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A promising modified electrode was fabricated by distributing Pt or Pd nanoparticles into conductive
polymer matrix of poly(3-methylthiophene) (PMT). Electrochemical investigation of the resulting films
was achieved using cyclic voltammetry and differential pulse voltammetry. Several factors affecting the
electrocatalytic activity of the hybrid material were studied. Some are related to the polymer such as film
thickness, method of its formation and dedoping the polymer film before loading metal particles, other
factors are related to the metal particles such as type of metal deposited, method of its deposition, its
amount and deposition voltage. EDX analysis was employed to confirm the loading of metal particles to
the polymer film. The results suggest that the hybrid film modified electrode combining the advantages
of PMT and metal nanoparticles exhibits dramatic electrocatalytic effect on the oxidation of dopamine
(DA) and results in a marked enhancement of the current response. The proposed method was applied
ensor
iological fluids

to the simultaneous determination of ascorbic acid (AA) and dopamine (DA) in physiological pH 7.4 PBS.
It was observed that in the presence of AA at millimolar level (0.1 mM), the Pd nanoparticle-modified
PMT electrode can sense the increase of DA at micromolar concentration (0.05–1 �M) which is typical of
the physiological conditions. The interference study shows that the modified electrode exhibits excellent
selectivity in the presence of AA and uric acid (UA) and glucose. It has been shown that this modified
electrode can be used as a sensor with high reproducibility, sensitivity, and stability. The method was

thy h
applied to urine and heal

. Introduction

Conducting polymer incorporated metallic nanoparticles pro-
ide an exciting system and hold potential application in
lectronics, sensors and catalysis [1–5]. It is well known that noble
etal-based catalysts are widely used in industry. However, the

atalytic activity of these metals is known to depend highly on
heir dispersion and surface properties. Conducting polymers are
ften considered to be useful matrices for the immobilization of
he dispersed noble metal nanoparticles [6]. The porous structure
f conducting polymer allows dispersing the metal particles into
he polymer matrix and generates additional electrocatalytic sites
7–9]. Furthermore, the mediation of charge transfer between the

ubstrate and the dispersed metal particles is facile in the matrix
f a conducting polymer [1,10–13]. Moreover, the incorporation of
etal nanoparticles into conducting polymers provides enhanced

erformance for both the “host” and the “guest”, and this can lead

∗ Corresponding author. Tel.: +20 0237825266; fax: +20 0235727556.
E-mail address: Nada fah1@yahoo.com (N.F. Atta).
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uman blood serum samples and excellent results were obtained.
© 2009 Elsevier B.V. All rights reserved.

to different physical properties and important potential applica-
tions [14]. Conducting polymer incorporated metallic nanoparticles
have synergistic chemical and physical properties based on the
constituent polymer and introduced metal [15,16].

Dopamine (DA) is one of the most significant catecholamines
and belongs to the family of excitatory chemical neurotransmit-
ters. It plays a very important role in the functioning of the central
nervous, cardiovascular, renal and hormonal systems, as well as
a key role in drug addiction and Parkinson’s disease. Tremendous
consideration has been given in biomedically oriented research, to
design selective, sensitive and reliable methods for the direct mea-
surement of DA in the presence of interfering molecules [15–20].
Three primary challenges to measure DA under physiological con-
ditions utilizing electrochemical methods still remain: (i) the very
low concentration levels of DA (0.01–1 �M) [18], (ii) the inten-
sive interference arising from the electroactive ascorbate (AA) that

is present at relatively high concentrations (about 0.1 mM) which
results in poor selectivity and sensitivity for DA detection, and (iii)
AA is oxidized at almost the same potential as DA [21,22]. As a
result, an overlapping voltammetric response for the oxidation of
a mixture of DA and AA is obtained.

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:Nada_fah1@yahoo.com
dx.doi.org/10.1016/j.snb.2009.12.014
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On the other hand, ascorbic acid (AA), vitamin C, is known
or its reductive properties, being consumed at a wide scale
s an antioxidant agent in foods, fruits, vegetables, and soft
rinks, besides its importance for therapeutic purposes. As to
lectrochemical methods, the main problems related to AA deter-
ination with bare electrodes lie in the electrode fouling by

xidation products and in the high potential required for AA
xidation [23]. Recent clinical studies have demonstrated that
he concentration of ascorbate in biological fluids can be used
o assess the amount of oxidative stress in human metabolism
24–26].

Hence there is much interest in the development of reliable
ethods to quantify AA and DA simultaneously in biological

ystems. High-performance liquid chromatography (HPLC) with
lectrochemical detection is often used for the determination
f catecholamines and their metabolites [27–30]. The detection
f neurotransmitters and their metabolites by electrochemical
ethods has attracted great interest because of their simplicity,

apidness and high sensitivity, the ability of sensing neurotrans-
itters in living organisms and in vivo real-time analysis [31].
owever, electrochemical analysis on the unmodified electrodes

uch as glassy carbon (GC), Pt, Au electrodes has limitations because
f overlapping voltammetric peaks and high concentrations of
scorbate in typical biological matrices [23]. Recently, attention
as been paid to develop a new generation of modified electrodes

nvolving conducting polymers and nanoparticles able to solve effi-
iently the problems encountered in the conventional unmodified
lectrodes.

Poly(3-methylthiophene) (PMT) film modified electrodes
howed excellent electrocatalytic effect on phenolic compounds
32], catecholamine neurotransmitters [23], amino acids [33],
nd NADH [34]. Thus, the modification of the PMT films with
etal nanoparticles might hopefully promote its electrocatalytic

roperties resulting in a new sensor with higher sensitivity, repro-
ucibility and lower detection limits. Carbon nanotube modified
lassy carbon electrodes was used for the selective determination
f dopamine in the presence of ascorbic acid and serotonin by
oltammetry [35].

In the current work, a novel modified electrode was fabricated

y the electrodeposition of Pt or Pd nanoparticles into PMT film over
he surface of Pt electrode. Up to now, there are only relatively lim-
ted reports on composites of PMT, such as PMT/�-cyclodextrin [36]
nd PMT/ferrocene [37], PMT/carbon nanotubes [38] and PMT/Au
anoparticles [39]. Of recent technological interest, the use of metal

Scheme 1. Schematic diagram showing the mechanism of undop
ctuators B 145 (2010) 299–310

particles modified conducting polymers in sensory applications
[40–42]. These modified materials allow for better sensitivity and
selectivity for the determination of neurotransmitters and proved
better than the unmodified conducting polymers [43–45]. For these
reasons the properties of conducting polymer–metal nanoparti-
cles are studied here in detail for applications in sensors. Thus, the
optimization of the fabrication of the modified electrode has been
considered in detail. The new composite electrode combines the
properties of PMT to reduce the oxidation potential with the attrac-
tive electrocatalytic properties of Pd nanoparticles to promote a
fast electron transfer reaction. The application of the proposed sen-
sor for the determination of AA and DA proved excellent. Different
parameters relevant to sensors were considered such as the repro-
ducibility, sensitivity, selectivity, stability of the redox signals as
well as detection limits. The simultaneous determination of AA and
DA in urine and human blood samples is possible without interfer-
ence.

2. Experimental

2.1. Chemicals and reagents

All chemicals were used as received without further purifica-
tion except 3-methylthiophene which was distilled under rotary
evaporator prior to use. 3-Methylthiophene, tetrabutylammo-
nium hexafluorophosphate (Bu4NPF6), acetonitrile (HPLC grade),
hydroquinone, dopamine, ascorbic acid, sulfuric acid, and sodium
phosphate (mono-, di-, tri-basic salt) were supplied by Aldrich
Chem. Co. (Milwaukee, WI, USA). Platinum(II) chloride (Cambridge
Chemicals, Oxford, England) and palladium(II) chloride (Scherimg
Kaul Paum AG, Berlin, Germany) were also used. Aqueous solutions
were prepared using double distilled water.

2.2. Electrochemical cells and equipments

Electrochemical polymerization and characterization were car-
ried out with a three-electrode/one-compartment glass cell. The
working electrode was platinum disc (diameter: 1.5 mm). The
auxiliary electrode was in the form of 6.0 cm platinum wire. All

the potentials in the electrochemical studies were referenced to
Ag/AgCl (3.0 M NaCl) electrode. Working electrode was mechani-
cally polished using alumina (2 �m)/water slurry until no visible
scratches were observed. Prior to immersion in the cell, the elec-
trode surface was thoroughly rinsed with distilled water and dried.

ing and loading of nanoparticles into the polymer matrix.
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obviously because most of the electrocatalytic reactions involved
in low-temperature fuel cells (i.e., the dioxygen reduction, the
dihydrogen oxidation, or the electro-oxidation of small organic
molecules, such as methanol and C1 molecules (formaldehyde and
formic acid)) occur on Pt and Pt-based catalysts dispersed on a
N.F. Atta, M.F. El-Kady / Sensors

ighly purified nitrogen was used for oxygen removal by bubbling.
ll experiments were performed at 25 ◦C.

The electrosynthesis of the polymers and their electrochemical
haracterization were performed using a BAS-100B electrochemi-
al analyzer (Bioanalytical Systems, BAS, West Lafayette, USA). JEOL
SM-T330A instrument was used to obtain the scanning electron

icrographs of the different films. Philips XL 30 instrument was
sed to get the EDX results.

.3. Electrochemical polymerization of PMT films

The electropolymerization of 3-methylthiophene (MT) was
chieved in a three-electrode, one-compartment electrochem-
cal cell from a solution containing 0.05 M MT and 0.05 M
u4NPF6 in acetonitrile. The potential applied between the plat-

num disc working electrode and the reference Ag/AgCl (3.0 M
aCl) is held constant at +1.8 V (Bulk Electrolysis, BE) for dif-

erent time allowances. The electrode formed in this way is
alled Pt/PMT(BE). The second alternative is to vary the poten-
ial with time, namely 50 mV s−1, between two potential limits, ca.
i = −0.1 V and Ef = +1.8 V. The electrode formed in this way is called
t/PMT(CV). The thickness of the resulting polymer film is there-
ore controlled by the time elapsed during the electrolysis step or
y the number of repeated cycles scanned. Pt/PMT(BE) electrode
ormed at +1.8 V for 30 s is assumed and Pt/PMT(CV) is formed for
0 cycles in the whole article unless otherwise mentioned.

For all polymer films, the thickness was controlled by the
mount of charge consumed during the electropolymerization step.
herefore, assuming 100% current efficiency during the electro-
hemical conversion, it is possible to use the following empirical
quation [46] to roughly estimate the film thickness:

= mejt

S

here L is the thickness (cm), me is the electrochemical equivalent
mg C−1), j is the current density (mA cm−2), t is the time (s), and S
s the density (g cm−3). The polymer film was alternatively formed
sing constant applied potential, Eapp = +1.8 V for 30 and 45 s and
he total charge passed was around 1.2 × 104 and 1.8 × 104 �C,
espectively. The thickness was calculated to be around 240 and
60 nm for the polymer films formed for 30 and 45 s, respectively.
s 100% current efficiency may not be obtained, this represents the
aximum film thickness possible and it is constant in all experi-
ents.

.4. Electrodeposition of Pt or Pd particles

Two trends were followed for electrode modification. In the first
ne, the polymer film is formed over the Pt substrate and metal
anoparticles were then electrodeposited. In the second trend,
etal nanoparticles were electrodeposited directly to the Pt sub-

trate (Scheme 1).
The electrochemical deposition of the metal particles (Pt or Pd)

y immersing the electrode in a solution of 2.5 mM PtCl2 or 2.5 mM
dCl2 in 0.1 M HClO4 and a double potential step (BE) or cyclic
oltammetric program (CV) is applied to the polymer. In the BE
ethod, a double potential step program was applied to the work-

ng electrode according to the following: (Ei = −0.05 V, �ti = 30 s,
f = +0.01 V, �tf = variable). Thus the amount of electrodeposited
etal particles was controlled by �tf. Unless otherwise mentioned,

he time of the second step �tf = 300 s (5 min). The electrode formed

n this way is called Pt/PMT/M(BE), M stands for Pt or Pd. The
mount of the metal deposited can thus be estimated from the
uantity of charge used in the electrodeposition process. The charge
assed corresponds to about 5.550 × 10−9 mole/cm2 (1083 ng/cm2)
f Pt and 6.327 × 10−9 mole/cm2 (673 ng/cm2) of Pd deposited.
ctuators B 145 (2010) 299–310 301

The cyclic voltammetric (CV) method, on the other hand,
involves cycling the potential between −0.25 and +0.65 V at a
scan rate of 50 mV s−1 and the amount of electrodeposited metal
particles was controlled by the number of cycles. Unless oth-
erwise mentioned, 25 cycles were used. The electrode formed
in this way is called Pt/PMT/M(CV). The charge passed corre-
sponds to about 5.785 × 10−9 mole/cm2 (1128 ng/cm2) of Pt and
6.669 × 10−9 mole/cm2 (709 ng/cm2) of Pd deposited.

3. Results and discussion

3.1. Electrocatalytic activity of PMT films

It is common that the properties of polymer-modified elec-
trodes and the catalytic activity of polymers and their composites
as modifiers are assessed using the reversible reaction of the
hydroquinone/benzoquinone (HQ/BQ) redox couple [6,37]. Fig. 1
shows the cyclic voltammetric (CV) behavior of 5 mM HQ in 0.1 M
H2SO4 tested at bare Pt and PMT films formed under different
electrochemical conditions, namely, Pt/PMT(BE) and Pt/PMT(CV).
It is clear that the oxidation potential shifts to more negative
values in the following order Pt, Pt/PMT(CV), Pt/PMT(BE). It is
also observed that the oxidation current significantly increases
on the polymer-modified electrode. The current increases in the
order Pt < Pt/PMT(CV) < Pt/PMT(BE). Moreover, when compared to
the response at the bare Pt surface, the oxidation of HQ is more
reversible on the polymer-modified surfaces as indicated by the
separation between the anodic and the cathodic peak potentials.

However, there are some differences in the electrocatalytic
activity between the polymer-modified electrodes which might be
explained in terms of the morphological differences between them
[1]. SEM micrographs show that Pt/PMT(BE) is compact with low
porosity, on the other hand, Pt/PMT(CV) is fluffy with high porosity
(as will be discussed later).

3.2. Electrochemical characterization of PMT electrodes modified
with Pt or Pd particles

Various papers report the electrochemical properties of nanos-
tructured Pt-modified electrodes in different solutions. This is
Fig. 1. Cyclic voltammograms obtained at bare Pt, Pt/PMT(BE) and Pt/PMT(CV) elec-
trodes in 5 mM HQ/0.1 M H2SO4. Scan rate = 50 mV s−1.
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Fig. 2. Effect of the polymer film thickness and ratio of Pd in the (Pt + Pd) loaded
particles on the electroactivity of the resulting films: (A) the relationship between
the percent of Pd in the feed solution and the anodic peak currents for both poly-
02 N.F. Atta, M.F. El-Kady / Sensors

onvenient substrate including conducting polymers [7]. The elec-
rochemical behavior of Pt in sulfuric acid is well known and is
escribed elsewhere [19,47].

On the other hand, the electrochemical properties of Pd
anoparticle-modified conducting polymer electrodes have been
onsidered to a limited extent in literature [43,48]. Pt/Pd and
t/PMT/Pd electrodes were prepared and tested by cyclic voltam-
etry in a deaerated solution of 0.1 M H2SO4 and the results were

ompared with bare Pt and Pt/PMT electrodes. The electrodes were
ycled in 0.1 M H2SO4 solution from 0.1 to 1.0 V (figure not shown
ere) and broad shoulders (beyond 0.8 V) appear only in Pt/Pd and
t/PMT/Pd electrodes which can be related to the oxidation of Pd on
he surface to palladium oxide (the equilibrium redox potential of
d/Pd2+ is 0.83 V [49]). On the reverse scan (cathodic scan), sharp
eaks at about 0.4 V were only observed at Pt/Pd and Pt/PMT/Pd
lectrodes which can be related to the reduction of Pd previously
xidized in the anodic scan. These results are consistent with recent
eports [50,51].

.3. Optimization of the preparation conditions of PMT film
odified with metal particles for sensing applications

.3.1. The type of electrodeposited metal particles and polymer
lm thickness

The optimized fabrication of the sensor and the electroactivity
f the produced films were studied by using cyclic voltammetry
n 5 mM HQ in 0.1 M H2SO4. Metal particles (Pd and/or Pt) were
lectrodeposited on a previously formed PMT polymer film on a Pt
lectrode. PMT polymer film was prepared using the BE method
t +1.8 V for 30 and 45 s in order to vary the polymer film thick-
ess. The metal particles were deposited by double potential step
BE) method. The electrodes formed are thus Pt/PMT(240 nm)/M,
t/PMT(360 nm)/M; M: Pd and/or Pt. A plot between the percent of
d in the catalyst feed solution and the corresponding anodic peak
urrent was drawn (Fig. 2A). Several conclusions could be drawn
rom these results. First of all, the lowest electrochemical activ-
ty is for Pt/PMT/Pt and the highest activity is for Pt/PMT/Pd. By
hanging the composition of the metal loaded, it is observed that
s the amount of Pd increases in the feed solution (in comparison
o Pt), the current increases reaching its maximum value at 100%
d. A linear relationship is also observed between the percent of
d and the anodic peak current for the two polymer films with
ifferent thicknesses with a slightly higher slope for the polymer
ormed for 30 s. The correlation coefficient values are 0.997 and
.984 for the polymer films formed for 30 and 45 s, respectively.
oreover, it seems that the polymer film thickness has a little effect

n the electroactivity of the modified polymer electrodes compared
o that of metal particles. This is obvious from the current values
nd the slopes obtained for the Pt/PMT/M electrode with two dif-
erent polymer film thicknesses. The current values were similar
t constant amount of the metal loaded and the slopes were close
o each other in both cases. These results are in agreement with
he data obtained in Refs. [52,53]. It is also observed that not only
he thicker film has lower slope, but it also has higher capacitive
urrent and less reversibility (for example in Pt/PMT/Pt electrode,
t was found that for the thinner film �E = 75 mV while it is 89 mV
or the thicker film, figure is not shown here). Another important
eature is that adding Pd in a small ratio to Pt (e.g. 20% Pd:80%
t) greatly affects the properties of Pt-modified polymer electrode.
t was observed that adding Pd to Pt in Pt/PMT/M film increases
he peak current and reduces the potential of oxidation and also

mproves the reversibility (less peak separation) of the redox reac-
ion. These results are consistent with several previous studies in
he literature [54]. It can also be concluded that Pd-modified poly-

er electrodes have the highest current and therefore the highest
atalytic activity for the electro-oxidation of HQ.
mer films with different thicknesses, Pt/PMT(240 nm)/M, Pt/PMT(360 nm)/M and
(B) energy dispersive analysis by X-ray, EDAX, for Pt/PMT/(Pd + Pt) electrode. Pd and
Pt were deposited by the double potential step method from a solution of 2.5 mM
PdCl2 + 2.5 mM PtCl2/0.1 M HClO4.

In order to check that the ratio of Pd/Pt loaded to the polymer
film corresponds to its value in the feed solution, an energy dis-
persive X-ray analysis (EDX) was performed. Metals were loaded
to Pt/PMT electrode from a solution that contained equimolar
amounts of PdCl2 and PtCl2 in the feed solution. EDX analysis
(Fig. 2B) gave the atomic percents 47.22, 52.78 for Pd and Pt, respec-
tively which is in close agreement with their ratio in the feed
solution.

3.3.2. Amount of electrodeposited metal particles
Two methods were used for the electrodeposition of Pd par-

ticles: double potential step and cyclic voltammetric methods
described in Section 2. In the BE method, Fig. 3A shows the plot
of the anodic peak currents of 5 mM HQ against the time of the
second step (�tf = 1–12 min) of continuous electrodeposition of Pd
particles on Pt/PMT(BE) and bare Pt electrodes (Pt/PMT(BE)/Pd(BE)
and Pt/Pd(BE) electrodes are formed) and the results were com-
pared. The results indicate an increase in current with increasing
amounts of Pd reaching the maximum at 5 min. Increasing the time
of deposition further leads to a decrease in the peak current asso-

ciated with an increase in the capacitive current and in the peak
separation (i.e., lower reversibility). Thus, the optimum deposition
time for Pd is 5 min. It can also be noticed that Pt/PMT(BE)/Pd(BE)
shows higher catalytic oxidation of DA when compared to Pt/Pd(BE)
electrode. In addition, these results can be explained in terms of the
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Fig. 3. Different parameters affecting the amount and properties of loaded metal
particles: the electrode is formed with the indicated method and tested by
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V in 5 mM HQ/0.1 M H2SO4. CV conditions: Ei = +0.1 V, Ef = +0.65 V and scan
ate = 50 mV s−1. (A) Effect of the time of deposition of metal particles (�Ef) in the
ouble potential step (BE) method, (B) effect of the number of cycles of metal par-
icles deposition in the cyclic voltammetric program (CV) method, and (C) effect of
he potential of deposition used in the CV method.

ncrease in the surface area of the catalyst. The morphology and size
f the catalyst should also affect the electrocatalytic efficiency that

ill be indicated later in the surface morphology studies.

In the CV method, Fig. 3B shows the anodic peak currents of
mM HQ against the number of cycles of continuous electrode-
osition of Pd particles on Pt/PMT(BE) and bare Pt electrodes
Pt/PMT(BE)/Pd(CV) and Pt/Pd(CV) electrodes are formed) and the
ctuators B 145 (2010) 299–310 303

results were compared. From the results, the optimum number of
cycles for the electrodeposition of Pd particles was estimated as
25 cycles. Similar results were obtained for Pt electrodeposition
[19]. It can also be noticed that Pt/PMT(BE)/Pd(CV) shows higher
electrocatalytic activity towards the oxidation of HQ compared to
Pt/Pd(CV). Moreover, a comparison of the results of Fig. 3A and
B indicates that the electrodeposition of Pd particles with the CV
method gives higher electrocatalytic activity with respect to the BE
method.

3.3.3. The deposition potential of metal particles
The deposition potential affects not only the amount of catalyst

deposited but also its morphology which is an inherent character-
istic of the electroactive surfaces [55]. Fig. 3C shows the effect of
changing the potential of Pd deposition on the electroactivity of
the resulting films. Pd was electrodeposited by the CV method and
the deposition potential was controlled by changing the negative
limit of the applied potential window so that the potential is cycled
between +0.65 V and the other limit is changed between −0.1 and
−0.8 V. Results show that the current of electro-oxidation of HQ
increases from −0.1 V reaching its maximum value at −0.25 V and
then decreases again to −0.8 V. Furthermore, changing the negative
limit of the potential window to more negative values (moving from
−0.1 to −0.8 V) leads to an increase in the capacitive current, and
to an increase in the peak separation and shifts the potential of oxi-
dation of hydroquinone to more positive values. Moreover, almost
the same trend was observed when electrodepositing Pd directly
over Pt electrode.

3.3.4. The method of electropolymerization of PMT
Fig. 4A shows how changing the method of polymer film for-

mation could affect the electroactivity of Pt/PMT/Pd electrodes.
The results indicate that Pt/PMT(BE)/Pd(CV) electrode shows lower
oxidation potential, higher oxidation current and lower peak sepa-
ration and thus is more electroactive in this sense when compared
to Pt/PMT(CV)/Pd(CV) electrode. Hence, the method of formation
of the polymer film greatly affects the synergistic electrocatalytic
effect of the Pt/PMT/Pd composites.

3.3.5. Doped versus dedoped PMT polymer films
In spite of the importance of the doping level on the conductiv-

ity of conducting polymers [41], quite a few articles were published
on the effect of the doping level on the electrocatalytic activity of
conducting polymer/metal nanoparticle composite electrodes. The
PMT film was synthesized using the BE method and washed with
acetonitrile. The polymer film was then dedoped in monomer free
solution (0.05 M Bu4NPF6/CH3CN) at −0.2 mV for 1 min. Pd particles
were then loaded by the CV method (see Scheme 1). The resulting
Pd-modified PMT electrode was tested using cyclic voltammetry in
5 mM HQ and the results were compared with the corresponding
cases in which the polymer film is doped in Fig. 4B. Dedoping the
polymer film before loading Pd particles has the effects of decreas-
ing the current response and increasing the peak separation as well
as broad oxidation peaks. Since reorganization of polymer chains
should accompany the inclusion (doping) and expulsion (dedoping)
of the given anion, the relatively broad oxidation peaks observed
at the dedoped films are attributed to the effect caused by the
structural differences. Furthermore, the more complicated process
during the dedoping process was also observed for poly(pyrrole)
[56]. This was attributed to further conformational changes taking
place in the polymer. Thus, the doping level has a great effect on

the electroactivity of the Pt/PMT, Pt/PMT/Pd electrodes towards the
electro-oxidation of HQ.

Fig. 5A shows the cyclic voltammograms of the bare Pt, Pt/PMT,
Pt/PMT/Pd(BE), and Pt/PMT/Pd(CV) electrodes tested in 5 mM HQ.
A shift of around 119 and 107 mV to more negative potentials was
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ig. 4. Effect of the method of PMT formation (A) and doping level of PMT films (B)
n the electroactivity of the produced PMT–Pd hybrid. The electrodes are tested in
mM HQ/0.1 M H2SO4 at a scan rate of 50 mV s−1.

bserved for Pt/PMT(BE)/Pd(BE), Pt/PMT(BE)/Pd(CV) electrodes,
espectively, when compared to bare Pt electrode. 3.88-fold and
.18-fold enhancements of peak currents were also observed
t the same electrodes, respectively. The decrease in the over-
otential and enhancement of peak current indicate that the
t/PMT/Pd electrode can efficiently catalyze the electro-oxidation
f HQ. Furthermore, the same trend was also observed when the
d particles deposited on the bare Pt electrode (Pt/Pd(BE) and
t/Pd(CV) electrodes) (Fig. 5B). A remarkable enhancement in the
urrent response followed by a drop in peak potential provides
clear evidence of the catalytic effect of Pd particles which act

s a promoter to enhance the electrochemical reaction, consid-

rably accelerating the rate of electron transfer. The difference
n the electrocatalytic behavior between Pt/PMT(BE)/Pd(BE) and
t/PMT(BE)/Pd(CV) could be accounted for from the analysis of
heir morphologies (Fig. 6C–E). SEM micrographs show that the

able 1
omparison between the electroactivity of Pt- and Pd-modified electrodes towards the e
t +1.8 V for 30 s. Data are taken from CVs.

Electrode type M = Pd

Epa (mV) �E (mV) Ipa (�A cm−2) Current incre

Pt 562 335 42.4 1.00
Pt/M(BE) 429 45 99.5 2.35
Pt/M(CV) 431 51 155.0 3.67
Pt/PMT/M(BE) 443 72 164.0 3.88
Pt/PMT/M(CV) 455 95 262.0 6.18

a Normalized to the current obtained at bare Pt.
Fig. 5. Comparison between the different electrodes formed by the electrodeposi-
tion of Pd on PMT films (A) and directly to Pt (B). Cyclic voltammograms obtained by
testing the electrodes in 5 mM HQ/0.1 M H2SO4 solution at a scan rate of 50 mV s−1.

Pd particles are smaller and homogenously distributed at the lat-
ter electrode, while larger Pd particles with dendrite shapes are
observed at the previous electrode. This confirms that the size and
homogeneity of the deposited particles affect the electroactivity of
these modified electrodes [57,58].

3.4. Comparison between Pd and Pt nanoparticle-modified
electrodes

Table 1 shows a comparison between Pt- and Pd-modified elec-
trodes towards the electro-oxidation of HQ and the results are
compared to bare (bulk) Pt. The electrocatalytic efficiency (mea-

sured by the anodic peak current) of the modified electrodes was
estimated and compared to bulk Pt electrode. In all cases the Pt-
and Pd-modified electrodes show lower oxidation potential and
higher oxidation currents compared to bulk Pt electrode. A shift of

lectro-oxidation of 5 mM HQ/0.1 M H2SO4. PMT film was formed by the BE method

M = Pt

asea Epa (mV) �E (mV) Ipa (�A cm−2) Current increasea

562 335 42.5 1.00
438 53 62.8 1.48
438 60 87.9 2.07
448 75 75.4 1.78
446 73 142.0 3.34
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The effect of changing the pH of the medium on the response of
electrodes was examined in phosphate buffers. Fig. 7 shows the
cyclic voltammograms of 5 mM dopamine (DA) in 0.1 M phosphate
buffer of varying the pH at Pt/PMT(BE)/Pd(CV) electrode. As illus-
ig. 6. Scanning electron micrographs for (A) Pt/PMT(BE), (B) Pt/PMT(CV), (C) Pt/PMT
ize distribution, average size is around 60 nm.

round 124 mV to more negative potentials was observed at Pt/Pt
lectrodes when compared to bare (bulk) Pt electrode. The current
agnitude observed for mM HQ at bulk Pt is smaller when com-

ared to Pt/Pt or Pt/PMT/Pt electrodes. From these observations it
s evident that the electrocatalytic responses of the Pt/Pt, Pt/PMT/Pt
nd bulk Pt electrodes are completely different which indicates that
t nanoparticles promote the electron transfer between HQ and
lectrode.

It is also observed that Pd-modified electrodes show lower oxi-
ation potentials and higher peak currents compared to Pt modified
nd bulk Pt electrodes. This indicates that the redox reaction of the
Q/BQ couple is thermodynamically and kinetically more favor-
ble at the Pd-modified electrodes compared to all other electrodes.
gain, a remarkable enhancement in the current response followed
y a drop in the peak potential provides a clear evidence of the cat-
lytic effect of Pd particles which act as a promoter to enhance
he electrochemical reaction, considerably accelerating the rate of
lectron transfer.
.5. Effect of pH on the electrochemistry of DA at Pd-modified
lectrode

The redox system should be affected by changes in pH because
f the involvement of protons in the overall electrode reaction.
Pd(BE), and (D) and (E) Pt/PMT(BE)/Pd(CV). Inset: histogram showing the Pd particle
Fig. 7. Effect of solution pH on the electrochemical behavior of Pt/PMT(BE)/Pd(CV)
electrode: the electrode is tested in 5 mM DA/0.1 M phosphate buffer solution of
different pH values and CVs are shown. Inset (A), dependence of the anodic peak
potential of DA oxidation on the solution pH. Inset (B), dependence of the anodic
and cathodic peak currents of DA oxidation on solution pH.
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Fig. 9. (A) DPVs of DA at Pt/PMT(BE)/Pd(CV) in the presence of 0.1 mM AA in PBS,
pH 7.4. DA concentrations (from a to g): 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 �M.
(B) DPVs of AA at Pt/PMT(BE)/Pd(CV) in the presence of 1.0 �M DA in PBS, pH 7.4.
AA concentrations (from a to g): 0.01, 0.03, 0.05, 0.08, 0.1, 0.12, and 0.16 mM. (C)
DPVs obtained during the simultaneous change of AA and DA at Pt/PMT(BE)/Pd(CV)
in PBS, pH 7.4. DA contents (from a to g): 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 �M.
ig. 8. DPVs for 1 �M DA and 100 �M AA + 1 �M DA at Pt/PMT(BE)/Pd(CV) electrode
n 0.1 M pH 7.4 PBS. DPV conditions: pulse amplitude = 50 mV, scan rate = 20 mV s−1,
ample width = 17 ms, and pulse width = 50 ms.

rated in Fig. 7 (inset A) the anodic peak potential shifts linearly
o more negative values as pH increases over a range from 1 to 7.
he slope is −55.6 mV/pH unit. The nearly Nernstian slope obtained
ere suggests two-proton, two-electron process for dopamine oxi-
ation [59–61]. According to the Nernst equation, the slope of
55.6 mV/pH reveals that the proportion of the electron and pro-

on involved in the reactions is 1:1. As the dopamine oxidation is a
wo-electron process, the number of protons involved is also pre-
icted to be two. In the solution, the pKa values of dopamine are
.9 (pKa1) and 10.6 (pKa2) [62], respectively. A linear behavior for
H values in the range from 1 to 7 and a little deviation at pH 9
ere observed. This indicates the deprotonation of DA at pH 9 so

hat it is no longer a two-proton, two-electron process and at this
oint other equilibria should be taken into account. At pH 11 the
edox reaction of DA is no longer pH dependent as DA is completely
eprotonated at this pH. Fig. 7 (inset B) shows that from pH 1 to
the anodic peak current decreases with increasing solution pH

alue 5. DA exists in the protonated form at low pH values. The
urrent of oxidation increases abruptly as the pH increases from 5
o 7. Further, beyond pH 7 the current increases with pH but at a
ower rate.

.6. Differential pulse voltammetry of a mixture of AA and DA

It is well known that ascorbic acid (AA) coexists with dopamine
DA) in the extracellular fluid of the central nervous system and
ts concentration is much higher than that of DA, so AA is the

ajor interference for DA detection. The ability to selectively
etermine these species has been a major goal of electroanaly-
is research. Fig. 8 shows the differential pulse voltammograms
DPVs) of 1.0 �M DA in the absence and presence of 100.0 �M
A at Pt/PMT(BE)/Pd(CV) in phosphate buffer solution (PBS) with

he physiological pH of 7.4. Broad overlapped oxidation peak
not shown here) was obtained at bare Pt electrode, but, at
t/PMT(BE)/Pd(CV) electrode, two well-defined oxidation peaks
ere obtained at −125 and +115 mV for AA and DA, respectively.

t was cited that for a given concentration of DA, a comparatively
arge oxidation current was noticed in the presence of AA at con-

entional electrodes [63]. This is due to the fact that oxidation
roduct of DA, dopamine-o-quinone, catalytically reacts with AA
nd reduces the dopamine-o-quinone back to DA [63]. Therefore,
he concentration of DA could not be determined accurately in the
resence of AA. However, in the present investigation, the oxida-
AA contents (from a to g): 0.02, 0.04, 0.06, 0.08, 0.1, 0.11, and 0.12 mM. DPV con-
ditions: pulse amplitude = 50 mV, scan rate = 20 mV s−1, sample width = 17 ms, and
pulse width = 50 ms.

tion potential and peak currents for DA are almost the same in
the presence or absence of AA. What’s more, Pt/PMT(BE)/Pd(CV)

exhibited the bigger response for the oxidation of DA compared
to AA, the oxidation of AA was effectively suppressed so that even
100 times AA had nearly no interference for the determination of
DA.
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.6.1. Selective determination of DA in the presence of a fixed
arge concentration of AA

One of the main objectives of the present investigations is
o determine DA in the presence of high concentrations of AA
y using Pt/PMT(BE)/Pd(CV) electrode. Fig. 9A exhibits the DPVs
hat were obtained for the micromolar concentrations (0.05–1 �M)
f DA in the presence of 0.1 mM AA at Pt/PMT(BE)/Pd(CV) elec-
rode. The voltammetric peak corresponding to the oxidation of
A was found to be increasing linearly in consonance with the

ncrease of the bulk concentration of DA whereas the peak cur-
ent for oxidation of AA remained almost constant. Obviously,
he responses of AA are unaltered with the increasing DA con-
ents. Thus, the homogeneous catalytic oxidation of AA by the
xidized product of DA can be eliminated at Pt/PMT(BE)/Pd(CV)
lectrode. It is to be noted that in the presence of AA at mil-
imolar level (0.1 mM), the Pt/PMT(BE)/Pd(CV) can sense the
ncrease of DA at micromolar concentration (0.05–1 �M) which
s close to the physiological condition. The calibration plot
Fig. 9A, inset) was linear with a correlation (r2) of 0.9993 and

sensitivity of 1.44 �A/�M. The detection limit of DA (S/N = 3)
s 8 nM.

.6.2. Selective determination of AA in the presence of DA
On the other hand, to verify the facility of the Pt/PMT(BE)/Pd(CV)

lectrode for the selective determination of AA in the presence
f DA, DPVs were recorded for varying concentrations of AA at
fixed concentration of DA (Fig. 9B). The catalytic peak cur-

ent of AA changes linearly with its concentration over the range
.01–0.16 mM with a correlation (r2) of 0.9991 and a sensitivity of
.0133 �A/�M (Fig. 9B, inset). The detection limit of AA (S/N = 3) is
�M.

.6.3. Simultaneous determination of AA and DA
Fig. 9C shows DPVs that were obtained at the Pt/PMT(BE)/Pd(CV)

lectrode during the simultaneous change of the concentrations of
A and DA. They demonstrated that the calibration curves for AA
nd DA were linear for a wide range of concentrations from 0.02
o 0.12 mM for AA and from 0.05 to 1 �M for DA. This corresponds
o the typical concentration ranges of AA and DA in real samples
18]. The calibration plots (Fig. 9C, insets) had the slopes (sensitivi-
ies) of 0.0131 and 1.37 �A/�M and correlations (r2) of 0.9988 and
.9991, for AA and DA, respectively. The detection limits (S/N = 3)
ere 6 �M for AA and 9 nM for DA. Interestingly the peak current

or DA increased linearly with the increase of DA concentration,
hile for AA, the peak current too increased linearly but at a slower

ate. This phenomenon could have occurred due to the reason that
he diffusion of DA through the polymer film was faster compared
o that of AA [45]. It is very interesting to note that the detection

imits of DA in the absence and presence of AA are virtually the
ame, which indicates that the oxidation processes of DA and AA at
t/PMT(BE)/Pd(CV) electrode are independent and that the simul-
aneous or independent measurements of AA and DA are possible
ithout interference.

able 2
ecovery results obtained for AA and DA in urine and healthy human serum samples at th

Sample type Sample no. Spike

AA (mM) DA (�M)

Urine
1 0.05 0.05
2 0.1 0.1
3 0.2 1.0

Serum
1 0.05 0.05
2 0.1 0.1
3 0.2 1.0
Fig. 10. DPVs for 100 �M AA + 1 �M DA + 1 �M UA at Pt/PMT(BE)/Pd(CV) electrode
in 0.1 M pH 7.4 PBS. DPV conditions: pulse amplitude = 50 mV, scan rate = 20 mV s−1,
sample width = 17 ms, and pulse width = 50 ms.

3.7. Interference study

Influence of uric acid (UA) on the voltammetric determination of
AA and DA is well known as they are oxidized at the same potential
[21,22]. Hence, this investigation further extended, on the verifica-
tion of UA effect on the AA and DA oxidation at Pt/PMT(BE)/Pd(CV)
electrode (Fig. 10). It can be seen that the modified electrode
resolved the merged voltammetric peak into three well-defined
peaks at potentials around −128 mV, +113 mV and +400 mV for AA,
DA and UA, respectively. This separation is large enough to allow
the simultaneous determination of these three compounds in a
homogenous solution. The other main interferences were exam-
ined and it was found that 1.0 mM glucose acid did not interfere
with 1 �M oxidation.

3.8. Reproducibility and stability of the Pt/PMT(BE)/Pd(CV)
electrode

For a novel method, reproducibility of the results is very impor-
tant. In order to examine the reproducibility of the modified
electrode, repeated cyclic voltammetric experiment was run in
10 �M DA in 0.1 M pH 7.4 PBS. The relative standard deviation
(R.S.D.) was about 3% after 50 successive CVs indicating that the
designed sensor had an excellent reproducibility. After measure-
ment, the modified electrode was cleaned with voltammetric cycles
in pH 10.0 PBS to eliminate the adsorption and stored in air. The
modified electrode retained 95% of its initial response up to 1 week.
3.9. Real sample analysis

The proposed method was applied to the simultaneous deter-
mination of AA and DA in urine and healthy human blood serum

e Pt/PMT(BE)/Pd(CV) electrode.

Found Recoveries (%)

AA (mM) DA (�M) AA DA

0.049 0.048 98 96
0.103 0.099 103 99
0.208 1.03 104 103

0.0488 0.0482 97.6 96.4
0.1 0.98 100 98
0.203 1.02 101.5 102
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Table 3
Analytical parameters for simultaneous detection of AA and DA at several modified electrodes.

Electrode pH Studied
interferences

Dynamic range
(�M)

Limit of
detection (nM)

Sensitivity
(�A �M−1)

Determination
in real samples

Reference

GC/Nf/Ptnano 7.4 AA, UA, 5-HT 3–60 10 – DHI, blood
plasma

[19]

GC/poly(4-
aminothiophenol)/Aunano

7.0 AA, UA 0.01–1 – 0.22 DHI, blood
serum

[17]

GC/PEDOT/Aunano 7.4 AA, UA 0.002–0.02 2 200 – [16]
GC/PEDOT/Aunano 7.4 AA 0.002–0.022 2 6.5–8.5 – [15]
GC/overoxidized

polypyrrole/Au
nanoclusters

7.0 AA, 5-HT 0.075–20 15 5.92 Blood serum [18]

CPE/carbon
nanofibers/Pdnano

4.5 AA, UA 0.5–160 200 – DHI [20]

GC/PAN/PDDMAC/Aunano 7.4 – 50–1000 50,000 0.00062 – [68]
GC/PAN/AgCl

core–shell
nanocomposites

7.0 AA 0.6–3.6 – 0.49 – [69]

Pt/polyfuran/Pdnano 1.2 AA, UA, ACOP 0.5–100 48 0.4784 – [44]
GC/Pdnano 7.0 AA 8–88 – 0.3147 DHI [51]
GC/PtAunano 4.0 AA, UA 24–384 24,000 0.05 DHI [70]
GC/Aunano 7.0 AA 15–135 9200 0.0407 DHI [71]
CPE/CNT/Agnano 2.0 AA 0.8–64 300 – Human serum [72]
Pt/PMT/Pdnano 7.4 AA, UA 0.05–1 9 1.37 Urine, blood This work
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HI: dopamine hydrochloride injection, GC: glassy carbon electrode, CPE: carbon pa
DDMAC: poly(diallyldimethylammoniumchloride), PAN: polyaniline, and PEDOT:

sing the standard addition method. The urine and serum samples
ere diluted 50 and 100 times, respectively, with 0.1 M pH 7.4 PBS

efore measurements to prevent the matrix effect of real samples,
espectively. Then appropriate amounts of these diluted samples
ere transferred to the electrochemical cell for the determination

f each species using DPV. The results obtained are listed in Table 2.
n urine samples, the AA and DA concentrations were found to be
.13 mM and 1.42 �M, respectively. This is close to those values
eported elsewhere [64,65]. On the other hand, the AA concentra-
ion in the serum sample was found to be 0.114 mM which is close
o the value reported by Yang et al. [66] and Goyal et al. [67]. In
ur test, no DA was detected in healthy blood serum, when the DA
tandard solution was spiked; the presence of AA, UC and some
nterference, such as albumin and glucose did not interfere with
he determination of DA. The recoveries indicate that the accuracy
nd repeatability of the proposed voltammetric method are very
ood.

Finally, Table 3 shows the comparison chart for the selective
etermination of dopamine at palladium nanoparticle-modified
MT electrode with various metal nanoparticles based literature
eports.

. Conclusions

The electrochemical synthesis and characterization of Pd-
odified Pt and PMT electrodes have been achieved. The method

f polymer film formation, doping level of the polymer film, the
mount of deposited metal, method of its deposition and deposition
otential were found to have a great impact on the electroactiv-

ty of the polymer/metal hybrid electrodes. Moreover, Pd-modified
lectrodes showed excellent electrocatalytic activity compared
o Pt-modified electrodes. The proposed method was applied to
he simultaneous determination of AA and DA in physiological
H 7.4 PBS. It is very interesting to note that the detection lim-

ts of DA in the absence and presence of AA are virtually the

ame, which indicates that the oxidation processes of DA and
A at Pt/PMT(BE)/Pd(CV) electrode are independent and that the
imultaneous or independent measurements of AA and DA are pos-
ible without interference. It has been shown that this modified
lectrode can be used as a sensor with high reproducibility, sen-

[

[

serum

ectrode, CNT: carbon nanotube, ACOP: acetaminophen, 5-HT: serotonin, Nf: nafion,
,4-ethylenedioxythiophene).

sitivity, selectivity, and stability. The proposed method could be
applied to the determination of AA and DA in real samples without
interference.
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