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Fabrication, Characterization and Electrocatalysis of an Ordered

Carbon Nanotube Electrode
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A method for fabrication of the ordered carbon nanotube
(CNT) film, which was template-synthesized within the highly
ordered pores of a commercially available alumina template
membrane, modified glassy carbon (CNT/GC) electrode was
established. The CNT/GC electrode showed excellent electro-
catalytic activity toward dopamine electrochemical reaction
without introducing any electrochemically active group into
CNT film or activating the electrode electrochemically. DA un-
dergoes ideal reversible electrochemical reaction on CNT/GC
electrode at low scan rate ( <20 mV/s) with an excellent repro-
ducibility and stability. The CNT/GC electrode might be used
in biosensors because the highly ordered CNT may present a
steric effect on more efficient redox reactions of biomolecules.

Keywords carbon nanotube, ordered carbon nanotube elec-
trode, electrocatalysis, dopamine

Introduction

Because of their exciting physical properties and po-
tential applications, carbon nanotubes (CNT), consisting
of cylindrical graphene sheets with nanometer diameter,
have been the major subject of numerous experimental and
theoretical investigations!*2 since the initial finding by Iiji-
ma’ in 1991 and the subsequent report of the synthesis of
large quantities by Ebbesen and coworkers* in 1992. With
novel structural, extraordinary electronic properties, high
chemical stability and extremely high mechanical strength
and modulus,! CNT finds a wide range of potential appli-
cations from structural materials®*® to nanoelectronic com-
ponents.’ The applications of CNT include high sensitivity
microbalance,® gas detectors®!® and catalyst support.!!-12
The single wall CNT (SWCNT) can also be used as elec-
tron sources in field emission mode for display,'® tiny
tweezers for nanoscale manipulation' and as probe tips for
scanning probe microscopy,!® with the added advantage
that the apex may be chemically functionalized. The recent
theoretical and experimental studies indicate that the ex-
tremely thin carbon tubules, for instance, CNT of 0.4 nm
in diameter, can be used as optical and super conductive
materials . 16+17

Theoretical calculations have shown that, depending
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on their symmetry and diameter, CNT can be metallic,
semimetallic or semiconducting.""20 Furthermore, it has
been proved that CNT has better conductivity than
graphite . 2! The subtle electronic properties suggest that the
CNT has the ability to promote electron transfer in electro-
chemical reaction when used as an electrode, representing
a new application of CNT. The disordered CNT, including
SWCNT and multiwall CNT (MWCNT), has been used to
fabricate electrode.”? In those studies, the CNT was
mixed with a binder, such as bromoform, mineral oil, lig-
uid paraffin or N, N-dimethylformade, and then packed
into a glassy capillary or cast onto the surface of glassy car-
bon, platinum or gold electrode. But the well-resolved
voltammograms were only obtained at the electrode which
made from the CNT functionalized with the electrochemi-
cally active group, such as carboxylic acid group,? or at
the CNT modified electrode, which was activated in phos-
phate buffer solution first.? Campbell and coworkers?” fab-
ricated a single CNT electrode and they proposed that such
an electrode could be used as a probe in scanning electro-
chemical microscopy. It is interesting to fabricate the elec-
trode using the ordered CNT and examine the electro-
catalytic activity of this type of electrode toward electro-
chemical reaction of some biologically active molecules be-
cause the ordered CNT may present a steric effect on more
efficient redox reactions. This paper reports the fabrication
and characterization of ordered CNT film modified glassy
carbon (GC) electrode { CNT/GC electrode), and also
studies the electrocatalysis of dopamine, as an example, at
CNT/GC electrode. The results show that the performance
of CNT is superior to other form of carbon, such as, glassy
carbon, and a high degree of reversibility of the electro-
chemical reaction of dopamine at CNT/GC electrode is
achieved . )

Experimental
Chemicals

Dopamine hydrochloride (DA ) was purchased from
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Fluka (AG, Switzerland) and used without further purifi-
cation. Nafion solution (5% in methanol) was obtained

from Aldrich ( Millwaukee, USA). All other chemicals -

were of analytical grade. All the solutions were prepared
with doubly distilled water. The solution of DA was pre-
pared freshly just before each experiment.

Preparation of ordered CNT film and fabrication of CNT/
GC electrode

The array of ordered CNT was template-synthesized
within the highly ordered pores (ca. 100 nm in diameter)
of a commercially available alumina template membrane
(Whatman, UK). Silver paste was spread on one side of
the alumina membrane, which was used as a working elec-
trode. A small amount of cobalt, which was used as cata-
lyst in preparation of CNT, was electrodeposited into the
bottom of the nanopores of the template by the direct cur-
rent method. The electroplating solution was composed of
CoS04*7H,0 (50 g/L) and H3BO; (20 g/L). Then, the
Co-containing alumina template was placed in a horizontal
quartz reactor and the temperature of the reactor was in-
creased to 600 C under flowing gas containing 2% H, and
98% Ar and kept constant for 1 h. Then, the temperature
of furnace was increased to 650 °C, and the source gas
containing 2% C;H;, 2% H, and 96% Ar was passed
through the reactor at a flow rate of 5 x 10”2 L/min for 20
min, to form CNT in the alumina template pores. Finally,
the source gas stream was switched to the flowing gas con-
taining 2% H; and 98% Ar and the CNT was annealed at
that temperature for 4 h. The membrane was taken out af-
ter the reactor was cooled down to room temperature. The
HCI acid was used to remove the catalyst of Co and the a-
lumina was dissolved away in NaOH solution (3 mol/L) to
obtain the desired freestanding CNT membrane .

Before casting the freestanding CNT on GC electrode
surface to form CNT/GC elecirode, the GC electrode (4
mm in diameter) was polished sequentially with metallo-
graphic abrasive paper (No. 6), slurries of alumina pow-
der of 0.3 and 0.05 pm to a mirror finish. After rinsing
with doubly distilled water, the GC electrode was sonicated
in an ultrasonic bath with absolute ethanol and then with
doubly distilled water for about 5 min. A piece of CNT
membrane (after removal of the underlying alumina) was
placed on the surface of GC electrode (area about of 0.12
cm?) and one drop of Nafion solution was applied. The
solvent was allowed to evaporate and the Nafion acted as
an adhesive to hold the CNT membrane to the GC elec-
trode surface to form CNT/GC electrode.

Apparatus

The scanning electron micrograph (SEM) of CNT film
was obtained using a JEOL JSM-5610LV Scanning Elec-
tron Microscope. The transmission electron micrograph
(TEM) of a single carbon nanotube was studied in a JEOL
4000FX Transmission Electron Microscope operating at

400 kV. The micro-Raman spectrum was recorded with a
Spex1403 Raman spectrometer at ambient temperature us-
ing 514-nm excitation and a spectral slitwidth of 2 cm ™!,
The XRD spectrum was recorded using a D/Max-RA
diffractometer with Cu Ka radiation.

The electrochemical measurements were carried out
using an EG&G M273A Potentiostat/Galvanostat (EG&G,
Princeton Applied Research, Princeton, NJ, USA) e-
quipped with a PAR M270 electrochemical software for da-
ta acquisition at room temperature in a conventional three-
electrode cell. The working electrode was CNT/GC or bare
GC electrode. The coiled Pt wire and saturated calomel
electrode (SCE) were used as the counter electrode and
the reference electrode, respectively. Before the electro-
chemical experiments, the solution was deaerated by pass-
ing through highly pure nitrogen for 20 min, and a contin-
uous flow of nitrogen was maintained over the sample solu-
tion during experiments .

Results and discussion

Physical characterization

Fig. 1A is the SEM image of CNT membrane after re-
moving the alumina. It shows that CNT is aligned, and the
ends of the CNT are open. Fig. 1B shows a TEM image of
a single CNT that was removed (by ultrasonification) from
CNT membrane. It can be seen that the diameter of CNT
is about 130 nm and the wall of CNT is sufficiently thin
(about 5 nm) compared with its diameter.

B

Fig. 1 Electron micrographs of carbon nanotubes. (A) Scanning
electron micrograph of a template-synthesized carbon nan-
otube film after dissolving the alumina template. (B) trans-

mission electron micrograph of single carbon nanotube.
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The CNT membrane was characterized by. Raman
spectroscopy, which has been identified as a sensitive
probe for the structure of carbon materials .?®'?° The Raman
spectrum of CNT membrane (Fig. 2) shows two distinct
peaks in the range of 1000 cm~! to 2000 cm™~!. The Ra-
man-allowed E,, graphitic peak appears at 1585 cm™!
(G). The D band at 1340 cm~! indicates that the pres-
ence of amorphous carbon in the sample. The amorphous
carbon can be removed or reorganized by thermal treat-
ments.*® Fig. 3 is the XRD spectrum of CNT. The diffrac-
tion peaks in the 10° < 26 < 70° can be indexed as C(002)
and C(101), which belong to the graphitic structure.
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Fig. 2 Raman spectrum of CNT.
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Fig. 3 XRD spectrum of CNT.

Electrochemical characterization

To study the electrochemical characteristics of CNT/
GC electrode, the electrochemical performance of K3Fe
(CN)g at the electrode was carried out. Fig. 4 is the
cyclic voltammograms of K3Fe(CN)g (4 x 1073 mol/L) in
KCl (0.1 mol/L) solution at a bare GC electrode (curve
a) and a CNT/GC electrode (curve b) at a scan rate of 50
mV/s. The anodic and cathodic peak potentials ( £, and
E,.), the peak potential separation (AE,) and the formal
potential (E°') are presented in Table 1.
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Fig. 4 Cyclic voltammograms of K3Fe(CN)g (4 x 1073 mol/L)
in KCl (0.1 mol/L) solution on ‘a bare GC electrode
(curve a) and a CNT/GC electrode (curve b) at a scan
rate of 50 mV/ s.

Table 1 Electrochemical parameters of KisFe (CN)g at a bare GC
electrode and a CNT/GC electrode

Electrode Ep(mV) Ep(mV) E“(mV) AE,(mV)
CNT/GC 150 207 178.5 57
Bare GC 138 225 181.5 87

From Table 1, it can be seen that the anodic and ca-
thodic peak potentials of K3Fe(CN)g at a CNT/GC elec-
trode shift toward the negative and positive direction, re-
spectively, compared with those at a bare GC electrode.
The peak separation (AE,) of 87 mV indicates that K;Fe
(CN )6 undergoes a one-electron quasi-reversible reaction
at a bare GC electrode, while the AE, of 57 mV at CNT/
GC electrode shows that the K3Fe (CN )¢ undergoes a one-
electron ideal reversible reaction, because it is almost the
same as the theoretical value which is 59 mV for one-elec-
tron ideal reversible reaction.3! These results show that
CNT has catalytic activity toward electrochemical reaction .
Most importantly, no any electrochemically active group
was introduced into the CNT film. And also, the CNT/GC
electrode was not activated electrochemically. The reason
for the superior performance of CNT/GC in comparison
with the GC electrode may originate from the CNT dimen-
sions (of the tubes, the channels that are inherently pre-
sent in the tubes), the electronic structure and the topo-
logical defects present on the tube surfaces.?

Electrochemical reaction of DA at CNT/GC electrode

It is interesting to investigate the electrocatalytic. ac-
tivity of highly ordered CNT electrode, CNT/GC, toward
the electrochemical reaction of biologically active
molecules, such as DA, which is an important neurotrans-
mitter. As showed in Fig. 5, curve b, DA showed a
quasi-reversible electrochemical reaction with an oxidation
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at 230 mV and a reduction at 91 mV on a bare GC elec-
trode in phosphate buffer solution (PBS, 0.1 mol/L, pH
6.8), at a scan rate of 50 mV/s. From the cyclic voltam-
mogram, it can be concluded that the rate of electrochemi-
cal oxidation of DA at a bare GC electrode is slow and irre-
versibility is high because the anodic and cathodic peaks
are board and the peak separation (AE, = 139 mV) is rel-
atively large. Curve ¢ in Fig. 5 is the cyclic voltammogram
of DA (1 x 1072 mol/L) on CNT/GC electrode in PBS
(0.1 mol/L, pH 6.8) at a scan rate of 50 mV/s. The re-
dox peak current increases significantly and the anodic and
cathodic peak potentials shift toward negative and positive
directions, respectively, in comparison with curve b. The
anodic and cathodic peak potentials are 170 mV and 136
mV, respectively. The peak potential difference is 34 mV,
suggesting DA is undergoing a two-electron oxidation with
high reversibility at CNT/GC electrode since the peak po-
tential difference is very close to the theoretical value, 30
mV, for two-electron ideal reversible electrochemical reac-
tion.?! Curve a in Fig. 5 shows the cyclic voltammogram of
CNT/GC electrode in PBS (0.1 mol/L, pH 6.8) in the
absence of DA, and no any redox reaction can be found.
These results indicate that the CNT/GC electrode has an
excellent electrocatalytic activity toward DA electrochemi-
cal reaction.
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Fig. 5 Cyclic voltammograms of a CNT/GC electrode in phos-
phate buffer solution (0.1 mol/L, pH 6.8) in the pres-
ence (curve c) and the absence (curve a) of DA (1 x
103 mol/L) at a scan rate of 50 mV/s. Curve b is
cyclic voltammogram of a bare GC electrode in the same
solution and the same scanning rate as curve c.

Fig. 6 shows the cyclic voltammograms of DA (1 x
1073 mol/L) in PBS (0.1 mol/L, pH 6.8) on a CNT/GC
electrode at various scan rates. The dependence of the
peak potential and current on the scan rate are summarized
in Table 2.

From Table 2, it can be seen that the anodic and ca-
thodie peak potentials shift to positive and negative direc-
tion, respectively, and the peak potential difference in-
creases with the increase of the scan rate. The important

results concluded from Table 2 show that DA undergoes an
ideal reversible electrochemical reaction on CNT/GC elec-
trode at low scan rates, for example, 20 mV/s, since the
AE, at the scan rate is 30 mV, which is the same as the
theoretical value.! This result suggests that intramolecular
cyclization of dopaminequinone, which is the product of
DA‘ oxidation, is absent on CNT/GC electrode sur-
face .32:3 Perhaps the oxidation occurring on the CNT/GC
electrode surface is stabilized in comparison with the prod-
uct formed elsewhere in the sample. From the Table 2, it
can be also noted that the current function, iy*v~ 172 s
not a constant with increase of the scan rate, but it has an
increasing tendency. This may be because the inner sur-
face of CNT is also electrochemically accessible. The cur-
rent function the increases with the increase of the scan
rate, the more DA can enter the inside of CNT.
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Fig. 6 Cyclic voltammograms of a CNT/GC electrode in phos-
phate buffer solution (0.1 mol/L, pH 6.8) containing
DA (1 x 10~3 mol/L) at various scanning rates. The
scan rate (from curves a to e) is 20, 40, 60, 80 and
100 mV/s, respetively.

Table 2 Dependence of peak potential and current on the scan rate
for DA at a CNT/GC electrode

v E,. E,. AE, ity 12
(mV/s)  (mV)  (mV)  (mV) [(pA:s2)/mV1?2)]

20 138 168 30 7.0
40 137 169 32 8.1
60 133 170 37 8.4
80 130 177~ 4 8.8
100 127 182 55 9.2
150 120 188 68 10.3
200 111 193 82 10.4

It was reported® that the electrode surface is easy to
be contaminated owing to the electrochemical polymeriza-
tion of DA in the electrochemical process and the malanie-
like compounds will be produced on the surface of the
electrode. But the cyclic voltammetric response of the
CNT/GC electrode is almost unchanged after the electrode
has been cycled several times in one DA solution and one
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CNT/GC electrode in five DA solutions (the same concen-
tration) produces the same voltammetric response. The
fact suggests that the CNT/GC electrode has an excellent
reproducibility and stability. These results also indicate
that DA is not adsorbed or polymerized on the surface of
the CNT/GC electrode.

Conclusion

The CNT/GC electrode showed excellent electro-
catalytic activity toward DA electrochemical reaction even
though no any electrochemically active group was intro-
duced into CNT film and the electrode was not activated
electrochemically. DA can undergo a two-¢lectron ideal re-
versible electrochemical reaction on CNT/GC electrode at
low scan rates (< 20 mV/s) with an excellent repro-
ducibility and stability. The CNT/GC electrode might be
used in biosensors to study the electrocatalytic reaction of
biological important systems because the method of prepa-
ration of the CNT/GC is simple and the highly ordered
CNT may present a steric effect on more efficient redox re-
actions of biomolecules.
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