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Promising voltammetric sensors based on the modification of Pt and poly(3-methylthiophene) (PMT)
electrodes with Pd nanoparticles were achieved for the determination of catecholamine neurotransmit-
ters, ascorbic acid and acetaminophen. Electrochemistry of the indicated compounds was studied at these
electrodes and interesting electrocatalytic effects were found. Furthermore, simple, easily prepared one
electrochemical step Pd-modified Pt electrode (Pt/Pd) is reported for the first time. Cyclic voltammetry
(CV) and chronocoulometry (CC) were used for the determination of the apparent diffusion coefficients

−4 −5 2 −1

oly(3-methylthiophene)
d nanoparticles
lectrochemical impedance spectroscopy
atecholamine neurotransmitters
scorbic acid
cetaminophen (paracetamol)

in different electrolytes at these electrodes and the values are in the range from 10 to 10 cm s .
Furthermore, it was found that the method of polymer formation had a substantial effect on the syner-
gism between the polymer film and the loaded metal particles towards the oxidation of dopamine (DA) in
different supporting electrolytes. This was confirmed by the CV, CC and EIS (electrochemical impedance
spectroscopy) as well as SEM (Scanning Electron Microscopy) results. Pt and PMT electrodes modified with
Pd nanoparticles showed excellent results for the simultaneous determination of tertiary and quaternary

ompo
mixtures of the studied c

. Introduction

Conducting polymers (CPs) are widely employed as coat-
ngs conferring the electrode systems antifouling properties and
ossibly activating electrocatalytic redox processes [1,2]. Among
ifferent CPs, PMT showed unusual characteristics towards the
etermination of catecholamine neurotransmitters compared to
ommonly used electrodes such as Pt, Au, glassy carbon, and chem-
cally modified electrodes [3,4]. A step forward with respect to
simple’ modification with pristine CPs consist of the inclusion of

etal functionalities inside the polymeric matrix, in order to fur-
her increase the performances of the resulting composite material.
n particular, inclusion of noble metal nanoparticles (NPs), whose
atalytic properties are well known [5], constitutes one of the most
nteresting possibilities. Similar composites based on polypyrrole
nd polyaniline have been recently reported [6–10]. Polythio-
henes/NPs composites are even less studied [11–13]. Among

olythiophenes, poly(3,4-ethylenedioxythiophene) (PEDOT) is pre-
umably the most studied one but few recent papers are reported
n PMT/NPs composites [14–16] in spite of its interesting proper-
ies. Among the reported conducting polymer–metal composites,

∗ Corresponding author. Tel.: +20 2 37825266.
E-mail address: nada fah1@yahoo.com (N.F. Atta).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.04.040
unds.
© 2009 Elsevier B.V. All rights reserved.

platinum (Pt) is probably the most studied one. The fabrication
and the subsequent characterization of palladium (Pd)-modified
CP nanocomposites are not extensively reported in the literature
[16,17]. On the other hand, the rate of charge or mass transport asso-
ciated with redox reactions in modified films is commonly studied
by determining the apparent diffusion coefficient (Dapp) [18].

The development of voltammetric sensors for the determination
of catecholamine neurotransmitters and specially dopamine (DA)
has received considerable interest during the last few years [15].
They include dopamine (DA), epinephrine (E), and norepinephrine
(NE). They play important roles in various biological, pharmaco-
logical and physical processes [19]. Recently, attention has been
paid to develop a new generation of modified electrodes involving
monolayers, conducting polymers and nanoparticles able to solve
efficiently the problems encountered in the conventional unmodi-
fied electrodes.

Electrochemical impedance spectroscopy (EIS) is an effec-
tive technique for probing the features of chemically modified
electrodes and for understanding electrochemical reaction rates
[20,21]. EIS was used to characterize Pt-modified polyaniline (PAN)

film in H2SO4 solution [22]. The results showed that compared with
the pure polyaniline film|H2SO4 solution interface, the deposition
of platinum in the polyaniline matrix greatly reduces the electro-
chemical charge transfer resistance (Rct) in the platinum-modified
polyaniline film|H2SO4 solution interface.

http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:nada_fah1@yahoo.com
dx.doi.org/10.1016/j.talanta.2009.04.040
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In the first part of this work, we have reported the modifica-
ion of PMT polymer films with Pd particles [16]. In this paper,
he electrochemistry of dopamine and other catecholamine neu-
otransmitters as well as ascorbic acid, acetaminophen and some
rganic compounds at the Pd nanoparticles modified PMT electrode
re considered. Different methods were used for the formation of
MT films and the deposition of Pd nanoparticles. The effect of sup-
orting electrolyte on the electrochemistry of these compounds is
ddressed as well. CV and CC are used for the determination of the
pparent diffusion coefficient values for these compounds at differ-
nt electrodes and electrolytes as it gives some information about
he kinetics of charge transfer during the redox reactions of these
ompounds. The effect of the method of polymer film formation
n the synergism between the polymer film and the subsequently
oaded Pd particles is thoroughly studied. CV, CC, SEM and EIS mea-
urements were used to address this point. EIS was used to study
he capacitance and resistance of the metal modified polymer com-
osites. Finally, this novel modified sensor electrode is used for the
imultaneous detection of tertiary and quaternary mixtures of these
ompounds.

. Experimental

.1. Chemicals and reagents

All chemicals were used as received without further purification.
-Methylthiophene (distilled under rotary evaporation prior to use)
etrabutyl ammonium hexafluorophosphate (Bu4NPF6), acetoni-
rile (HPLC grade), hydroquinone, catechol, dopamine, epinephrine,
orepinephrine, methyl-l-DOPA, p-aminophenol, acetaminophen,
scorbic acid, sulfuric acid, nitric acid, hydrochloric acid, phospho-
ic acid, perchloric acid, sodium sulfate, sodium nitrate, sodium
hloride, and sodium phosphate were supplied by Aldrich Chem.
o. (Milwaukee, WI, USA). Palladium (II) chloride was supplied by
cherimg Kaul Paum AG, Berlin, Germany. Aqueous solutions were
repared using double distilled water.

.2. Electrochemical cells and equipments

Electrochemical polymerization and characterization were car-
ied out with a three-electrode/one-compartment glass cell.

xperimental details can be found elsewhere [16]. All experiments
ere performed at 25 ◦C.

Electrochemical impedance spectroscopy was performed using
Gamry-750 system and a lock-in-amplifier that are connected

o a personal computer. The data analysis software was provided

ig. 1. Cyclic voltammetric behavior of 5 mmol L−1 DA/0.1 mol L−1 H2SO4 at: (A) bare P
t/Pd(BE) and Pt/Pd(CV) electrodes. Scan rate = 50 mV s−1. (Inset: relationship between th
ta 79 (2009) 639–647

with the instrument and applied non-linear least square fitting with
Levenberg-Marquardt algorithm. All impedance experiments were
recorded between 0.1 Hz and 100 kHz with an excitation signal of
10 mV amplitude.

2.3. Electrodeposition of the polymer film on Pt electrode and
further modification with Pd particles

Two electrochemical methods were employed for the deposition
of the polymer film from a solution of 0.05 M 3-methylthiophene
and 0.05 M Bu4NPF6 in acetonitrile. In the first method (BE method)
the potential applied between the platinum disc working elec-
trode and the reference (Ag/AgCl) is held constant at +1.8 V for
30 s (the electrode is indicated Pt/PMT(BE)). The second alternative
(CV method) is to vary the potential with time, namely 50 mV s−1,
between two potential limits, ca. Ei = −0.1 V and Ef = +1.8 V for 15
cycles (the electrode is indicated Pt/PMT(CV)).

Further modification with Pd particles involves the following: a
polymer film is prepared and washed with doubly distilled water.
This was followed by the electrochemical deposition of Pd parti-
cles from a solution of 2.5 mM PdCl2 in 0.1 M HClO4 by applying a
double potential step (BE) or cyclic voltammetric program (CV) to
the polymer. The double potential step conditions are (Ei = −0.05 V,
�ti = 30 s, Ef = +0.01 V, �tf = 300 s). In the cyclic voltammetric (CV)
method, on the other hand, the electrode is cycled between −0.25 V
and +0.65 V at a scan rate of 50 mV s−1 for 25 cycles [16]. Moreover,
Pd particles were also deposited directly over Pt electrode.

3. Results and discussion

3.1. Electrochemistry of DA at Pt/PMT/Pd-modified electrodes

Initial studies of the voltammetric behavior of DA were per-
formed using cyclic voltammetry. Fig. 1(A) compares typical
cyclic voltammograms of 5 mmol L−1 dopamine in 0.1 mol L−1

H2SO4 recorded at four different working electrodes (i.e. bare
Pt, Pt/PMT(BE), Pt/PMT(BE)/Pd(BE), and Pt/PMT(BE)/Pd(CV) elec-
trodes). At bare Pt electrode, a poorly defined oxidation peak was
observed at 664 mV whereas at Pt/PMT(BE) electrode the potential
shifts negatively to 543 mV. Further, an increase in peak current
is also observed due to the improvements in the reversibility of

the electron transfer processes and the larger real surface area
of the polymer film. The porous structure of conducting polymer
allows dispersing the metal particles into the polymer matrix and
generates additional electrocatalytic sites [23–25]. The electrode-
position of Pd particles on the polymer film causes a remarkable

t, Pt/PMT(BE), Pt/PMT(BE)/Pd(BE), and Pt/PMT(BE)/Pd(CV) electrodes. (B) Bare Pt,
e square root of scan rate and anodic peak current.)
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Table 1
Summary of the cyclic voltammetry results obtained at Pt/PMT(BE), Pt/PMT(CV), Pt/PMT(BE)/Pd(BE), and Pt/PMT(BE)/Pd(CV) in 5 mmol L−1 analyte/0.1 mol L−1 H2SO4.

Compound Pt/PMT Pt/PMT(BE)/Pd

BEa CVa BEb CVb

Epa (mV) Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2)

Hydroquinone 446 103.2 473 80.3 443 164.1 455 262.2
Catechol 551 120.4 591 105.2 555 188.8 553 289.3
Dopamine 543 110.3 572 89.5 549 193.7 556 321.5
Methyl-l-DOPA 565 125.1 594 90.1 566 188.6 579 292.4
Epinephrine 574 99.6 596 79.9 561 144.4 561 249.2
Norepinephrine 573 110.9 593 80.2 556 134.2 556 215.1
p-Aminophenol 532 119.5 551 82.3 528 153.1 556 330.8
Acetaminophen 693 135.3 718 121.4 696 213.5 692 361.7
A 7.4
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scorbic acid 360 58.5 362 4

a The method of formation of the polymer film.
b The method of deposition of Pd particles.

ncrease in peak currents. Thus, the deposition of the polymer film
n Pt electrode decreases the potential of oxidation substantially
i.e. thermodynamically feasible reaction). Further, the electrode-
osition of Pd particles over PMT film enhances the redox current
ffectively indicating an improvement in the electrode kinetics by
he presence of Pd particles. The remarkable enhancement in cur-
ent response followed by a drop in peak potential provides clear
vidence of the catalytic effect of the Pd-modified PMT electrodes
hat acts as a promoter to enhance the electrochemical reaction,
onsiderably accelerating the rate of electron transfer.

Now, what about the catalytic effect of Pd particles when Pd
s deposited directly to Pt electrode? CVs of 5 mmol L−1 DA were
ecorded at Pt/Pd(BE) and Pt/Pd(CV) electrodes in 0.1 mol L−1

2SO4, Fig. 1(B). DA exhibits well-defined redox peaks at the
d-modified electrodes with the oxidation potential shifted neg-
tively to 466 and 456 mV at Pt/Pd(BE) and Pt/Pd(CV) electrodes,
espectively. A substantial increase in the peak currents is also
bserved but it is still less than the corresponding values at
t/PMT/Pd electrodes. The aforementioned results confirm the key
ole played by Pd particles on the catalytic oxidation of DA.

Further, the linear relationship between the peak current and
quare root of scan rate (Fig. 1, insets) in the scan rate range from
0 to 100 mV s−1 points to the diffusion-controlled nature of DA
xidation on Pt/Pd and Pt/PMT/Pd electrodes.

.2. Electrochemistry of catecholamine neurotransmitters,
cetaminophen, and ascorbic acid
Initial studies of the voltammetric behavior of all compounds
ere performed using cyclic voltammetry. Tables 1 and 2 summa-

ize the electrochemical data for the oxidation of some molecules
f biological interest, namely, dihydroxy compounds (hydro-

able 2
ummary of the cyclic voltammetry results obtained at Pt, Pt/Pd(BE), and Pt/Pd(CV) electr

ompound Pt Pt/Pd

BEa

Epa (mV) Ipa (�A cm−2) Epa (m

ydroquinone 562 42.4 429
atechol 686 32.9 536
opamine 664 34.7 530
ethyl-l-DOPA 689 31.2 543

pinephrine 737 29.8 537
orepinephrine 756 32.2 538
-Aminophenol 617 25.1 523
cetaminophen 728 38.8 695
scorbic acid –b –b 296

a The method of deposition of Pd particles.
b No value was observed up to 1.2 V.
311 128.6 314 197.6

quinone, catechol), catecholamine neurotransmitters (dopamine,
epinephrine, and norepinephrine), methyl-l-DOPA, as well as p-
aminophenol, acetaminophen and ascorbic acid. The data were col-
lected from the cyclic voltammograms at Pt/PMT(BE), Pt/PMT(CV),
Pt/PMT(BE)/Pd(BE), Pt/PMT(BE)/Pd(CV) and Pt, Pt/Pd(BE), Pt/Pd(CV)
electrodes for the compounds indicated (BE refers to forma-
tion using bulk electrolysis and CV refers to formation using
cyclic voltammetry of the corresponding interface). The scan
rate is 50 mV s−1, and the analyte concentration is 5 mmol L−1 in
0.1 mol L−1 H2SO4 for the electrodes studied. Except for ascor-
bic acid and acetaminophen (undergo irreversible oxidation) all
test substances displayed reversible behavior in 0.1 mol L−1 H2SO4
electrolyte. From the biosensor point of view, the oxidation
peak potential values, Epa, for these substances as well as their
corresponding oxidation peak current values, Ipa, are more impor-
tant than their reversible behavior. Thus, all compounds show
significant decrease in the Epa values at the Pd-modified elec-
trodes. Moreover, the Ipa increased in the following order: Ipa

values at Pt < Pt/PMT(BE) < Pt/PMT(BE)/Pd(BE) < Pt/PMT(BE)/Pd(CV)
and Pt < Pt/Pd(BE) < Pt/Pd(CV). The electrodeposition of Pd over
bare Pt- or PMT-modified electrode effectively enhances its
electrocatalytic activity towards the oxidation of the indicated
compounds. Furthermore, Pd-modified electrodes show excellent
stability of the redox signal in the repeated cyclic voltammo-
grams in solutions containing the compounds of study up to 50
cycles.
3.3. Effect of solution pH

The redox system should be affected by changes in pH because
of the involvement of protons in the overall electrode reaction.
The effect of changing the pH of the medium on the response of

odes in 5 mmol L−1 analyte/0.1 mol L−1 H2SO4.

CVa

V) Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2)

99.5 431 156.4
120.1 538 177.2
160.2 534 214.1
80.5 558 165.9
78.6 555 148.1
75.1 545 145.5

109.8 532 160.4
173.6 694 226.9
55.2 294 90.5
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ig. 2. Effect of solution pH on the electrochemical behavior of Pt/PMT(BE)/Pd(CV) e
H. (B) Dependence of the anodic peak current of dopamine oxidation on solution p
esults were taken from cyclic voltammograms carried out in 5 mmol L−1 dopamin

lectrodes was examined in phosphate buffers. As illustrated in
ig. 2(A), the anodic peak potential shifts linearly to more nega-
ive values as pH increases over a range from 1 to 7. The slope
s −55.6 mV/pH unit for Pt/PMT(BE)/Pd(CV) electrode. The nearly
ernstian slope obtained here suggests two-proton, two-electron
rocess for dopamine oxidation [26–28]. According to the Nernst
quation, the slope of −55.6 mV/pH reveals that the proportion
f the electron and proton involved in the reactions is 1:1. As the
opamine oxidation is a two-electron process, the number of pro-
ons involved is also predicted to be two. In solution, the pKa’s of
opamine are 8.9 (pKa1) and 10.6 (pKa2) [29]. A linear behavior was
bserved for pH values in the range from 1 to 7 and just a little
eviation was obtained at pH 9. This indicates the deprotonation
f dopamine at pH 9 so that it is no longer a two-proton, two-
lectron process at this point and other equilibria should be taken
nto account. At pH 11 the redox reaction of DA is no longer pH
ependent as dopamine is completely deprotonated at this pH.

Fig. 2(B) shows that from pH 1 to 5 the anodic peak current

ecreases with increasing solution pH value. Dopamine exists in
he protonated form at low pH values. The current of oxidation
ncreases abruptly as the pH increases from 5 to 7. Further, beyond
H 7 the current increases with pH but at a lower rate.

ig. 3. Apparent diffusion coefficient values for all studied compounds as calculated fro
t/Pd(CV) electrodes. (B) Pt/PMT(BE), Pt/PMT(CV), Pt/PMT(BE)/Pd(BE), and Pt/PMT(BE)/Pd
de. (A) Dependence of the anodic peak potential of dopamine oxidation on solution

ol L−1 phosphate buffer of different pH values at a scan rate of 50 mV s−1.

3.4. Apparent diffusion coefficients of the studied compounds

The presence of the polymer film on the surface of an elec-
trode tends to complicate the mathematical treatment required
for the diffusion coefficient calculation [30]. It has been assumed,
by many researchers, that the polymer film is another layer that
the analyte or a counter anion has to penetrate in order for the
electron to move through the film for a redox reaction to be
observed. This movement of the charges through the polymer layer
is known as the “electron hopping process” [31]. Effective diffu-
sion coefficients for redox reactions at various polymer films were,
as expected, much lower (10−10 to 10−15 cm2 s−l [32]) than those
typically found in aqueous solution (ca. 10−5 cm2 s−l [33]). Fur-
thermore, the effective diffusion coefficient values for different
polymers can vary by several orders of magnitudes for the same
analyte [34].

In this study, the dependence of the anodic peak current density
on the scan rate has been used for the estimation of the “appar-

ent” diffusion coefficient, Dapp, of various organic species. For a
diffusion-controlled process, a plot of the anodic peak current val-
ues versus the square root of the scan rate results in a straight-line
relationship. The slope of these lines should result in an estimation

m the oxidation segment of the corresponding CVs at: (A) bare Pt, Pt/Pd(BE), and
(CV) electrodes.
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f the value of Dapp according to Randles Sevcik equation [35]:

p = 2.69 × 105n3/2A C0D1/2�1/2 (1)

here ip is the peak current density (A cm−2), n is the num-
er of electrons transferred, at T = 298 K, A is the geometrical
lectrode area (0.0176 cm2), C0 is the analyte concentration
5 × 10−6 mol cm−3), D is the diffusion coefficient of the electroac-
ive species (cm2 s−1), and � is the scan rate (V s−1). It is important
o notice that the apparent surface area used in the calculations did
ot take into account the surface roughness, which is an inherent
haracteristics for all polymer films formed using the electrochem-
cal technique. Fig. 3 shows Dapp values at different electrodes for
he studied compounds.

The calculated Dapp values are between 10−4 and 10−7 cm2 s−1.
hose values were observed for the following electrodes: PMT-
odified electrodes (Pt/PMT(BE), Pt/PMT(CV)), Pd-modified PMT

lectrodes (Pt/PMT(BE)/Pd(BE), Pt/PMT(BE)/Pd(CV)), bare Pt-, Pd-
odified Pt electrodes (Pt/Pd(BE), and Pt/Pd(CV)). Dapp values are

igher than those reported earlier in the literature [36,37]. This is
ossibly due to the quick mass transfer of the analyte molecules
owards electrode surface from bulk solutions and/or fast elec-
ron transfer process of electrochemical oxidation of the analyte

olecule at the interface of the electrode surface and the solu-
ions [38,39]. These results are consistent with recent publications
40–42]. Furthermore, it also shows that the redox reaction of the
nalyte species takes place at the surface of the electrode under the
ontrol of the diffusion of the molecules from solution to the elec-
rode surface and not within the polymer and polymer/Pd matrices.
rom the data of Fig. 3 the following trends can be noticed:

Dapp values for bare Pt and Pt electrodes modified with Pd increase
in the following order: Pt < Pt/Pd(BE) < Pt/Pd(CV) which confirms
the role of Pd particles in improving the electron transfer kinetics
at the electrode/solution interface.
Dapp values for PMT-modified Pt electrodes increases in the fol-
lowing order: Pt/PMT (CV) < Pt/PMT(BE) for all analytes studied.
SEM micrographs show that Pt/PMT(BE) is more compact than
Pt/PMT(CV), which seems to be more porous [16]. The compact
structure of Pt/PMT(BE) enhances the diffusion of molecules at
the electrode/solution interface. The diffusional current and the
diffusion coefficients are therefore higher at the relatively more
homogeneous Pt/PMT(BE) electrode.
Dapp values for PMT electrodes modified with Pd particles using
different methods increase in the following order: Pt/PMT(BE)/
Pd(BE) < Pt/PMT(BE)/Pd(CV) for all analytes. SEM micrographs
[16] show that the Pd particles are smaller and homogenously

distributed in the case of Pt/PMT(BE)/Pd(CV) electrode, while
larger Pd particles with dendritic shape are observed in the case
of Pt/PMT(BE)/Pd(BE) electrode. This confirms that the size and
homogeneity of the deposited particles affect the electroactivity
of these modified electrodes [43].

able 3
ummary of the cyclic voltammetry results obtained at Pt, Pt/PMT(BE), Pt/Pd(CV), Pt/PMT

lectrolyte Pt Pt/PMT(BE) Pt/Pd

Epa (mV) Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2) Epa (mV)

2SO4 664 34.7 543 109.2 536
NO3 688 29.4 540 117.7 540
ClO4 686 32.2 545 132.0 537
3PO4 734 28.2 545 69.3 543
Cl 675 34.5 541 77.4 545
a2SO4 605 22.56 466 49.2 451
aNO3 636 24.1 500 32.5 490
aCl 671 23.5 530 45.4 496
a3PO4 −72 12.1 −87 57.1 −88
ta 79 (2009) 639–647 643

• Dapp values at the polymer modified electrodes increase in the
following order: Pt/PMT(CV) < Pt/PMT(BE) < Pt/PMT(BE)/Pd(BE),
Pt/PMT(BE)/Pd(CV) which is in agreement with the cyclic voltam-
metry results of Section 3.2.

3.5. Effect of the supporting electrolyte

In this section a study of the effect of different supporting elec-
trolytes on the electrochemical behavior of different electrodes
and the calculated diffusion coefficient values of dopamine at the
studied electrodes are presented. It was reported that both redox
potential and current depend on the kind of electrolyte used [4]. The
supporting electrolytes used were acids (H2SO4, HNO3, HClO4, HCl,
and H3PO4) and their corresponding sodium salts (Na2SO4, NaNO3,
NaCl, and Na3PO4). Furthermore, the effect of the method of poly-
merization on the synergistic electrocatalytic effect between the
polymer film and the loaded metal particles towards the oxidation
of DA in different supporting electrolytes is considered. For this rea-
son, a comparison is made between the behavior of Pt/PMT(BE)/Pd
and Pt/PMT(CV)/Pd, where Pd was deposited by the CV method.

The anodic peak potentials, Epa, of DA for all the modified
electrodes are much less positive than those obtained at the con-
ventional Pt bare electrode in all electrolytes, Table 3. This confirms
the catalytic effect of the modified surfaces over conventional elec-
trodes. It is also important to notice that for Pt/PMT/Pd electrodes,
where PMT is deposited by BE and CV methods, Epa values are
always lower at this electrode for which PMT is formed by BE
method in all electrolytes. This suggests the higher catalytic activ-
ity of the PMT/Pd composite in which PMT is formed by BE method
over that with CV method. In addition, this difference increases
when the sodium salts were used as electrolytes. Moreover, the
anodic peak currents, Ipa (Table 3) obtained at these electrodes
increases in the following order irrespective of the electrolyte type
Pt < Pt/PMT(BE) < Pt/Pd < Pt/PMT(BE)/Pd. This result agrees with the
cyclic voltammetry data (Fig. 1) and it also shows that the rela-
tive electrocatalytic behavior of these electrodes is constant in all
electrolytes.

3.5.1. Diffusion coefficients of dopamine in different electrolytes
The diffusion coefficients, Dapp, of DA in different electrolytes

were calculated from cyclic voltammetry (CV), chronocoulometry
(CC) experiments and the results were compared. Dapp values were
calculated from CV as in Section 3.4, while CC data were used to
calculate the value of Dapp according to the formula given by Anson
[44]:

Q = 2nFACD1/2t1/2

1/2
(2)
�

From the slope of the linear relationship between Q and t1/2, D
can be determined if C (concentration, mol cm−3), A (surface area
of the electrode, cm2), and n (electron transfer number) are known.
Chronocoulometric experiments were performed in the solution

(CV)/Pd, and Pt/PMT(BE)/Pd in 5 mmol L−1 DA/0.1 mol L−1 electrolyte.

Pt/PMT(CV)/Pd Pt/PMT(BE)/Pd

Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2) Epa (mV) Ipa (�A cm−2)

207.9 583 193.2 556 321.1
194.9 613 220.4 566 324.5
193.2 582 216.7 562 287.9
153.1 623 139.1 573 215.1
223.0 585 35.8 575 253.7
118.9 580 73.7 493 184.2
113.8 620 35.6 533 176.0
110.1 601 32.6 539 163.2
99.7 −80 36.1 −85 148.4
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Fig. 4. SEM for (A) Pt/PMT(BE)/Pd(CV) and (B) Pt/PMT(CV)/Pd

ontaining dopamine and then the slope of the Anson plot is sub-
racted from the slope of the Anson plot of the same experiment
arried out in the supporting electrolyte without the electroactive
pecies. The resulting slope was then used to calculate Dapp from
he Anson equation shown above. Dapp values obtained from CC
ere in close agreement with those calculated from CV measure-
ents. Dapp values range from 10−7 to 10−4 cm2 s−1. These values

re close to the values of Dapp in solution. Again, this is possibly due
o the fast mass transfer of the analyte molecules towards electrode
urface from bulk solutions and/or fast electron transfer process of
lectrochemical oxidation of the analyte molecule at the interface
f the electrode surface and the solutions [38,39].

Dapp values of DA increase in the following order in
ll electrolytes Pt < Pt/PMT(BE) < Pt/Pd(CV) < Pt/PMT(BE)/Pd(CV).
owever, the diffusion coefficients at Pt/PMT(CV)/Pd(CV) electrode
re always lower than Pt/PMT(BE)/Pd(CV). The difference between
hese two electrodes increases in neutral and alkaline media in
hich Dapp values at Pt/PMT(CV)/Pd(CV) are even lower than the

ndividual Pt/PMT and Pt/Pd electrodes. SEM analysis can be used to
onfirm the difference in morphology between Pt/PMT(CV)/Pd(CV)
nd PT/PMT(BE)/Pd(CV) electrodes, Fig. 4. Thus, higher loading of Pd
ith smaller particle size is achieved at the latter electrode. The par-

icle size distribution obtained at Pt/PMT(BE)/Pd(CV) indicates that
he most frequent particle size is around 60 nm. Thus, the amount
f Pd, particle size, better distribution as well as the different mor-
hologies of the polymer substrate and the difference in the doping

evel of the polymer films [16] may be the reason for the difference
etween these two electrodes.

.6. Analysis of mixtures

The determination of catecholamines in biological samples is
rucial for the diagnosis of many diseases [45]. However, electro-
hemical oxidation of catecholamines especially dopamine (DA)
t conventional electrodes is found difficult because of (a) foul-
ng of the electrode surface due to the adsorption of oxidation
roducts, (b) interference due to the co-existence of interfering
ompounds such as ascorbic acid (AA) and others in the biologi-
al fluids, which also undergoes oxidation more or less at the same
otential [46].
Acetaminophen (paracetamol), APAP, is also likely to interfere
ith DA and AA determination [47]. To our knowledge, only one

eport was published for the analysis of AA, DA, and APAP mixture
41]. The differential pulse voltammograms (DPV) for the analysis of
tertiary mixture of 5 mmol L−1 AA, 5 mmol L−1 DA, and 5 mmol L−1
The inset: a histogram showing the particle size distribution.

APAP in 0.1 mol L−1 H2SO4 over bare Pt and Pt/Pd (CV) electrodes
was measured. An unresolved oxidation peak was observed in the
potential range from 0.1 to 0.75 V illustrating that the oxidation
peaks of AA, DA, and APAP cannot be separated on the bare Pt.
When the Pt/Pd(CV) electrode was used, three well-separated sig-
nals were obtained. The anodic peak potentials of AA, DA, and APAP
oxidations on the Pt/Pd(CV) electrode were at approximately 256,
500, and 656 mV, respectively. DPVs for the analysis of the same
mixture of AA, DA, and APAP, at Pt/PMT(BE) and Pt/PMT(BE)/Pd(CV)
electrodes were also measured. Three oxidation peaks appeared on
each electrode corresponding to AA, DA, and APAP. The oxidation
potentials on Pt/PMT are observed at 268, 500, and 664 mV for AA,
DA, and APAP, respectively. On the other hand, the oxidation peaks
of AA, DA, and APAP on Pt/PMT(BE)/Pd(CV) electrode appeared at
260, 508, and 670 mV, respectively. Therefore, better separation
of the signals was achieved on Pt/PMT(BE)/Pd(CV) electrode. Fur-
thermore, Pt/PMT(BE)/Pd(CV) electrode has high selectivity for the
determination of DA in the presence of AA and APAP. This can be
checked by investigating the values of oxidation current on both
electrodes. Lower oxidation current for AA and APAP, higher oxida-
tion current for DA was achieved at Pt/PMT/Pd(CV) electrode with
respect to Pt/PMT electrode. Hence, DA can be easily determined
on Pt/PMT/Pd electrode even in the presence of higher concentra-
tion of AA and APAP (analysis of DPV results indicate that DA/AA
current ratio = 19.1:1 on Pt/PMT/Pd(CV) and 2.98:1 on Pt/PMT). A
comparison of the behavior of these electrodes with respect to the
oxidation of DA and AA shows the synergism between the polymer
matrix and the embedded Pd nanoparticles.

Fig. 5 shows the DPV results for the analysis of a quaternary
mixture containing 5 mmol L−1 AA, 5 mmol L−1 hydroquinone (HQ),
5 mmol L−1 DA, and 5 mmol L−1 APAP in 0.1 mol L−1 H2SO4. When
this mixture is analyzed on bare Pt electrode (Fig. 5(A)), a rather
broad oxidation peak was obtained and the peak potentials of the
existing species were indistinguishable. It is therefore impossible
to determine the individual concentrations of these compounds
because of the merged voltammetric oxidation peak. However,
modification of the Pt electrode with Pd particles resolved the
merged voltammetric peak into four well-defined peaks at poten-
tials around 264, 408, 504, and 656 mV for AA, HQ, DA, and APAP,
respectively. Fig. 5(B) shows the same results as in Fig. 5(A) but

on Pt/PMT(BE) and Pt/PMT(BE)/Pd (CV) electrodes. Again, better
selectivity for the resolved determination of DA was achieved at
Pt/PMT(BE)/Pd(CV) electrode as the current due to the interfer-
ences (AA and APAP) has been decreased while at the same time
the current due to DA has been increased.
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nd (B) Pt/PMT(BE) and Pt/PMT(BE)/Pd(CV) electrodes. DPV conditions: pulse ampl

.7. Electrochemical impedance spectroscopy (EIS) studies

EIS data were obtained for PMT modified with Pd particles at
c frequency varying between 0.1 Hz and 100 kHz with an applied
otential in the region corresponding to the electrolytic oxidation
f dopamine in 0.1 mol L−1 H2SO4. Effect of the method of forma-
ion of PMT on the synergistic effect between the polymer film and
he loaded metal particles was studied. The data are presented as a
elation between the impedance and the frequencies, the Bode plot.
n all cases the experimental data will be compared to an “equiv-
lent circuit” that uses some of the conventional circuit elements,
amely: resistance, capacitance, diffusion and induction elements.
hus, it is anticipated that the changes in the conditions of the
xperiments, as will be described, are reflected on the electrochem-

cal parameters. The equivalent circuit is shown in Fig. 6A. In this
ircuit, Ru is the solution resistance. Capacitors in EIS experiments
ften do not behave ideally; instead they act like a constant phase
lement (CPE). Therefore, CPE1 and CPE are constant phase elements
nd m and n are their corresponding exponents (m, n are less than

ig. 6. (A) Equivalent circuit used in the fit procedure of the impedance spectra. The results
on-linear least squares procedure. The Bode plot of impedance spectra for (B) Pt/PMT(BE
nd 5 mmol L−1 APAP in 0.1 mol L−1 H2SO4 at: (A) bare Pt and Pt/Pd(CV) electrodes
50 mV, scan rate = 20 mV s−1, sample width = 17 ms, pulse width = 50 ms.

one). Cp and Cf represent the capacitance of the double layer. Dif-
fusion can create an impedance known as the Warburg impedance,
W.

Table 4 lists the best fitting values calculated from the equiva-
lent circuit (Fig. 6A) for the impedance data of Fig. 6(B and C). The
average error (�2) of the fits for the mean error of modulus was
in the range: �2 = (1.5–3.8) × 10−2. The following observations and
conclusions could be drawn from Table 4:

- For PMT films formed by CV and relatively high applied poten-
tials, the capacitive component of the film increases as expected
and is in good agreement with the CVs’ that depicts a behav-
ior similar to a capacitor with relatively large capacitance value
[48,49]. On the other hand, PMT films formed by BE show rela-

tively decreased values of the capacitive component indicating a
more porous character of the films as confirmed by SEM pictures.

- It is important to notice that ionic species are solvated and their
migration within the polymeric film depends on the pore size
of the film. And since anionic species are the major components

were analyzed using Levenberg-Marquardt/simplex algorithms based on a complex
)/Pd(CV), (C) Pt/PMT(CV)/Pd(CV) all tested in 5 mmol L−1/0.1 mol L−1 H2SO4.
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Table 4
EIS fitting data corresponding to Fig. 6(B and C), where I = Pt/PMT(BE)/Pd(CV), II = Pt/PMT(CV)/Pd(CV).

Electrode E/V Ru (� cm2) CPE1 (F cm−2) m Cp (�F cm−2) CPE (F cm−2) n Cf �F cm−2) W (� s−1/2)

I +0.370 110.5 13,990 0.700 509 383.7 0.227 11.29 101.7
+0.440 110.6 16,230 0.199 996 431.9 0.269 7.789 10.0
+0.567 109.2 246.3 0.219 8.29 2146 0.284 762.5 40.0
+0.650 108.3 30.8 0.280 6.59 1371 0.131 239.3 60.0

II +0.360 116.7 899 0.15 2.22 29,170 0.10 353 987.1
+0.500 111.2 181 0.10 1.59 544 0.52 2780 40.0

-

-

-

t
fi
t
s

4

a
s
b

[

+0.580 104.7 56 0.05
+0.660 99.8 2796 0.17

compensating for the charge within the polymer film [48,50],
contribution of solvent used that may catalytically decompose at
the film/electrolyte interface is not expected except at relatively
high applied potentials. Thus, polarization resistance apprecia-
bly decreases with increase in applied potential for films formed
by CV or BE. The change in polarization resistance is more pro-
nounced in the case of films prepared by BE. This could be
attributed to a change in morphology that is mainly dictated by
the porosity of the films. The shape and compactness of each
film, namely those formed by two different synthetic methods,
should also contribute to the rate and mechanism of charge trans-
fer leading to the remarkable impedance characteristics of each
film.
Moreover, the impedance response of the films at the low-
frequency domain should be controlled by the capacitive
elements. However, the deposition of the film layer for instance
leads to depreciated effect for applied potential for various poly-
mer types and electrochemical method used for deposition.
From the data indicated in Table 4, the value of solution resistance,
Ru, is almost constant within the limits of the experimental errors.
On the other hand, the ionic/electronic charge transfer resistance,
CPE, shows gradual increase then decrease in value with the
applied potential indicating that the migration of ionic species
within the film pores is not the only mean of charge exchange
at the polymer/electrolyte interface. This is also observed with
the relative change in the value of the Warburg impedance, W,
which changes accordingly with the charge transfer resistances.
The last observation indicates the key role played by the mor-
phology, film composition, and its thickness in the charge transfer.
Another indication of this model is proved by the noticed increase
in the capacitance values with applied potential and whether the
film is formed by CV or BE methods.
It is important to notice that for all films, the charge transfer shows
relatively small changes before reaching full oxidized polymer
films. This indicates that while the ionic conductance within the
film is a function of potential and nature of the film, the electronic
conductance is not affected with the same conditions. Therefore,
CPE represents mainly electronic resistance while CPE1 repre-
sents the predominant diffusion influence on the charge transfer
process.

Although the general trend for all films indicate a gradual shift
o lower impedance values with applied potential, it would be dif-
cult within the scope of this study to clarify the relation between
he pore size and the film morphology and their influence on the
ubsequent effect on the metal deposition.

. Conclusions
The electrochemistry of DA and other catecholamines as well
s ascorbic acid and acetaminophen at Pt/PMT/Pd electrodes was
tudied. A remarkable enhancement in current response followed
y a drop in peak potential was observed which provide clear evi- [
3.17 4123 0.35 234 786.6
0.978 200 0.26 1.69 60.0

dence of the catalytic effect of the Pd-modified PMT electrodes.
What was interesting is the Pt electrodes modified with Pd parti-
cles (Pt/Pd) which resulted in well-defined redox peaks with low
oxidation potential and high peak current values. This result puts
this kind of metal modified Pt electrodes in the category of promis-
ing and highly electroactive modified electrodes. The apparent
diffusion coefficients were also calculated at different electrodes
and electrolytes for the compounds studied. Dapp values indicate
quick mass transfer of the analyte molecules towards electrode
surface from bulk solutions and/or fast electron transfer process
of electrochemical oxidation of the analyte molecule at the inter-
face of the electrode surface and the solutions. Furthermore, it
was found that the method of polymerization had a substantial
effect on the synergism between the polymer film and the loaded
metal particles towards the oxidation of DA in different support-
ing electrolytes. This was confirmed from the CV, CC, EIS and SEM
results. Pt/PMT(BE)/Pd(CV) and Pt/Pd(CV) electrodes showed excel-
lent results for the simultaneous determination of tertiary and
quaternary mixtures of the studied compounds. EIS was used to
study the capacitance and resistance of the metal modified polymer
composites.

Acknowledgements

The authors would like to acknowledge the financial support
from Cairo University through the Vice President Office for Research
Funds and “MUCSAT” for SEM measurements.

References

[1] U. Lange, N.V. Roznyatovskaya, V.M. Mirsky, Anal. Chim. Acta 614 (2008) 1.
[2] A. Malinauskas, R. Garjonyte, R. Mazeikiene, I. Jureviciute, Talanta 64 (2004)

121.
[3] A. Kelley, B. Angolia, I. Marawi, J. Solid State Electrochem. 10 (2006) 397.
[4] H.B. Mark Jr., N. Atta, Y.L. Ma, K.L. Petticrew, H. Zimmer, Y. Shi, K.L. Lunsford, J.F.

Rubinson, A. Galal, Bioelectrochem. Bioenerg. 38 (1995) 229.
[5] G.C. Bond, C. Louis, D.T. Thompson, Catalysis by Gold, Catalytic Science Series,

vol. 6, World Scientific Publishing, 2006.
[6] J. Li, X. Lin, Sens. Actuators B 124 (2007) 486.
[7] K. Jüttner, K.-M. Mangold, M. Lange, K. Bouzek, Russ. J. Electrochem. 40 (2004)

317.
[8] S. Domínguez-Domínguez, J. Arias-Pardilla, A. Berenguer-Murcia, E. Morallón,

D. Cazorla-Amorós, J. Appl. Electrochem. 38 (2008) 259.
[9] Y. Leroux, E. Eang, C. Fave, G. Trippe, J.C. Lacroix, Electrochem. Commun. 9 (2007)

1258.
[10] N.F. Atta, A. Galal, F. Khalifa, Appl. Surf. Sci. 253 (2007) 4273.
[11] F. Terzi, C. Zanardi, V. Martina, L. Pigani, R. Seeber, J. Electroanal. Chem. 619

(2008) 75.
12] S.S. Kumar, J. Mathiyarasu, K.L. Phani, J. Electroanal. Chem. 578 (2005) 95.

[13] J. Mathiyarasu, S. Senthilkumar, K.L.N. Phani, V. Yegnaraman, Mater. Lett. 62
(2008) 571.

[14] B. Rajesh, K.R. Thampi, J.-M. Bonard, A.J. McEvoy, N. Xanthopoulos, H.J. Mathieu,
B. Viswanathan, J. Power Sources 133 (2004) 155.

[15] X. Huang, Y. Li, Y. Chen, L. Wang, Sens. Actuators B 134 (2008) 780.

[16] N.F. Atta, M.F. El-Kady, J. Solid State Electrochem., submitted for publication.
[17] L. Kong, X. Lu, E. Jin, S. Jiang, C. Wang, W. Zhang, Compos. Sci. Technol. 69 (2009)

561.
[18] C.R. Martin, I. Rubinstein, A.J. Bard, J. Am. Chem. Soc. 104 (1984) 4817.
[19] B.H.C. Westerink, W. Timmerman, Anal. Chim. Acta 379 (1999) 263.
20] S.M. Park, J.S. Yoo, Anal. Chem. 75 (2003) 455A.



/ Talan

[
[
[
[
[

[
[
[
[

[
[
[
[
[

[
[

[
[
[
[

[
[
[

[
[

[
[47] S.A. Kumar, C.-F. Tang, S.-M. Chen, Talanta 76 (2008) 997.
N.F. Atta, M.F. El-Kady

21] E. Katz, I. Willner, Electroanalysis 15 (2003) 913.
22] L. Niu, Q. Li, F. Wei, X. Chen, H. Wang, J. Electroanal. Chem. 544 (2003) 121.
23] S. Tian, J. Liu, T. Zhu, W. Knoll, Chem. Mater. 16 (2004) 4103.
24] L. Zhang, M. Wan, J. Phys. Chem. B 107 (2003) 6748.
25] A.I. Gopalan, K.-P. Lee, K.M. Manesh, P. Santhosh, J.H. Kim, J.S. Kang, Talanta 71

(4) (2007) 1774.
26] X. Lin, Y. Zhang, W. Chen, P. Wu, Sens. Actuators B 122 (2007) 309.
27] T. Yin, W. Wei, J. Zeng, Anal. Bioanal. Chem. 386 (2006) 2087.
28] G. Jin, Y. Zhang, W. Cheng, Sens. Actuators B 107 (2005) 528.
29] D.R. Lide (Ed.), Handbook of Chemistry and Physics, 84th edition, CRC Press,

2004.
30] J.Q. Chambers, J. Electroanal. Chem. 130 (1981) 381.
31] W.T. Yap, L.M. Doanne, Anal. Chem. 54 (1982) 1437.
32] F.C. Anson, T. Ohsaka, J.M. Saveant, J. Am. Chem. Soc. 105 (1983) 4883.

33] A.H. Schroeder, F.B. Kaufman, J. Electroanal. Chem. 113 (1980) 209.
34] P.T. Kissinger, W.R. Heineman (Eds.), Laboratory Techniques in Electroanalytical

Chemistry, Marcel Dekker, 1984, p. 82.
35] N. Yang, Q. Wan, J. Yu, Sens. Actuators B 110 (2005) 246.
36] N.F. Atta, I. Marawi, K.L. Petticrew, H. Zimmer, H.B. Mark, A. Galal, J. Electroanal.

Chem. 408 (1996) 47.

[

[
[

ta 79 (2009) 639–647 647

37] A. Galal, J. Solid State Electrochem. 2 (1998) 7.
38] Q. Wan, N. Yang, X. Zou, H. Zhang, B. Xu, Talanta 55 (2002) 459.
39] V.S. Vasantha, S.-M. Chen, J. Electroanal. Chem. 592 (2006) 77.
40] M. Hasik, E. Wenda, C. Paluszkiewicz, A. Bernasik, J. Camra, Synth. Metal 143

(2004) 341.
41] S.-F. Wang, F. Xie, R.-F. Hu, Sens. Actuators B 123 (2007) 495.
42] F. Ye, J. Nan, L. Wang, Y. Song, K.-B. Kim, Electrochim. Acta 53 (2008) 4156.
43] A. Mourato, S.M. Wong, H. Siegenthaler, L.M. Abrantes, J. Solid State Elec-

trochem. 10 (2006) 140.
44] A.W. Bott, W.R. Heineman, Curr. Sep. 20 (2004) 4.
45] T. Hashitani, K. Mizukawa, M. Kumazaki, H. Nishino, Neurosci. Res. 30 (1998)

43.
46] V.S. Ijeri, P.V. Jaiswal, A.K. Srivastava, Anal. Chim. Acta 439 (2001) 291.
48] C. Gabrielli, M. Keddam, N. Nadi, H. Perrot, J. Electroanal. Chem. 485 (2000)
101.

49] A. Galal, J. Appl. Polym. Sci. 102 (2006) 2416.
50] H. Sakai, R. Baba, K. Hashimoto, A. Fujishima, A. Heller, J. Phys. Chem. 99 (1995)

11896.


	Poly(3-methylthiophene)/palladium sub-micro-modified sensor electrode. Part II: Voltammetric and EIS studies, and analysis of catecholamine neurotransmitters, ascorbic acid and acetaminophen
	Introduction
	Experimental
	Chemicals and reagents
	Electrochemical cells and equipments
	Electrodeposition of the polymer film on Pt electrode and further modification with Pd particles

	Results and discussion
	Electrochemistry of DA at Pt/PMT/Pd-modified electrodes
	Electrochemistry of catecholamine neurotransmitters, acetaminophen, and ascorbic acid
	Effect of solution pH
	Apparent diffusion coefficients of the studied compounds
	Effect of the supporting electrolyte
	Diffusion coefficients of dopamine in different electrolytes

	Analysis of mixtures
	Electrochemical impedance spectroscopy (EIS) studies

	Conclusions
	Acknowledgements
	References


