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Abstract Palladium (Pd) incorporated poly (3,4-ethyl-
enedioxythiophene) (PEDOT) films were synthesized
through an electrochemical route and characterized using
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The electrochemical study showed
catalytic oxidation of dopamine (DA) with optimum
loading of Pd. DA and uric acid (UA) were detected using
differential pulse voltammetry (DPV). In the presence of
ascorbic acid (AA), DA-AA showed peak potential sepa-
ration of 0.19 V while 0.32 V between UA-AA on Pd-
incorporated PEDOT. These peak separations are large
enough for sensing DA and UA in the presence of AA. DA
and UA exhibited linear calibration plots and the minimum
detection limits are 0.5 and 7 pM respectively. On Pd-
PEDOT, the reversibility of DA oxidation was found to
increase compared to bare glassy carbon electrode (GCE)
and PEDOT modified GCE. Fouling effects were also
found to be minimal making Pd-PEDOT composite suit-
able for electroanalysis.

Keywords Voltammetry - Dopamine - Uric acid -
Palladium - PEDOT

1 Introduction

Conducting polymers are emerging as intelligent materials

[1] and they are in the forefront of research in the synthetic
chemistry of functionalized pi-conjugated systems. These
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materials have a wide range of applications in the field of
optical, electronic, electro-chromic devices, and sensors
etc. Among the reported conducting polymer materials,
poly (3,4-ethylenedioxythiophene) (PEDOT) is considered
to be a promising candidate for its regioregular polymeri-
zation, low bandgap, stability and optical transparency
[2—4]. The recent technological interests are in the syn-
thesis of conducting polymers incorporated with metal
nanoparticles for varied applications. Conducting polymers
are widely employed as support materials for dispersing the
metal particles and the resultant composite materials pos-
sess improved catalytic efficiency [5, 6]. The latter were
widely used in the applications for oxidation of small
organic molecules, dioxygen reduction etc [7-11].

Metal nanoparticle-incorporated PEDOT composite
materials have been widely reported. Tsakova et al studied
the crystallization of copper (Cu), Pd and bimetallic
(Cu-Pd) in PEDOT matrix which was used for electrore-
duction of nitrate ions in neutral solutions [12-16].
Current-sensing atomic force microscopy showed that
PEDOT with its sulfur atoms (having better aligned sur-
face) form strong bonding with platinum (Pt), gold (Au)
and silver (Ag) nanoparticles [17]. In lithium ion batteries,
PEDOT incorporated with LiCoO,/VS, composite material
was used as a cathode material. These were reported to
have good thermal and chemical stability, fast electro-
chemical switching and high electrical conductivity in the
p-doped state [18, 19].

In our recent communications, we reported the utility of
Au incorporated PEDOT in the sensing of DA and UA in the
presence of excess AA [20-24] wherein PEDOT showed
larger voltammetric peak separations. In continuation of this
effort, we have attempted the synthesis of Pd incorporated
PEDOT composite material for electroanalysis. Further, Pd
nanoparticles are reported to be catalytic for several organic
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reactions such as Heck, Suzuki, Kumuda etc., [25-27] and
used as a material for detection of gaseous hydrogen [28],
cholesterol [29], hydrazine [30] and dissolved oxygen [31].

The electrochemically synthesized Pd incorporated
PEDOT matrix is characterized using surface analytical
techniques. Besides, optimization of Pd loading into the
polymeric films, their application to sensing of DA and UA
in the presence of excess AA are demonstrated.

2 Experimental
2.1 Materials

3,4-Ethylenedioxythiophene (EDOT, Baytron M) was a gift
sample provided by Bayer AG (Germany). PdC1, (E-Merck),
Dopamine (Acros), Ascorbic acid (E-Merck), Uric acid
(E-Merck), potassium dihydrogen phosphate (E-Merck),
sodium hydroxide (E-Merck) were used as received.

The aqueous solutions were prepared using Milli-Q
water (18.3 MQ) (Millipore). A standard 3-electrode con-
figuration consisting of GCE (¢ 3 mm, BAS, Inc.) as
working electrode and Pt foil as auxiliary electrode and Ag
wire/Ag-AgCl reference electrodes were employed in
electrochemical experiments.

2.2 Instrumentation

Electrochemical experiments were carried out using a po-
tentiostat/galvanostat Autolab PGSTAT-30 (Eco-Chemie
B.V., The Netherlands) at room temperature 25 &+ 1 °C. To
record the DPV, the following input parameters were used:
scan rate: 0.012mV s™', sample-width: 17 ms, pulse-
amplitude: 25 mV, pulse-width (modulation time): 50 ms,
pulse-period (interval): 500 ms and rest-time: 5 s. Peak
currents were determined after subtraction of a manually
added baseline. PEDOT/Pd-PEDOT films coated on
Indium doped Tin Oxide (ITO) glass substrates (Donnelly
Corp., USA) were characterized by AFM (Molecular
Imaging, USA) using Au coated SiNj cantilevers (Force
constant 3 N/W). SEM measurements were made using
Hitachi Model S-3000H with 10 kV (acceleration voltage).

3 Results and discussions

3.1 Synthesis of PEDOT/Pd-PEDOT composites

Figure 1 shows the electrochemical synthesis of PEDOT
from acetonitrile solution containing 0.01 M EDOT and

0.1 M tetrabutylammonium perchlorate (TBAPC) as sup-
porting electrolyte. The potential window was —0.9 to

@ Springer
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Fig. 1 Cyclic voltammogram showing the polymerization of 0.01 M
EDOT in 0.1 M TBAPC on GCE from acetonitrile solution; Scan
rate: 100 mV s~

1.6 V vs. Ag wire (reference electrode) and the scan rate
used was 0.1 V s~'. From the cyclic voltammogram, it was
observed that EDOT oxidation starts at ~ 1.4 V and further
cycling facilitates PEDOT film formation on the electrode
surface. In order to obtain a thin film, PEDOT was allowed
to grow on the GCE surface for three successive scans.
This was seen from the increasing anodic and cathodic
peak current densities at ~0.118 V and ~—0.18 V during
the forward and reverse scan, respectively.

Pd incorporated PEDOT composite films were synthe-
sized as follows: PEDOT films initially synthesized from
acetonitrile solution were kept at a potential of —0.1 V vs.
MSE (Mercury/Mercurous sulfate electrode) for about 360 s
in 0.5 M sulphuric acid containing palladium chloride. At
this potential, the Pd>* ions were reduced to Pd® and incor-
porated into the polymer matrix. Figure 2 shows the redox
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Fig. 2 Cyclic voltammogram showing the redox behaviour of Pd/
PEDOT on GCE in 0.5 M H,SO, solution; Scan rate: 100 mV s~
(inset: Cyclic voltammogram shows the redox behaviour of PEDOT
on GCE in 0.5 M H,SO, solution)
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behaviour of Pd incorporated PEDOT composite film in
0.5 M sulphuric acid and the inset shows the redox behaviour
of PEDOT alone. The voltammetric features clearly show the
redox characteristic of Pd that confirms its incorporation in
the polymer matrix whereas it is absent in PEDOT alone. The
hydrogen adsorption—desorption regions were also observed
in this potential region. Further, the increase in Pd content in
the polymer film is reflected by an increase in the reduction
current as shown in the voltammograms.

3.2 Scanning electron microscopy

Figure 3 shows the SEM images of PEDOT and Pd-PE-
DOT composite films electrodeposited on an ITO glass
substrate. PEDOT (Fig. 3a) deposited from the non-aque-
ous medium showed a uniform by sized fibrillar network
structure with a fiber dimension of ~20 nm. These struc-
tures were not obtained when synthezised from a
microemulsion or aqueous medium [14-16, 33]. The

Fig. 3 SEM images of (a) PEDOT & (b) Pd/PEDOT coated on ITO
glass substrate

polymer network has a highly porous structure that can
easily entrap the foreign material yielding a composite. The
image of PEDOT after Pd incorporation showed that the
structure and morphology of the polymer film changed
significantly. The regions where Pd is deposited clearly
showed discrete areas of high contrast, suggesting the
presence of Pd due to its conductivity difference. As can be
seen from Fig. 3b, the fibrils containing Pd deposit retain a
high porosity fibrillar network structure.

3.3 Atomic force microscopy

Figure 4 shows AFM images of PEDOT and Pd-PEDOT
films electrochemically deposited on an ITO glass. Since the
SEM figures do not show high contrast images, AFM anal-
ysis of the composite material was undertaken in this study.
The corresponding 3D analyses of the films are also shown in
Fig. 4. The PEDOT image (Fig. 4a) of 2 x 2 pum shows a
fibrillar network as seen in the SEM images. The PEDOT
polymer is arranged in an array type structure and resulting in
a network fibrillar structure. From the 3D analysis, it can be
observed that the porous structure of the polymer film and the
polymer fibril sizes are uniform for the area analyzed. Esti-
mation of surface roughness of the polymer film was carried
out and the mean value of roughness (R,) was calculated as
the deviations in height from the profile mean value

Ro= N> 127, (1)

where Z, is the sum of all height values divided by the
number of data points (N) in the profile. The mean
roughness value, estimated from these images using Eq. 1
is 4.6 nm.

Pd-incorporated composite polymer film (Fig. 4b)
clearly shows morphological feature different from that of
the polymer film alone. Pd incorporation results in the
formation of a composite as is evidenced by the 3D image.
Further, it is interesting to note that the mean surface
roughness calculated for the composite film shows a value
of 4.9 nm. This indicates that the surface porosity of the
film does not change much upon incorporation of Pd.

3.4 Electrocatalytic oxidation of composite film

Figure 5 shows the cyclic voltammograms of 0.5 mM DA
oxidation in a phosphate buffer solution (PBS 7.4) on bare
GCE, GCE | PEDOT and GCE | Pd-PEDOT electrodes. On
bare GCE, DA was oxidized at around 0.205 V yielding a
peak current of 16 + 2 pA, while a reduction peak at
around 0.112 V was observed on the reverse scan. The
peak separation (E,pa — Ecpa, AE, = 0.093 & 0.002 V)
suggests quasi-reversible nature of the oxidation process.
On GCE | PEDOT, DA undergoes oxidation at around
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Fig. 4 AFM images of (a) PEDOTI# 1
PEDOT & (b) Pd/PEDOT

coated on ITO glass substrate 1750

PEDOT-PaZ# 1
nm

Cument / m A
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Fig. 5 Cyclic voltammogram of DA oxidation on (a) bare GCE (b)
PEDOT/GCE (c¢) PdA/PEDOT/ GCE in neutral PBS 7.4

0.180 V, yielding a peak current of 29 £ 2 pA. When
compared to bare GCE, appreciable potential shift for the
DA oxidation on GCE | PEDOT was observed. The
oxidation current increased by 1.8 times, indicating
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catalytic oxidation of DA on the modified electrode. Dur-
ing the reverse scan, a cathodic peak and AE, of 0.112 V
and 0.068 £ 0.002 V, respectively, were observed which
corresponds to a near-reversible process. Upon Pd incor-
poration within the polymer matrix, the DA oxidation
occurs at 0.174 V with an oxidation current of 51 + 2 pA
showing the improved catalytic behaviour of the composite
film compared to PEDOT modified and bare GCE. During
the reverse scan it also showed a peak at 0.1 V and the AE,
was found to be 0.074 V indicating the reversibility of the
DA oxidation process. The reversible process indicates that
DA oxidation on the composite electrodes does not cause
electrode fouling. This is a serious problem faced in the
analytical determination which in turn affects the precision.

3.5 Effect of Pd loading

To find the optimum loading of Pd in PEDOT that exhibits
higher catalytic activity, polymer films containing various
loadings of Pd were synthesized. In order to vary the Pd
loading in the polymer film, the precursor i.e., palladium
chloride concentration in the deposition solution was
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Fig. 6 Effect of palladium loading on PEDOT and its catalytic activity

varied. The amount of Pd in the film was calculated based
on the integration of the hydrogen adsorption region. Fig-
ure 6 shows the DA oxidation current against amount of Pd
loading in the film. The DA oxidation current increases
with Pd loading up to ~250 ng and decreases after the
critical loading. Pd loading corresponding to higher cata-
lytic oxidation of DA was taken as the threshold Pd
loading and used for DPV analysis.

3.6 Simultaneous determination of DA and UA

Detection of DA and UA concentration in biological
samples in the presence of other constituents is an impor-
tant task in clinical research [33-36]. DA and UA co-exist
in biological samples along with other constituents in
which AA is the excess amount compared to other mole-
cules. Therefore, the detection of DA and UA in the
presence of excess AA is of great importance.

Cyclic voltammetric studies of DA and UA oxidation on
bare GCE in the presence of excess AA showed a broad
and overlapping anodic peak (Figures not included). In
contrast, PEDOT-GCE showed well-defined voltammetric
peaks for each analyte. In order to improve the catalytic
function, metal was entrapped into the polymer matrix and
for this reason Pd was incorporated into the PEDOT film.
The separation among the peaks was quite large which
paved the way for simultaneous/selective determination of
these biologically important molecules.

The electrooxidation of DA and UA in the presence of
excess AA was investigated simultaneously by varying the
concentration of the individual analyte species.The DPV
technique was adopted because it has a much higher cur-
rent sensitivity and better resolution than cyclic
voltammetry. Moreover, the charging current contribution
to the background current is the limiting factor in analytical
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Fig. 7 Differential pulse Voltammogram of DA and UA oxidation in
neutral PBS 7.4

determination whereas it was negligible in DPV mode [37].
Figure 7 shows the DPV of DA and UA in the presence of
excess AA in PBS 7.4 on Pd-PEDOT modified GCE. The
peak potential separations observed between DA-AA and
UA-AA were 0.19 V and 0.32 V, respectively. This sepa-
ration was well suited for DA and UA sensing in the
presence of excess AA. Peak current was found to increase
with concentration of the individual analyte molecule.
Figure 8 shows calibration curves obtained using DPV.
These exhibit a linear relationship between catalytic peak
current and analyte concentration over a range of 0.5-1.0
and 7-11 pM for DA and UA, respectively. The calibration
plots were found to be linear. For DA, the corelation
coefficient (R%) was 0.99 with 0.0019 LA/nM slope while
for UA, R? was 0.99 with 0.1979 HA/pM slope. Thus, the
polymer film showed improved properties for sensing
applications in terms of selectivity and sensitivity com-
pared to the individual materials respectively.

4 Conclusions

Pd-PEDOT films were prepared electrochemically and
characterized using SEM and AFM techniques. PEDOT
alone has a fibrillar network structure and Pd was incor-
porated within the porous polymer network structure.
Pd-PEDOT composite material was used for sensing DA
and UA in the presence of excess AA. Compared to bare
GCE and PEDOT alone, Pd incorporated PEDOT showed
excellent catalytic activity towards DA oxidation. The
reversibility of DA oxidation on Pd-PEDOT film was
considerably improved and hence the composite-modified
electrode does not suffer from fouling due to the products
of DA oxidation. Pd-PEDOT composite film enables
detection up to 0.5 uM of DA and 7.0 uM of UA. Good
linear correlations between oxidation current and DA and
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Fig. 8 Calibration curves of DA and UA

UA concentrations were obtained. As a result Pd-PEDOT
shows more sensitivity and selectivity towards DA and UA
in the presence of excess AA when compared to PEDOT.
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