter quartz tube (Enterprise Q Itd.)
passing through a tube furnace (Lindberg/Blue M, Thermo-Fisher Scientific, US). Heating
was performed under hydrogen flow (99.995%, BOC). After TG was reached, argon
(99.9995%, BOC) was bubbled through ethanol (99.99%, Fisher Scientific) at 0 °C before
being introduced into the CVD system as the source of carbon. In both cases, the flow rates
of the process gasses were controlled using mass flow controllers (MKS Instruments UK Ltd,
UK). Growth was sustained for 40 minutes before the Ar-EtOH flow was stopped and the
oven was allowed to cool under hydrogen flow.

1000 - «—— 50sccmH; ——se———— 150 sccm Ar/EtOH

+ 50 scem H,

800

T T T T T T T )
0 10 20 30 40 50 60 70
Time / min -

Fig S1. Graphic representation of the growth scheme

FE-SEM images were acquired using a Zeiss SUPRA 55 VP FE-SEM using a 1 kV
accelerating voltage. TEM images were taken using a Jeol 2000FX TEM. SWNTs were
deposited onto lacey carbon film coated TEM grids (Agar Scientific) by rubbing the grid onto
the side of the forest. This was found to introduce less contamination than solution based
methods. XPS spectra were taken using a Scienta ESCA300 photoelectron spectrometer, with
a monochromated rotating anode Al Ko X-ray source at the National Centre for Electron
Spectroscopy and Surface analysis, Daresbury Laboratory, UK.

Section 2: Micro-Raman Microscopy of SWNT forests

Micro-Raman spectra were collected using a Renishaw inVia Raman microscope fitted with a
CCD detector and a 633 nm HeNe laser with a spot size of 3 um with a 5 % attenuation. By
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tilting the sample we were able focus onto the sidewalls, allowing us to obtain Raman spectra
of this face. The shape and location of the G band (sp?) at 1589 cm™', in both spectra in Figure
S2, is indicative of SWNTs." Whilst small D peaks (sp” carbon) are visible, G / D ratios for
the ends and the sidewalls, 7:1 and 9:1 respectively, indicate significantly higher quality
forests (i.e. cleaner, lower defect density) than those previously described in the literature.*”

- Forest end
2000] = Forest sidewall

Intensity —»

Raman shift / cm"

Fig S2. Micro-Raman spectra of an intact SWNT forest focusing on the sidewalls and tube ends.

Section 3: Voltammetric Measurements

To produce an electrical contact to the SWNT forest, a 200 nm thick gold film was
evaporated onto half of the sample, covering both the tops and sides, by means of a shadow
mask, leaving the rest of the sample intact for electrochemical analysis. The sample was then
mounted to align either the top of the forest or the sidewalls, for electrochemical
interrogation. The pipet tips were produced by pulling theta glass borosilicate pipets (Harvard
Apparatus) using a Sutter instruments P2000 laser puller. Pipets were filled with the solution
of interest and Ag/AgCl quasi-reference electrodes were placed in each barrel. Pipets of inner
diameter ~400 nm were routinely employed herein and were accurately characterised using
FE-SEM. The pipet was translated towards the surface using a piezoelectric actuator (Physik
Instrumente (PI) Nanocube), in conjunction with in-house written software (LABVIEW).
During approach, a potential bias, corresponding to the diffusion-limited oxidation/reduction
potential of the mediator of interest was applied to one barrel of the capillary, whilst the
SWNT forest substrate was held at ground. A current was sensed as soon as the meniscus at
the end of the capillary established contact with the SWNT forest substrate; at this point the
approach was automatically stopped. All electrochemical experiments were performed at
room tempertaure, 293 K, and potentials quoted against Ag/AgCl (50mM KCl).

Figure S3 shows typical CVs recorded on the sidewall and closed ends of the SWNT forest
for oxidation of the redox mediator FcTMA".

Page 6 of 8
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FigS3. CVs of 2 mM FcTMA** oxidation in 50 mM KCl at a scan rate of 100 mV s'. Red lines indicate forest
sidewalls, blue lines, the forest closed ends.
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