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Abstract

The performance of a single-walled carbon nanotube:graphite-based electrode, prepared by mixing single-walled carbon nanotubes (SWCNTs)
and graphite powder, is described. The resulting electrode shows an excellent behavior for the redox of caffeic acid (CA), an important biological
molecule. Due to the existing resemblance between electrochemical and biological reactions, it can be assumed that the oxidation mechanisms on
the electrode and in the body share similar principles. SWCNT:graphite-based electrode presents a significant decrease in the overvoltage for the
CA oxidation as well as a dramatic improvement in the reversibility of the CA redox behavior in comparison with the graphite-based and glassy
carbon (GC) electrodes.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The rapid progress in nanotechnology and nanoscience
introduces a scientific momentum that involves the fundamental
comprehension of the nanostructure properties, the synthesis and
plans in nanoscale. Carbon and, particularly, graphite in its
various forms, is an attractive electrode material. Two areas of
special interest are the modified carbon electrodes and the
carbon nanotube electrodes. In 1991, Iijima discovered micro-
tubules of graphitic carbon with outer diameters of 4–30 nm and
a length of up to 1 μm, naming these tubes multiwalled carbon
nanotubes (MWCNTs) [1]. In addition, a report of carbon fibers
down to 4 nm in diameter, found on a carbon arc electrode, was
published by Wiles and co-workers [2,3]. Single-walled carbon
nanotubes (SWCNTs), which are seamless cylinders each made
of a single graphene sheet, were first reported in 1993 [4,5]. The
unique structures lead to unique SWCNTs properties, mechan-
ical strength greater than that of Fe, density lower than that of Al
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and thermal stability at 1400 °C in a vacuum. Furthermore, they
illustrate wide potential window, chemical inertness, low cost
and suitability for various sensing and defection. Depending on
their atomic structure, CNTs behave electrically as ametal or as a
semiconductor [6,7]. The subtle electronic properties suggest
that CNTs have the ability to promote electron-transfer re-
actions, when used as an electrode in chemical reactions [8,9].
Recent studies demonstrated that a CNT modified electrode
could impart strong electrocatalytic activity to some important
biomolecules [9–11].

Many biological activities have been reported for free caffeic
acid (CA) [12–19]. In several plant species, the levels of caffeic
acid and other phenolics appear to be related to pest resistance
[20–22]. Caffeic acid is one of the many phenolics considered to
be an important part of the general plant defense mechanism
against infection predation [23,24]. Caffeic acid esters, such as
caffeic acid phenethyl (CAPE) and benzyl esters, display selective
antiproliferative activity against some types of cancer cells [25].

Moreover, the electrochemical method is rapid and inex-
pensive for the study of this important category of molecules
and biologically important molecules [26–31] and due to the

mailto:Ganjali@khayam.ut.ac.ir
http://dx.doi.org/10.1016/j.bpc.2007.02.006


Fig. 1. Optimized geometry (B3LYP/6–31G⁎) of CA.
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existing resemblance between electrochemical and biological
reactions, it can be assumed that the oxidation mechanisms on
the electrode and in the body share similar principles [32]. In this
paper, the CA electrochemical behavior at a SWCNT:graphite-
based electrode was studied by cyclic voltammetry (CV).

2. Experimental details

2.1. Chemical reagents

The caffeic acid (3,4-dihydroxy cinnamic acid), the graphite
powder, acids and the used salts for the preparation of buffer
solutions (c=0.15 M) were reagent grade materials from Merck
and were used without any further purification. The single-
walled carbon nanotubes (SWCNTs) were purchased from Re-
search Institute of the Petroleum Industry (Iran). All solutions
were prepared with deionized water.

2.2. Measurements

All electrochemical experiments were performed by the
Autolab potentiostat PGSTAT 30 (Eco Chemie B.V., Nether-
lands), equipped with the GPES 4.9 software. A three-electrode
cell was also used, employing a glassy-carbon (GC), graphite
and SWCNT:graphite based composite, acting as the working
electrodes. A platinum wire was applied as the counter electrode
and Ag|AgCl|KCl (sat.) was applied as the reference electrode.
All potentials were reported with respect to this reference. All
experiments were carried out at 25±1 °C.

Furthermore, the scanning electron microscope (SEM) images
were recorded using a ZEISS DSM 960, while the transmission
electron microscope (TEM) studies were performed with the help
of a Phillips transmission electron microscope.

Gaussian 98, Revision A. 6, program has been used for the
quantum mechanic calculations. The B3LYP/6–31G⁎ method is
employed for the gas-phase molecular geometry and HF/6–31G⁎

method is used for the obtained atomic charges (ESP fit) (Fig. 1)
[33].

2.3. Preparation of the SWCNT:graphite-based electrode

For the electrochemical studies, the SWCNT:graphite-based
electrodes were prepared from a mixture of SWCNTs and
graphite powder in the ratio of 1:1 (w/w). Regarding the casting
procedure, a small amount of melted paraffin (∼20% by
weight) was added to the SWCNT:graphite powder mixture. A
portion of the composite mixture was packed into the end of a
polyamide tube. The electrical contact was made by forcing a
glassy carbon rod (r=1.5 mm) down into the tube and into the
back of the composite and, then, a thin film on the surface of the
glassy carbon electrode. This strategy increased the compact-
ness and stability of the composite on the surface of the glassy
carbon electrode. Here, it should be mentioned that only a very
small amount of melted paraffin had to be used for the
attachment of composite, because in this way a hard composite
creation was achieved, illustrating excellent electrochemical
properties. In addition, the employment of a greater melted
paraffin amount raised the peak potentials. Pure SWCNT or
graphite-based electrodes were also made using the separate
materials, dispersed in a small quantity of melted paraffin, in the
same way as for the composite electrodes described above. The
GC rod was carefully polished with alumina (0.05 μm) by a
polishing cloth. The electrode was placed in ethanol and soni-
cated to remove the adsorbed particles.

3. Results and discussions

3.1. TEM characterization

Fig. 2 shows the structure of the SWCNTs pipe clearly. Fig. 2
(a and b) illustrate the scanning electron microscope (SEM)
image and Fig. 2c presents the transmission electron microscope
(TEM) image of the SWCNTs structure. Some SWCNTs were
formed as boundless tubes because of the van der Waals forces.

3.2. Electrochemical behavior of CA at the SWCNT:
graphite-based electrode

Fig. 3a and b show the cyclic voltammograms of 0.06 mM
caffeic acid (CA) on the surface of the SWCNT-based and
SWCNT:graphite-based (2:1) electrodes. The pure SWCNT-
based electrode or the electrode with the greater SWCNT ratio did
not exhibit excellent electrochemical behavior for the CA, on the
grounds that the attachment and compactness of the SWCNT:
graphite composite decreased with the SWCNT increase.
However, this phenomenon increased with the increasing of the
graphite ratio in the composite. The best electrochemical behavior
was obtained on the SWCNT:graphite surface with the ratio of



Fig. 2. SEM (a and b) and TEM (c) images of the single-walled carbon nanotubes.
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1:1, named earlier as SWCNT:graphite-based electrode. Fig. 3c–e
depict comparative cyclic voltammograms (CVs) obtained at the
SWCNT:graphite-based electrode (c), graphite-based electrode
Fig. 3. Comparative cyclic voltammograms of 0.06 mM CA on the surface of (a) SW
graphite-based electrode, (d) graphite-based electrode and (e) GC electrode in PBS
(d) and GC electrode (e), after the addition of 0.06 mM CA in
phosphate buffer solution (PBS, pH=7.0). The presence of well-
defined reversible anodic and cathodic peaks indicated improved
CNT-based electrode, (b) SWCNT:graphite-based electrode (2:1), (c) SWCNT:
(pH=7.0). Scan rate: 50 mV s−1. The arrow indicates the initial scan direction.



Fig. 4. (a and b) Cyclic voltammograms of CA on SWCNT:graphite-based electrode in PBS (pH=7.0) at various sweep rates. The arrows are indicating the direction of
the decreasing sweep rate: 1, 0.75, 0.50, 0.25, 0.15, 0.10, 0.075, 0.050, 0.025, 0.015, 0.010 and 0.005 V s−1. The relationship between the peak currents (ipa, ipc) vs. the
square root of sweep rates (c) and the sweep rates (d). (e) Dependence of anodic peak potential on log v.
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electrochemical reactivity for the CA oxidation–reduction
reaction on the SWCNT:graphite-based electrode (Fig. 3c). The
CVs present a characteristic anodic peak at Epa=0.297 V for the
Fig. 5. Redox mech
GC electrode, at Epa=0.291 V for the graphite-based electrode
and at Epa=0.218 V vs. Ag|AgCl|KCl, sat. for the SWCNT:
graphite-based electrode. The complementary cathodic peak
anism of CA.



Fig. 6. (a) Cyclic voltammograms of 0.06 mM CA on the surface of the
SWCNT:graphite-based electrode at various pH values (c=0.15 M) from
positive potentials to negative potentials with pH=2, 3, 4, 5, 6, 7, 8 and 9,
respectively. Scan rate: 15 mV s−1. (b) The relationship between the formal
potential and pH values.
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appeared at Epc=0.84 V for GC, at 0.81 V for graphite and at
0.166 V for the SWCNT:graphite-based electrode. The difference
between Epa and Epc (ΔEp) decreased from 0.213 V for the GC
Fig. 7. (a) Cyclic voltammograms of CA in sulphate buffer (pH=2.0) at various sweep
0.15, 0.10, 0.05, 0.025, 0.015, and 0.005 V s−1, other conditions as in Fig. 4. (b) The
carbonate buffer pH=9.0 at 0.50, 0.25, 0.10, 0.075, 0.050, 0.025 and 0.015 V s−1.
electrode, 0.210 V for the graphite-based electrode to 0.052 V for
the SWCNT:graphite-based electrode. Thus, the CA reversibility
was significantly improved. The reason for the better performance
of the SWCNT:graphite-based electrode might be due to the
nanometer dimensions of the SWCNTs, the electronic structure
and the topological defects present on the SWCNTs surfaces [34].
The SWCNTs augmented the effective area of the electrode. The
SWCNT:graphite-based electrode presents no electrochemical
activity in the used solutions, but the background current became
larger. To further investigate the characteristics of CA at the
SWCNT:graphite-based electrode, the influence of the scan rate
on the oxidation of CA was studied by cyclic voltammetry
(Fig. 4a–d). With the scan rate increase, the peak current raised.
The peak current of CA increased linearly with the scan rate (v) in
the range from 0.005 to 1.0 V s−1 (Fig. 4d). This means that the
electrode process is controlled by adsorption. On the other hand,
with the increase of the scan rates, the oxidation peaks shifted to
more positive potentials, while the reduction peaks shifted to
more negative potentials with smaller potential shifted in
comparison with the oxidation potential shifts, indicating that
the electron-transfer rate was not very fast and the electrochemical
reaction gradually became less reversible. As shown in Fig. 4e, at
higher scan rates, the anodic peak potentials vs. log v show a
linear relationship. The regression equation isEpa=0.0355 log v+
0.2581 (R2=0.996, Ep: V, v: V s−1). According to the equation
[35]: E0a=E

0′+m [0.78+ln (D1/2 ks
−1)−0.5 ln m]+(m/2) ln v

(m=RT/[(1−α)nαF), the electron transfer coefficient α is
estimated to be 0.57 at SWCNT:graphite-based electrode. The
electrochemical behavior of CA is irreversible at the GC
rates. The arrows are indicating the direction of the decreasing sweep rate: 0.25,
relationship between the peak currents (ipa, ipc) vs. the sweep rates, (c) as (b) in



Fig. 9. The relationship between the peak currents (ipa, ipc) vs. the square root of
the sweep rates (a) and sweep rates (b) for 0.06 mM CA at the graphite-based
electrode in PBS (pH=7.0) at 0.75, 0.50, 0.25, 0.15, 0.10, 0.05, 0.025 and
0.015 V s−1.
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electrode. The peak potential,Ep is a function of the scan rate [36].
The electron transfer coefficient α is found to be 0.86 at the GC
electrode.

From the CVof CA at the SWCNT:graphite-based electrode
(Fig. 3c), at the Epa value of 0.218 V and at the Epa/2 value of
0.186 V, a reversible system was obtained [36].

jEp−Ep=2j ¼ 56:5
n

mV: ð1Þ

The charge transfer number (n) was also calculated to be
approximately 2. As CA redox behavior involved the transfer of
two protons (Fig. 5), we analyzed the pH effect on the cyclic
voltammogram at the SWCNT:graphite-based electrode. Fig. 6a
demonstrates the CVs of 0.06 mM CA in different buffer
solutions (c=0.15 M) with various pH values, ranging from 2.0
to 9.0. The cathodic and anodic peak potentials shifted to more
negative values. Fig. 6d displays the average variation of the
anodic and cathodic peak potentials for the CA oxidation with
pH at the SWCNT:graphite-based electrode. This average could
be considered approximately as the standard (formal) potential
(E°′). At the SWCNT:graphite-based electrode, with the in-
crease of the solution pH, the formal potential (and the cathodic
and the anodic peak potentials) decreased by about 56 mV per
pH unit, corresponding to a two-electron–two-proton overall
redox process and obeyed the following equation [37]:

E-V¼ E-−2:303ðmRT=nFÞpH ð2Þ

Here, m and n are the proton and electron numbers in the
redox reaction, respectively. R is the gas constant and T is the
absolute temperature. Based on the relation between E°′ and
pH, the standard formal potential E° was obtained from the
intercept of Fig. 6b (E°=0.560 V). The proton number (m),
intervening in the redox process, was approximately 2, which
could be calculated from the slope of the equation above.
Therefore, the proposed redox mechanism for CA could be
written as depicted in Fig. 5.

Fig. 7 illustrates the CVs of CA in pH=2.0. According to
Fig. 7b and c, there is a good linear relationship between the
peak current and the scan rate (v) at pH=2.0 (Fig. 7b) and
pH=9.0 (Fig. 7c). This means that the electrode process is
controlled by adsorption in both acidic and basic solutions.
Fig. 8. Electrochemical behavior of the SWCNT-based electrode in the acetate
buffer (pH=4.0) during the continuous cyclic voltammograms.
Fig. 8 demonstrates CVs of the SWCNT-based electrode in the
absence of any oxidation or reduction process. This is, indeed, an
advantage for the SWCNT substrates, as they are sufficiently
stable in an extensive potential region. Oxidation or reduction of
the substrate surface may lead to unfavorable process.

The influence of the scan rate on the CA oxidation at the
graphite-based electrode was studied by cyclic voltammetry.
Fig. 9 depicts the anodic and cathodic peak currents of CA at the
graphite-based electrode at pH=7.0 at various scan rates.
According to Fig. 9a, the redox peak currents of CA increased
linearly with the square root of the scan rate. This means that the
CA electrochemical behavior at the graphite-based electrode
was a diffusion-controlled process.

3.3. Theoretical characteristics of caffeic acid

On the one hand, the electrode process was controlled by
adsorption on the surface of the SWCNT:graphite-based
electrode (Fig. 4) and it was controlled by diffusion on the
surface of the graphite-based electrode (Fig. 9). On the other
hand, during the CA electro-oxidation, positive potentials were
applied to the electrode. Therefore, the CA atoms with the more
negative charges could be the adsorbed sites of CA on the
SWCNTs surfaces. For this reason, the calculation of the CA
atomic charges might be very useful. The CA atomic charges
are presented in Fig. 10. According to the CA atomic charge, the
higher negative charges are related to the oxygen atoms and the
highest negative charge among the oxygen atoms is attributed to
the oxygen atom of the hydroxyl group in carboxylic acid
group. In detail, the oxygen atom of the hydroxyl in carboxylic
acid group presents the highest negative charge (−0.687), in



Fig. 10. Atomic charges of CA.
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contrast to the other oxygen atoms, which exhibits negative
charge values of −0.674, −0.639 and −0.619. Therefore, the
carbon atom in the carboxylic acid group displays the highest
positive charge (0.894). The carbon atoms in the aromatic ring
are negatively charged. Nevertheless, in the aromatic ring with
electron-withdrawing groups, the carbon atoms, which are
connected to these kinds of groups, are positively charged.

4. Conclusions

The properties of the SWCNT:graphite-based electrode have
been demonstrated. The SWCNT:graphite-based electrode
offers a diametric improvement in the electrochemical behavior
of caffeic acid. A pair of well-defined redox waves was obtained.
The CA electrochemical behavior at the SWCNT:graphite-
based electrode was controlled by adsorption and the electrode
process on the surface of the graphite-based electrode was a
diffusion-controlled process, involving two-charges accompa-
nied by a transfer of two protons. The SWCNT:graphite-based
electrode displayed promising promotion of the CA electro-
chemical reaction. The attractive properties of this new
composite material open a new entrance for new electrodes in
the field of electrochemical applications.
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