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We have investigated electrochemical sensing properties of electrodes fabricated with ultralong
aligned multi-walled carbon nanotube (MWNT) bundles synthesized using water-assisted chem-
ical vapor deposition on aluminum (Al) and iron (Fe) coated silicon wafer with ethylene and
argon/hydrogen gas as carbon source and buffer gas respectively. Cyclic voltammogram performed
on these electrodes show diffusion-controlled-reversible reaction. The dominance of radial diffu-
sion mass transport at these electrodes was also indicated by sigmoidal-shaped voltammograms
obtained at various scan rates. These electrodes were able to sense very low concentration of
ascorbic acid (∼0.7 �M) and dopamine (∼1.87 �M), two model species often used in electro-
analysis. The excellent electrochemical properties along with good single species detection ability
suggest that these MWNTs are promising electrode materials for developing very sensitive chemical
and/or biological sensors.
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1. INTRODUCTION

Since their discovery, carbon nanotubes (CNTs) are envi-
sioned as novel materials for various applications rang-
ing from gas storage to components for nanoelectronic
devices.1–4 With properties such as large specific surface
area, high thermal, mechanical and chemical stability, abil-
ity to accumulate analyte and minimum surface fouling
effects they hold promise for potential materials for diverse
electrochemical applications. As a result, a lot of investi-
gations have focused on developing CNTs as a potential
tool for many electrochemical applications such as biosen-
sors and chemical sensors.5–8 However, most of these
studies were performed on macro architectures of CNTs
electrodes.9–13 In general, the major disadvantages of
macroelectrode used for electrochemical sensing are the
Ohmic drop and the presence of double layer capaci-
tance (which leads to a distorted voltammogram).14–16 The
reduction of the size of the electrode overcomes these
obstacles and also enhances electron transfer and mass
transport at the working electrode surface. The smaller
size of the electrodes also make them suitable for sensing

∗Author to whom correspondence should be addressed.

very low concentrations of analyte species, even in low
conductive media. The size reduction also leads to high
current density and signal-to-noise ratio reduction.14–16

This also holds true for CNTs electrodes. Therefore, it is
essential to fabricate microelectrodes using CNTs to have
electrochemical devices with better operating capabilities.
In this article we present the electrochemical properties
and sensing abilities of microelectrodes of ultralong multi-
walled carbon nanotube bundles. These electrodes show a
very wide window of working potential and were able to
detect very low concentrations of ascorbic acid (AA) and
dopamine (DA) concentrations as low as 0.7 and 1.87 �M
respectively.

2. EXPERIMENTAL DETAILS

2.1. Multi-Walled Nanotubes (MWNTs) Synthesis

Vertically aligned-MWNT films were prepared by water-
assisted chemical vapor deposition (CVD) process. Typi-
cally, an aluminum (Al) and iron (Fe) layer with 10 and
1–3 nm thickness respectively were deposited by e-beam
deposition on the surface of a silicon wafer covered by
a 1 �m thick silicon dioxide (SiO2) layer. Ethylene was
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used as carbon source and argon (Ar)/hydrogen (H2) (15%
hydrogen content) as a buffer gas. In a typical CVD run,
Ar/H2 was flowed at the flow rate of 300 sccm through the
alumina tube while the furnace was heated up to a tem-
perature of 750–800 �C which allows for CNTs growth.
After the furnace reached the set temperature, the Ar/H2

flow rate was immediately increased to 1300 sccm and
another portion of Ar/H2 gas was flowed through a water
bottle which was kept at room temperature, at a flow rate
of 80 sccm, with ethylene gas being passed into the gas
mixture with the flow rate of 100 sccm. The CNTs growth
lasted for approximately 20 to 30 minutes. Once com-
pleted, the furnace was cooled down to room temperature
under Ar/H2 protection resulting in MWNT ‘forest’ rang-
ing from 200 �m to several mm thick, with the MWNT
average outer diameter of ∼8 nm, as revealed from trans-
mission electron microscopy (TEM) observation.

2.2. MWNTs Electrode Fabrication

For fabricating the electrodes, aligned-MWNT bundles
were peeled off from the MWNT forest and placed on a
flat glass substrate. One end of the bundles was subse-
quently attached to an electrical lead using conducting sil-
ver paste and the other end was fixed with epoxy glue for
ease of handling of the electrode. Structural characteriza-
tion of the electrodes was performed using field emission
scanning electron microscopy (FESEM) and transmission
electron microscopy (TEM).

2.3. Electrochemical Characterization

All the reagents used for the electrochemical mea-
surements were of analytical grade, purchased from
Sigma-Aldrich, except 5-hydroxytyramine hydrochloride
(or dopamine; DA) was purchased from Fluka. Stock solu-
tions of tested species, AA and DA, were freshly pre-
pared in a phosphate buffer solution (PBS) (pH = 7.0).
The buffer solutions and supporting electrolyte solutions
were prepared in deionized water. The electrochemi-
cal properties of the electrodes were investigated in the
standard three-electrode system, using a platinum wire
as a counter electrode (CE) and silver/silver chloride
(Ag/AgCl) as a reference electrode (RE). Cyclic voltam-
metry measurements were performed at room temperature
in 10 mM potassium ferricyanide (K3Fe(CN)6) containing
0.1 M potassium chloride (KCl) solution, with various scan
rates set by a potentiostat-galvanostat PAR 273A with the
PowerSuite® data acquisition software.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Characterization

In Figure 1 we have presented the nanotube material
used in this study along with our data on electrochemical
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Fig. 1. (a) FESEM image of the as grown vertically aligned MWNT,
(b) TEM image of MWNT, (c) HETEM image of MWNT illustrating
the outer diameter of ∼8 nm of the long MWNT, (d) CV at the MWNT
microelectrode in 0.1 M KCl at the scan rate of 20 mVs.

characterization of these electrodes. Figure 1(a) illustrates
a typical FESEM image of aligned-MWNT forest. In
Figure 1(b) TEM image of MWNTs are presented. A high
resolution TEM image showing clean MWNT with well
graphitized walls is shown in Figure 1(c). Figure 1(d)
shows a cyclic voltammogram (CV) at the MWNT elec-
trode in 0.1 M KCl solution at a scan rate of 20 mV/s.
From the CV it is clear that there is no oxidation or reduc-
tion peaks at the MWNT electrode from potential rang-
ing from −1.5 to 1.2 V. Consequently, a large window of
working potential is available which allows for variation
of the MWNT electrode in electroanalytical fields where
it can donate and accept electrons over a wider range of
potentials. This is very advantageous for certain high or
extremely overpotential species. This also indicates that
they can be used as a mediator in biosensor systems.17

Well-defined CVs with the increasing peak to peak sep-
aration (�Ep) in 10 mM K3(Fe(CN)6) containing 0.1 M
KCl solution at the MWNT electrodes at various scan
rates (5, 10, 20, 50, 100, 200 and 500 mV/s) are shown
in Figure 2(a). An interesting phenomenon was observed
during cyclic voltammetry performed with the same elec-
trode after taking it out from the electrochemical cell
and letting it dry under normal conditions. The voltam-
mograms showed that with each subsequent drying pro-
cess the CVs tend to acquire more and more S-shape or
sigmoidal curve feature, though �Ep remains stable. As
shown in Figure 2(b) the CV signals tend to shrink from
that shown in Figure 1(a). The data shown in Figure 2(b)
was obtained after two sets of measurements and subse-
quent drying of the electrode. Figure 2(c) illustrates CVs
obtained (with a scan rate of 5 mV/s) on the same MWNT
electrode after consecutive voltammetry measurement and
subsequent drying process. Most of the electrodes fabri-
cated and tested showed this kind of behavior with very
stable sigmoidal-shaped CV after few experimental runs

2 J. Nanosci. Nanotechnol. 8, 1–6, 2007
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Fig. 2. (a) CVs of the MWNTs electrode in 10 mM K3(Fe(CN)6 containing 0.1 M KCl at 5, 10, 20, 50, 100, 200, and 500 mV/s from inner to outer
loop respectively, (b) CVs on the same MWNT electrode after two cycles of measurement and drying cycle, (c) Comparison of the CVs from the
MWNT electrode after various measurement and drying cycles performed at a scan rate of 5 mV/s. (d) Steady-state CV (signifying a microelectrode
characteristic) after third measurement and drying cycle. (e) and (f) SEM images of an unfixed-end cylindrical electrode showing electrode compaction
due to solvent evaporation.

and drying cycles. One such CV is shown in Figure 2(d).
A possible reason for this could be the compaction of the
MWNT bundles (see Figs. 2(e and f)) due to capillary
forces acting on the CNTs which arises because of the sol-
vent evaporation each time the electrodes were taken out of
the electrochemical cell.18–20 Typical volume filling frac-
tion of our nanotube was about 1.5–2.0% resulting in 98%
space within the nanotubes bundles. Therefore, we think
that this is the major cause responsible for the decaying
current response after electrode drying. This compaction

reduces interspaces between each bundle resulting in a
reduction of the electrochemical active area of the elec-
trode, which is also manifested by the lowering of the
current signal with each drying cycle.18–20

Further, the shrinkage of the nanotube bundles can also
lead to some distortion/modification of the electrode dur-
ing the process of drying. This modification of electrode
might result in the loss of the electrode electrochemical
active area. Consequently, the electrode surface can con-
sist of several micron-sized active areas forming a stripe
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type or disk type microelectrode assembly.21 This could
also account for some reduction of the current response.

The �Ep value of 140 mV is larger than the ideal value
of about 59 mV for a one-electron transfer. This indicates
a slower electron transfer rate at the MWNT electrodes
than that of the ideal electrode. This is probably due to
the slow electron transfer rate at the graphitic basal plane
like-MWNTs sidewall.22 The other reason makes the �Ep
value is higher than 59 mV/1e is the uncompensated iR
drop measurement which more resistance in the system
can cause the slow electron transfer rate. The stable �Ep
and the linear plot obtained for the peak current versus
the square root scan rate indicate a diffusion-controlled,
reversible reaction at these electrodes which have faster
electron transfer rate than standard glassy carbon elec-
trodes (data not shown).

Note that the electrode response decreases to approx-
imately 4–5 times after drying depending on the elec-
trode original size and becomes stable once the S-shape
voltammogram is obtained. Subsequently, the electrode
with S-shape voltammogram was applied for electroanal-
ysis. Therefore, the electrode must be dried until the
S-shape is obtained before used as an analytical sensor.

3.2. Electrochemical Sensing Properties Evaluation

The stable steady-state voltammetric response obtained for
the MWNT electrodes make them suitable for high per-
formance electrochemical sensor materials. For evaluating
the electrochemical sensing abilities of these electrodes, a
series of model electroactive species, AA and DA were
chosen as analytes and tested. Both these species con-
stitutes important intermediates, main products or by-
products in various electrochemical analysis methods. For
instance, AA is found extensively in some food prod-
ucts and determining its presence is essential for nutri-
tional evaluations. Similarly, DA is the significant index
for Parkinson’s disease. Therefore, determining their pres-
ence accurately and at very low concentrations becomes
crucial for detecting these species.

In case of AA, the oxidation peak was observed at
200 mV without a well-defined reduction peak at 0 mV,
suggesting the irreversible nature of the reaction as shown
in Figure 3(a). This is due to the inherent instability of
the analyte, as reported in some earlier studies.23�24 More-
over, the oxidation peak current was found to increase
with a negligible shift with the increasing scan rate up to
500 mV/s. The peak current was found to have a linear
dependence on the square root of scan rates, with the cor-
relation coefficient of 0.9995 over the range of scan rates
(Fig. 3(a) inset). This indicates a diffusion-controlled reac-
tion at the MWNTs electrodes. Figure 3(b) shows an excel-
lent electrocatalytic activity towards the oxidation of AA
at these electrodes when the concentration of AA was var-
ied (0, 0.7, 1.5, 3, 7, 15, 30, 62, 250 and 500 �M). Typical
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Fig. 3. (a) CVs at MWNT electrode with planar diffusion in 1 mM
ascorbic acid (AA) solution containing PBS (pH 7.0) at various scan rate
(5, 20, 50, 100, 200, and 500 mV/s) from inner to outer loop respectively.
(Inset) A linear plot of current response versus square root of scan rates
for 1 mM AA concentration. (b) CVs at MWNT electrode with spherical
diffusion in various concentrations of AA (0, 0.7, 1.5, 3.0, 7.0 15.0, 30.0,
62.0, 250 and 500 �M) containing PBS (pH 7.0) at 20 mV/s from inner
to outer loop respectively. (Inset) A linear plot of current response versus
ascorbic acid concentration.

electrodes showed a cyclic voltammetry detection limit of
as low as 0.7 �M AA concentration. The detection limit of
0.7 �M AA is significantly lower than the detection limit
of previously reported carbon nanotubes electrodes25�26

as well as other electrode materials.23�24�27–31 The current
responses and the concentrations of AA were observed to
be linearly dependent represented by the following equa-
tion: y = �1�01�+ �0�01�x with the correlation coefficient
of 0.9993 as shown in Figure 3(b) inset.

In the case of DA very well-defined oxidation and
reduction peaks were observed at the potential of about
150 and 139 mV respectively as shown in Figure 4(a) indi-
cating the reversible nature of this reaction at the MWNT
electrode. DA concentrations that were easily detected
with the MWNT electrode were as low as 1.87 �M. It is
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Fig. 4. (a) CVs for the dried-MWNT electrode in various concentra-
tions of dopamine (0, 1.87, 3.7, 7.5, 15, 30, 62, 250 and 500 �M) con-
taining a phosphate buffer solution (pH 7.0) at the scan rate of 20 mV/s.
(b) Current response versus dopamine concentration with two intervals
linear fit.

worth noting that this detection limit is significantly lower
than the detection limit of DNA functionalized CNTs elec-
trodes (0.1 mM) recently reported by Ly.32 This detec-
tion limit is also less than the value reported for some
CNTs and other types of electrodes.33–37 In addition, a non
linear current response with increasing DA concentration
was observed. This is probably due to the change in the
DA mass transport behavior (from adsorption to diffusion)
with the increasing concentration.38

4. CONCLUSIONS

In summary, ultralong multi-walled microelectrodes were
prepared and electrochemically characterized. Steady-state
voltammograms were observed at the MWNT electrode at
scan rates ranging from 5 to 500 mV/s, with a reversible
and a diffusion-controlled reaction. We also tested the elec-
trochemical sensing abilities of these electrodes on two
model species, ascorbic acid and dopamine. The results
show that these electrodes are superb candidates for single
species detection. This suggests that these electrodes will

be promising materials for electroanalysis of other elec-
troactive species and can have applications in the filed of
chemical and biological sensing.
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