J Appl Electrochem (2009) 39:1145-1151
DOI 10.1007/s10800-008-9773-2

ORIGINAL PAPER

Effects of capacitance and resistance of MWNT-film coated
electrodes on voltammetric detection of acetaminophen

Qijin Wan - Xiuwen Wang - Fen Yu *
Xiaoxia Wang * Nianjun Yang

Received: 11 June 2008/ Accepted: 23 December 2008 / Published online: 8 January 2009

© Springer Science+Business Media B.V. 2009

Abstract The active electrode area, capacitances, and
resistances of MWNT-film coated glassy carbon electrodes
with different amount of MWNTSs have been characterized
by cyclic voltammetry and chronoamperometry. They are
varied by controlling the amount of MWNTs dispersed on
the electrode surface and affect the voltammetric responses
of analytes in liquids. The redox current of acetaminophen
is enhanced on the MWNT-film coated electrodes due to
the enlarged active electrode area. The oxidation of acet-
aminophen occurs at 0.34 V and the reduction occurs at
0.27. Two electrons and two protons participate in the
reversible redox reaction. The diffusion-controlled anodic
peak current is proportional to the concentration of acet-
aminophen from 5.0 to 0.1 mM with a detection limit of
2.4 pM. The determination of acetaminophen in pharma-
ceutical formulations was also conducted.
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1 Introduction

Carbon nanotubes (CNT) are one novel form of carbon
material [1, 2] and have been recognized as one of the
quintessential nano-materials due to their physicochemical
features, e.g., large surface area, high chemical stability,
outstanding bio-compatibility, high conductance, good
tensile strength, high catalytic capability and fast electron
transfer rate [3-6]. They have been employed widely in the
design of effective, low-cost, and environment-friendly
electrochemical sensors and biosensors [5-12]. These
CNT-based sensors/biosensors show high efficiencies for
the detection of various analytes, e.g., large sized bio-
molecules (such as DNA, enzymes etc.) or smaller ones
(such as ascorbic acid), and toxic metal ions in the envi-
ronment. The big advantage of adopting CNTs for the
construction of sensors/biosensors is the enhancement of
active electrode area, which is controlled easily by the
amount of CNT dispersed/immobilized on the electrode.
Unfortunately, the capacitances and the resistances of
CNT-film modified electrodes are also increased. It has
been known that the capacitances of electrodes in liquids
vary proportionally with electrode active area and subse-
quently affect the voltammetric behavior of analytes in
liquid considerably [5-13]. However, few reports focus on
the estimation of the capacitance and the resistance of
CNT-film coated electrodes.

The purpose of this work is to measure the active
electrode area of CNT-film coated electrodes as well as to
evaluate their capacitances and resistances by the use of
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Fe(CN)?~ and acetaminophen as probe molecules. We
followed the simplest way to fabricate CNT-film modified
electrodes [14, 15] by directly dispersing a suspension of
commercially available multi-walled carbon nano-tubes
(MWNTs) on glassy carbon electrodes. Different volumes
of CNT suspension were used for the fabrication of the
modified electrodes. The reactivity, capacitances and sur-
face areas of the resultant electrodes were examined and
compared by means of voltammetry and chronoamperom-
etry, instead of relatively complicated impedance
spectroscopy.

Acetaminophen (paracetamol, N-acetyl-p-aminophenol),
a widely used analgesic anti-pyretic drug, is a suitable
alternative for patients who are sensitive to aspirin [16]. On
the other hand, it has been known that overdoses of acet-
aminophen result in liver and kidney damage [17].
Attempted suicide by use of market available acetamino-
phen has also been reported. Therefore, various routines
including titrimetry, spectrophotometry, liquid chroma-
tography (LC) [18-20] and voltammetry have been
developed for the determination of acetaminophen in
pharmaceutical formulations and biological fluids. Among
these methods, titrimetric and spectrophotometric methods
always involve a tedious extraction process prior to
detection, whereas the LC methods are time-consuming
and expensive. Due to low cost, fast response, simple
instrumentations, high sensitivity, facile miniaturization
and low power requirements, electrochemical detection of
acetaminophen has received extensive attention [21-30].
Various electrodes such as boron-doped diamond [20, 21],
conductive polymer-film coated electrodes [22-29], and
single wall carbon nanotube-film coated electrodes [30]
have been used for the voltammetric detection of
acetaminophen.

2 Experimental
2.1 Chemicals and apparatus

MWNTs were purchased from Shenzhen Nanotech Port
(Shenzhen, China) and acetaminophen was bought from
Sigma (NJ, USA). Other commercially available chemicals
were bought from Shanghai 1st Chem. Factory (Shanghai,
China) and were of analytical grade.

Electrochemical measurements were performed on a
CHI 760B electrochemical station (Chenhua Co. Ltd,
Shanghai, China) at room temperature with a conventional
three-electrode cell (5 mL). Either a bare glassy electrode
(4 mm in diameter) or a MWNT-film coated electrode act
as the working electrode. A saturated calomel electrode
(SCE) was used as reference and a platinum foil electrode
as the counter electrode. All potentials were determined
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against the SCE. The anodic current is positive and the
cathodic negative. A 200-kV high-resolution transmission
electron microscope (HRTEM, JEOL-2000) with a mag-
nification of about 3 350 000 was used for the TEM images
of MWNTs.

2.2 Fabrication of MWNT-film coated electrodes

Prior to fabricating MWNT-film modified electrodes, the
purification and functionalization of the MWNTs was
carried out. The purification was performed in a similar
way as described in the literature [10, 13, 31]. Briefly,
500-mg of MWNTs were oxidized at 400 °C for 30 min to
remove amorphous carbon particles. The oxidized MWNTs
were dispersed in 60 mL of 6.0 M HCI for 4 h in an
ultrasonic bath to eliminate metal oxide catalysts, rinsed in
DI water until the pH of the solution was close to 7.0, and
then dried in air at room temperature. In order to generate a
carboxylic terminated (-COOH) MWNT surface [32, 33]:
the purified MWNTSs were further oxidized in a mixture of
concentrated sulfuric and nitric acid (v/v = 3:1) with the
aid of ultrasonication for 6 h at 50 ~ 60 °C. The resulting
solution was filtered by a poly (tetra Xuoroethylene)
membrane with a 200-nm pore size. The filtrate was
washed thoroughly with DI water to remove any remaining
acid, followed by drying in an oven at 60 °C for 2 h. The
functionalized MWNTs were then dissolved in alcohol and
the suspension (1.0 mg mL™") was used for the fabrication
of the MWNT-film coated electrodes.

Prior to casting the MWNT suspension on electrodes,
the glassy carbon electrodes were polished with sand paper
and alumina slurry, cleaned in an ultrasonic cleaner for
10 min and then thoroughly rinsed with distilled water. The
required volume of MWNT suspension was distributed on
the surface of the electrode. The electrode was dried in air
at room temperature; thus the alcohol evaporated and we
obtained the MWNT-film modified electrode. The volume
of the suspension was changed to obtain different MWNT-
film coated electrodes for voltammetric and chronoamp-
erometric investigations.

3 Results and discussion

Figure 1 shows a typical TEM image of MWNTs after
purification and functionalization. Long MWNTSs about
5-15 um are always observed; these are promising for
electrode coating. The diameters of the MWNTs are around
10-20 nm. Other typical properties of MWNTs are listed
as follows: purity > 95%; concentration of amorphous
carbon < 3%; the concentration of ash (catalyst residue)
<0.2%; special surface area, 40-300 m?> g_l; thermal
conductivity, ~2,000Wm_1 K~!. These MWNTs are
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well suspended in alcohol. The resultant suspension was
used as the stock solution and always stored in a refriger-
ator at 4 °C. Different MWNT-film coated electrodes were
then fabricated with different volumes of the suspension.
When the volume of the suspension was less than 20 pL,
the MWNTSs stuck to electrode surface very well since the
voltammetric response of the analytes as discussed in the
next sections did not change for over 1 week. However,
precipitation of MWNTs was observed (with optical
microscopy) after long electrochemical measurements. The
strong adsorption of MWNTSs on glassy carbon may be due
to the relatively rough electrode surface and charged
MWNTs surface. More detailed investigation is in progress
in our lab.

Fe(CN)g~ was adopted as a molecular probe to check
the reactivity and active electrode area of the MWNT-film
coated electrodes. Figure 2 shows a cyclic voltammogram
of Fe(CN)g~ (dashed line). As a control experiment, a
cyclic voltammogram on a bare glassy carbon electrode
(solid line) was recorded. The anodic and cathodic peak
potentials for the MWNT-film coated electrode are the
same as those on a bare glassy carbon electrode, indicating
that the modified electrode presents good electro-activity
towards the redox species. However, the peak currents do
not significantly increase on the MWNT-film coated elec-
trode. This is probably because the capacitive current of the
modified electrode is also enlarged when its electrode
active area is enhanced.

In order to determine the current enhancement of the
analytes on the MWNT-film coated electrodes, we varied
the amount of MWNT on the electrodes by changing the
volumes of MWNT suspension during the fabrication
process. Figure 3 shows cyclic voltammograms of

Fig. 1 Typical TEM image of multi-walled carbon nanotubes
(MWNTs) used

I/ mA
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Fig. 2 Cyclic voltammograms of 10.0 mM Fe(CN)s~ on a bare
(solid line) and on the MWNT-film coated (dashed line) glassy carbon
electrode at a scan rate of 50 mV s~'. The concentration and the
volume of MWNT suspension are 1.0 mg mL~' and 10 pL,
respectively

Fe(CN)s~ on the MWNT-film coated electrodes. The
currents for Fe(CN)g_ increase when larger volumes of
suspension are used. The absolute value of anodic peak
current varies from 0.25, to 0.26 and to 0.29 mA when 5 to
10, and 15 pL suspensions are dispersed, respectively.
However, the anodic peak potentials shift positively when
the larger volume of suspension is used. This may result
from the increased electrode resistances [2, 5], which will
be discussed in a later section.

In order to estimate the active electrode area of the
MWNT-film modified electrode, we plotted the variation of
anodic peak currents as a function of the concentration of
Fe(CN)? and of the square root of scan rate on both bare
and MWNT-film coated glassy carbon electrodes in Fig. 4.
A 10-uL MWNT suspension was used. The anodic peak
currents are proportional to the concentration of Fe(CN)g™
on a bare (full circles) as well as on the MWNT-film coated
glassy carbon electrode (open circles). The anodic peak
currents also increase proportionally to the square-roots of
scan rate on both electrodes, indicating diffusion-controlled
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Fig. 3 Cyclic voltammograms of 10.0 mM Fe(CN)? on the
MWNT-film coated electrode at a scan rate of 50 mV s~'. The
concentration MWNTSs suspension is 1.0 mg mL™'. The volumes
used are 5, 10, 15 pL from inside to outside, respectively
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Fig. 4 Variation of anodic peak currents, I, ,, with the concentration

of Fe(CN)?,_, ¢, on the MWNT-film coated (full circles) and on a bare
(open circles) glassy carbon electrode at a scan rate of 50 mV s~ '

I ., as a function of the square root of scan rates, v/ 2, on the MWNT-

film coated (full squares) and on a bare (open squares) glassy carbon
electrode when the concentration of Fe(CN)g_ is 10.0 mM. The

concentration and the volume of MWNTs suspension are

1.0 mg mL~" and 10 uL, respectively

anodic currents. For a diffusion-controlled electrode pro-
cess, the peak current, I,,, can be expressed in the form [34]

I, = 0.446nFcA(DvnF /RT)"? (1)

where D is the diffusion coefficient of Fe(CN)g™
(6.70 x 107% cm? s™"), ¢ is its molar concentration, n (=1)
is the number of electrons participated in the redox reaction,
A is the electrode active area, and the other variables have
their conventional meanings. The electroactive area of two
electrodes can be estimated by knowing the slope of I, vs. ¢
or I, vs. 2 In Fig. 4, the slopes of I, , vs. ¢ are 2.17, 2.42
(unit was not shown) and the slopes of 1, , vs. v!'’? are 0.85
and 0.91 (unit not shown) for a bare and for the MWNT-film
coated glassy carbon electrode, respectively. The ratio
of the electroactive area of the MWNT-film coated
electrode to that of a bare one is calculated to be 1.115 and
1.071 from the slopes of I, , vs. ¢ and I, , vs. v!”2, respec-
tively. From Eq. (1), the real electroactive area of the
MWNT-film coated electrode is calculated to be 0.14 cm?.
This result agrees with the reported increase in active
electrode areas by CNTs [8-12]. If we assume that the
average length of MWNT used is 12.5 pum and their
diameters are around 15 nm, the surface area of one MWNT
will be 5.89 x 10~° cm?. That is to say, when 10 pL of
MWNT dispersion is dispersed on the electrode, the number
of MWNTs on the electrode will be roughly 2.33 x 107 if
the MWNTs are immobilized in the form of a mono-layered
structure.

The capacitance of the MWNT-film coated electrode in
pH 7.38 phosphate buffer solution was investigated by use
of cyclic voltammetry and chronoamperometry. The
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currents in the cyclic voltammograms on bare and on
MWNT-film coated glassy carbon electrode (not shown) in
the window potential from 0.2 to 0.8 V increase propor-
tionally to scan rate from 10 to 140 mV s~ ! indicative of
capacitive currents. The slope of the variation of the cur-
rent with scan rate on the MWNT-film coated electrode is
1.1-time larger than that of a bare glassy carbon electrode
(not shown). If we assume that the capacitance of MWNTSs
is not so different from glassy carbon (because both are
from carbon), the difference in the capacitance directly
reflects the change in electrode active area (since the
capacitance is proportional to the electrode area). This
agrees with previous discussions about 1.1-time enhance-
ment of active electrode area after casting MWNTSs.

Potential step experiments were then carried out on a
bare and a MWNT-film coated glassy carbon electrode
from 0.2 to 0.4 V in pH 7.38 phosphate buffer solution to
estimate the capacitances and resistances. Figure 5 shows
the corresponding chronoamperometric curves. The cur-
rents decay exponentially on both the MWNT-film coated
and bare glassy carbon electrode. For a potential step with
a magnitude of E, the variation of the current, i, with time,
t, is expressed as [34]

. E —t/RCy

[ s 2
=g (2)
where R; represents the electrode resistance and Cy stands
for the capacitance. If we take natural logarithm on both
sides of Eq. (2), we obtain

. E t
Ini=In— —
R, R,Cy

(3)

From the linearity of Ini vs. ¢, we can obtain the values
of Ry and Cy. The calculated capacitances are 5.34 x 1074
and 5.67 x 10~*F for the bare and the MWNT-film coated
glassy carbon electrodes, respectively. If we take their
active electrode surface into account, we get similar values

I/ mA

0.4 0.5

Fig. 5 Chronoamperometric curves of the MWNT-film coated (solid
line) and a bare (dashed line) glassy carbon electrode in the pH 7.38
phosphate buffer solution. The potential is set at 0.2 V for 5 s and
then step to 0.4 V. The concentration and the volume of MWNT
suspension are 1.0 mg mL~" and 10 pL, respectively
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of normalized capacitance for the bare glassy carbon
electrode and the MWNT-film coated electrode. This is
reasonable since both originate from carbon. The
calculated values of R are 323 and 455 Q for the bare
and the MWNT-film coated glassy carbon electrodes,
respectively. The increased resistance of the MWNT-film
coated electrodes results in the positive shift of anodic peak
potentials of Fe(CN)?,_ observed in Fig. 3.

The voltammetric behavior of acetaminophen on the
MWNT-film coated electrode (dashed line) was then
studied and is presented in Fig. 6, which shows a sharp
anodic peak at 0.36 V with a diffusion tail and a well-
defined cathodic wave at 0.27 V. The absolute value of the
anodic peak current is almost equal to the cathodic one.
The cyclic voltammogram of the MWNT-film coated
electrode in pH 7.38 phosphate buffer solution (solid line)
only shows a capacitive current. At the bare glassy carbon
electrode (dotted-dashed line), acetaminophen is oxidized
irreversibly with an oxidative peak at 0.36 V and a broad
cathodic reductive peak from 0.36 to 0.16 V. The anodic
current is more pronounced than the cathodic one. These
facts suggest that the voltammetric response of acetami-
nophen is significantly improved at the MWNT-film coated
electrode, in agreement with the literature [5—12].

The effect of pH of the buffer solution, scan rate, the
volume used for the fabrication of modified electrode, and
the interference on the redox current of acetaminophen were
then inspected. When the pH of the phosphate buffer solu-
tion is changed from 4.4 to 8.3, the anodic peak potential
shifts negatively and shows a linear relationship with pH
slope —0.057 mV pH ™', indicating that the same numbers
of electrons and protons accompany the oxidation of acet-
aminophen. It has been known that the number of electrons
transferred during the oxidation of acetaminophen is 2 [35].

0.01

I/ mA
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E/V vs. SCE
Fig. 6 Cyclic voltammograms of 0.1 mM acetaminophen on the
MWNT-film coated (dashed line) and on a bare (dashed-dotted line)
glassy electrode in pH 7.38 phosphate buffer solution. The solid line
is the cyclic voltammogram of the MWNT-film coated electrode in
pH 7.38 phosphate buffer solution without acetaminophen. The scan
rate is 40 mV s~!. The concentration and the volume of MWNTSs
suspension used are 1.0 mg mL~" and 10 uL, respectively

Therefore, two electrons and two protons participate in the
oxidation of acetaminophen. The anodic wave at 0.37 V
probably results from the oxidation of acetaminophen into
the oxidized imidogenquinone, while the cathodic one at
0.27 V is due to the reduction of imidogenquinone to acet-
aminophen. The maximum anodic peak current is obtained
at pH 7.38. Therefore, pH 7.38 phosphate buffer solution
was adopted for the voltammetric measurements of acet-
aminophen in the next sections.

The anodic peak current, I, ,, increases with square root
of scan rate, v 2, on the MWNT-film coated electrode, as
shown by the full circles in Fig. 7, indicating a diffusion-
controlled electrode process. As a control experiment, I, ,
as a function of v'? on a bare glassy carbon (open circles)
is plotted in Fig. 7, showing proportionality. The slope of
I, vs. v'"* of the MWNT-film coated electrode is 1.1-times
larger than that of the bare glassy carbon electrode. This
difference is due to the increased active area by MWNTs,
as discussed in the previous sections.

Figure 8 shows cyclic voltammograms of acetaminophen
on the MWNT-film coated glassy carbon electrodes with
different amount of MWNT used. The current response
increases when more MWNTs are dispersed on the electrode
although the capacitive current increases significantly.
Experimentally, too large an amount of MWNT (larger than
20 pL) is not helpful for the fabrication of modified elec-
trodes because part of the MWNTs on the electrodes is lost
when the electrode touches the solutions.

Possible interferences for the detection of acetaminophen
at the MWNT film coated electrode were examined. Various
ions were added to 50 pM acetaminophen solutions and
then the voltammetric behavior was investigated. The vol-
ume used for the fabrication of the MWNT-film coated
electrode was 10 pL and the concentration of MWNTSs

30
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Fig. 7 Variation of the anodic peak currents, I, ,, with the square-
root of scan rate, v"? on the MWNT-film coated (full circles) and on
the bare (open circles) glassy carbon electrode. The concentration and
the volume of MWNTs suspension used are 1.0 mg mL ™" and 10 pL,
respectively. The concentration of acetaminophen is 0.1 mM
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Fig. 8 Cyclic voltammograms of 0.1 mM acetaminophen on the
MWNT-film coated glassy electrodes in pH 7.38 phosphate buffer
solution at a scan rate of 50 mV s~'. The concentration of MWNTs
suspension used for the fabrication of electrode is 1.0 mg mL™". The
volumes used are 5 (solid line), 10 (dotted-dashed line), 15 (dashed
line) pL

was 1.0 mg mL™". Most of common ions like Nat, K*,
Fe’™, Cu®™, AI*T, C17, NO*~, CO;2~, and SO,>~ show no
interference to acetaminophen detection. The common
interferences in biological samples, like lysine, ascorbic
acid, tyrosine, cysteine and vitamin B¢_show interference up
to a 30-fold concentration of acetaminophen.

Since a large capacitive current is noticed on the
MWNT-film coated electrode, differential pulse voltam-
metry was applied for the detection of acetaminophen.
Figure 9 shows differential pulse voltammograms of acet-
aminophen with different concentrations when the 10-uL
suspension was used for the fabrication of the modified
electrode. The anodic peak current, 1, ,, is proportional to
the concentration of acetaminophen, c, in the concentration
range 5.0 uM to 0.1 mM. The linear regression equation is
inserted into Fig. 9 and is expressed as I,, (LA) = 0.14¢
(UM) (R = 0.9989). The detection limit is 2.4 M when the
signal/noise ratio is 3. When 5- or 15-uL suspension is
used, the linear equations are Iy, (HA) = 0.07¢ (uM)
(R=0.9989) and I,, (pA) = 0.09¢ (uM) (R = 0.9987),
respectively. Unfortunately, the MWNT-film coated elec-
trodes do not show lower detection limits than those using
single-walled carbon nanotube-film coated glassy carbon
electrodes [30]. The possible reasons may be the types of
functional groups used on the CNTs, the immobilization
methods of CNTs on the electrodes, and the detection
method used. We are currently working on this topic and
will report results in the future.

The MWNT-film coated electrode using different
amounts of MWNT was applied to determine the amount
of acetaminophen in composite chlorzoxazone tablets
(Shiguibao Pharmaceutical Group Corporation, Shanghai,
China). The powdered tablets were dissolved in approxi-
mately 125 mL distilled water. The suspension was stirred
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Fig. 9 Differential pulse voltammograms of acetaminophen on the
MWNT-film coated glassy electrode at a scan rate of 50 mV s~'. The
pulse voltage is 10 mV and the amplitude is 2.5 mV. The concen-
trations of acetaminophen are 5.0, 10, 50, 80, 100 uM from inside to
outside, respectively. The insert is the proportionality of the anodic

peak currents from differential pulse voltammograms, I,,, to the

concentration of acetaminophen, c¢. The concentration and the volume
of MWNTs suspension used are 1.0 mgmL~™' and 10 pL,
respectively

and centrifuged at 3,500 rpm for 10 min. The 5-mL
supernatant was diluted into 250 mL with phosphate buffer
saline. A 10-mL resulting solution was then taken out and
used as the sample for the concentration detection of
acetaminophen. The concentration of acetaminophen was
calculated using the standard addition method. The ana-
lytical results obtained are listed in Table 1. When the
volumes of MWNT suspension (1.0 mg mL™") used for
the fabrication of modified electrodes are 5. 10, 15 pL, the
relative standard deviations of each sample for five time
parallel detections are in the ranges 2.05 to 7.8, 1.97 to
7.94, and 1.95 to 8.06%, respectively. The recoveries are in

Table 1 Determination of acetaminophen in tablets by the MWNT-
film coated electrodes

Volume?/  Content/ Added/ Found/ Recovery/
pL 0.1 pM 0.1 uM 0.1 uM %
5 1 1 2.05 105
2 3.09 109
4 2 5.98 99.5
4 7.8 95
10 1 1 1.97 97
2 297 97
4 2 6.03 100.8
4 7.94 98.5
15 1 1 1.95 95
2 3.08 108
4 2 6.24 106
4 8.06 101.5

? The volume of the suspension (1.0 mg mL~") of MWNTs used for
the fabrication of electrodes
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the ranges 95 to 105, 97 to 100.8, 95 to 108%, respectively.
These results indicate the MWNT film coated electrodes
are effective and sensitive for the detection of acetamino-
phen in tablets.

4 Conclusions

The electrode area and the redox current of analytes in
liquids are enhanced by CNT coated on glassy carbon
electrodes. However, the capacitance and the resistance of
electrodes are increased due to the enlarged surface area of
the nano-sized materials. Therefore, the first thing that
should be taken into consideration before the detection of
analytes in solutions by use of nano-sized materials is to
optimize the amount of nano-sized material on the elec-
trodes, although these MWNT-film coated electrodes are
still efficient and sensitive for the electrochemical detection
of analytes in liquids and are promising for the analysis of
pharmaceutical formulations.
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