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Abstract: In this paper, a simple and stable composite electrode based on the
intrinsically conducting polymer poly(3,4-ethylenedioxythiophene):poly(sty-
rene sulfonate) (PEDOT:PSS) and Nafion®, an ion-exchange polymer, was
successfully fabricated by drop-coating the blended commercialy available
PEDOT:PSS agueous dispersion and Nafion® solution on the surface of a
glassy carbon electrode (GCE). PEDOT:PSS was used as the matrix, while
Nafion® was employed to improve the immobilization stability of the compo-
site films and adhesion to the electrode surface in comparison with PEDOT:PSS
films. Cyclic voltammetry, differential pulse voltammetry, electrochemical
impedance spectroscopy and scanning electron microscopy were utilized to
characterize the properties of this composite electrode. The as-proposed com-
posite electrode displayed good water-stability. Meanwhile, the composite
electrode was applied to electrochemical sensing of dopamine, and the perfor-
mance of PEDOT:PSS-Nafion® composite film was evaluated. The obtained
results demonstrated that PEDOT:PSS-Nafion® composites are promising
candidates for modification of electrode material used in electrochemical
sensing and other electrocatalytic applications.

Keywords: PEDOT:PSS; Nafion®; electrocatalysis; dopamine; electrochemical
Sensor.
INTRODUCTION

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),
one of the most successful commercially available intrinsically conducting poly-
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mers today, has been widely used as antistatic coatings, thermoelectric materials,
eectrically conducting coatings, hole injection layers, conducting layers in capa
citors or as transparent conducting layers in photovoltaic devices and organic
light-emitting diodes.14 PEDOT:PSS is aso an attractive material to modify
electrodes foreseen for electroanalysis due to its good film forming properties,
high conductivity, low redox potential, excellent electrochemical, ambient and
thermal stability, and good processability,>8 Unfortunately, solution-cast films
of commercially available PEDOT:PSS agueous dispersions tend to swell and
disintegrate in aqueous solutions,%-11 which lead to few application in the deve-
lopment of chemo/bio-sensing devices. Previous studies demonstrated that water-
resistant and insoluble PEDOT:PSS films could be obtained through secondary
doping ionic liquids,3 multivalent cations,® or bis(fluorinated phenyl azide).12
Thus demonstrating that application of commercially available PEDOT:PSS in
the field of chemo/bio sensing could be feasible.

Nafion® is a perfluorinated sulfonated ion-exchange polymer discovered in
the late 1960s by Walther Grot of DuPont.13 Its unique ionic properties are the
result its hydrophobic polytetrafluoroethylene backbone chain and perfluorovinyl
ether groups terminated with sulfonic cation exchange sites.14-16 Nafion®, due to
its good biocompatibility, antifouling capacity, chemical inertness, and thermal
stability, as well as high permeability to water molecules and small cations,1>-21
has been widely used in electrochemistry to modify electrodes. Moreover, mixing
Nafion® with other materials can improve the interface adhesion between films
and €lectrodes.22:23

Dopamine (DA), one of the most important neurotransmitter in mammalian
brain tissues, plays a significant role in the functioning of the centra renal,
nervous, hormonal and cardiovascular systems.2425 Deficiency of DA could be
implicated in several diseases and neurological disorders, such as schizophrenia,
depression, Huntington's disease, Parkinson's disease and HIV infection.2>-28
Thus, monitoring the concentration fluctuations of DA is of great importance.
Among various methods that have been exploited for the determination of DA,
electrochemical techniques’-2° have been proven to be rapid, simple, sensitive,
selective, and effective analytical methods. Recently, many materials have been
used to fabricate modified electrode for the determination of DA, such as meso-
porous silica,2> carbon nanotubes?”:28 and gold nanoparticles.29 However, hitherto,
the electrochemical determination of DA using the commercially available intrin-
sically conducting polymer PEDOT:PSS has not been reported.

In this work, another strategy was adopted by directly introducing the ion-
exchange polymer Nafion® to increase the hydrophobicity of PEDOT:PSS films,
thereby a simple and water-stable PEDOT:PSS-Nafion® composite electrode
was successfully fabricated using a glassy carbon electrode (GCE) drop-coated
with a solution of a mixture of a commercially available water-dispersible
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PEDOT:PSS polymer and the ion-exchange polymer Nafion®. The composite
electrode was subsequently applied for the electrochemical sensing of dopamine.
The performance of PEDOT:PSS-Nafion® composite films were eval uated.

EXPERIMENTAL
Chemicals

An aqueous dispersion (1.3 mass %) of PEDOT:PSS (Baytron P, Bayer AG, Germany)
was used. Nafion® (5 mass %) was obtained from the DuPont Company (USA). Dopamine
(DA) was purchased from Sigma—Aldrich (St. Louis, USA). Ascorbic acid was obtained from
Bio Basic Inc. Uric acid was purchased from the Aladdin-Reagent Company (Shanghai,
China). Glucosg, citrate, cysteine, ethanol, sodium chloride, oxalate, disodium hydrogen phos-
phate dodecahydrate (Na,HPO, 12H,0) and sodium dihydrogen phosphate dihydrate
(NaH,PO,4:2H,0) were obtained from the Sinopharm Chemical Reagent Co., Ltd. 0.1 M
Phosphate buffer solutions (PBS) (0.1 M) were prepared from stock solutions of 0.1 M
NaH,PO, and 0.1 M Na,HPO,. All chemicals were of analytical grade and used as received
without further purification. All solutions were prepared using deionized distilled water as
solvent. Dopamine solutions were prepared immediately before use in each experiment.

Apparatus

Electrochemical experiments were performed with a CHI660B electrochemical work-
station (Shanghai Chenhua Instrument Company, China) and were realized in a conventional
electrochemical cell containing a three-electrode arrangement at room temperature. The three-
electrode cell assembly consisted of a saturated calomel electrode (SCE) reference electrode
and a platinum wire counter electrode. The working electrode was a PEDOT:PSS-Nafion®
composite electrode. Scanning electron microscopy (SEM) was redlized with a VEGA
TESCAN scanning electron microscope. The pH values were measured with a Delta 320 pH
meter (Mettler-Toledo Instruments, Shanghai, China). The electrochemical impedance spectra
(EIS) were recorded on an Autolab frequency response analyzer (AUT30, FRA2-Autolab, Eco
Chemie, BV, Netherlands). The addition of a sample was performed with a micropipette
(Dragonmed, Shanghai, China).

Preparation of the PEDOT: PSS-Nafion® composite electrodes

A commercialy available agueous dispersion of PEDOT:PSS (1.3 mass %) was
thoroughly stirred for 48 h at room temperature in order to be well distributed. The counter
electrode was carefully polished with abrasive paper (1500 mesh), cleaned successively with
water and acetone, and then air-dried. A bare glassy carbon electrode (GCE) was carefully
polished subsequently with 0.05 um aumina slurry until a mirror-shine surface was obtained
and then successively sonicated in doubly distilled deionized water and ethanol. A mixture of
an aqueous dispersion of PEDOT:PSS and a 5 mass % Nafion® solution at a 1:1 volume ratio
was continuously stirred for 24 h at room temperature, whereby a PEDOT:PSS—Nafion®
solution was obtained. A PEDOT:PSS-Nafion® composite electrode (PEDOT:PSS-
—Nafion®/GCE) was prepared by directly drop-coating 5 L. PEDOT:PSS-Nafion® mixture
on a GCE that was then dried at room temperature under a clean environment. All the
fabricated electrodes were stored at 4 °C until use. The fabrication procedure of PEDOT:PSS-
—Nafion®/GCE is schematically illustrated in Fig. 1.
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RESULTS AND DISCUSSION

Surface mor phology of the PEDOT: PSS-Nafion® films

SEM was employed to investigate the surface morphology of PEDOT:PSS-
—Nafion® films. Compared with the regular, compact and homogeneous structure
of pure PEDOT:PSS films,30 the surface morphology of PEDOT:PSS-Nafion®
films were found to be dlightly irregular, and there were some small pore
distributed relatively homogeneous (see SEM in Fig. 1), which suggested that the
mixture of water-dispersible PEDOT:PSS and Nafion® had been mixed well, and
the dlightly rough structure may be very beneficial for the adsorption of analytes.

PEDOT:PSS-Nafion

‘ SEM
o=

PEDOT:PSS-Nafion
—_—— -
Dip-coating

Counter clectrode H NH2
Reference electrode
S == I H
DA
Working electrode = =
o} NH,
| S //\/./
=
+
2H" +2e

Fig. 1. The procedure for the fabrication of PEDOT:PSS-Nafion®/GCE and an SEM image of
aPEDOT:PSS-Nafion® composite film.
Electrochemical characterization of PEDOT: PSS-Nafion® films

The cyclic voltammograms (CVs) of different electrodes in 0.1 M KCI
containing 10 mM [Fe(CN)g]4/3~ as a redox couple are shown in Fig. 2A: a)
bare GCE, b) PEDOT:PSS/GCE and ¢) PEDOT:PSS-Nafion®/GCE. All elec-

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS




ELECTROCHEMICAL SENSING OF DOPAMINE 1401

. . . .
03 0.0 03 0.6 09
E/V vs. SCE
16004 B i .
-
v . »
| |
1200+ N Lau®”
kc ,' - . i m (s
‘--.E 800' v - -. “
SR ISR - b
M
vy me C
400 J "7
. i v d
0“_1- T T T T T T T T 1
0 600 1200 1800 2400 3000
Zre/ ohm

Fig. 2. A) CVssof different electrodesin a0.1 M KCI solution containing 10 mM
[F&(CN)g]*/3: &) bare GCE, b) PEDOT:PSS/GCE and ¢) PEDOT:PSS-Nafion®/GCE;
Scan rate: 50 mV s1. B) Nyquist plots of a) bare GCE, b) PEDOT:PSS/GCE,
¢) PEDOT:PSS-Nafion®/GCE and d) Nafion®/GCE in the same solution.

trodes showed a pair of quasi-reversible redox peaks. Although the currents of
the anodic and cathodic peaks at PEDOT:PSS/GCE were higher than at the other
electrodes (the electrical conductivity of pure PEDOT:PSS films was 3.380 S
cm1 ), pure PEDOT:PSS/GCE was extremely hygroscopiclO3l and tended to
swell or disintegrate in the agueous mediall With the introduction of small
amounts of Nafion® into PEDOT:PSS, the PEDOT:PSS-Nafion® displayed a
decrease of electrical conductivity due to the increasing impedance of the com-
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posite films (the electrical conductivity of the PEDOT:PSS-Nafion® compo-
site film with a volume ratio of 1;1 was 0.246 S cm™1), which is in accordance
with previous reports,23 a pair of well-defined quasi-reversible redox peaks
appeared on the CV curve of PEDOT:PSS-Nafion®/GCE. Moreover, the poten-
tial difference (AEp) between the anodic and cathodic peaks at PEDOT:PSS-
—Nafion®/GCE (107 mV) was smaller than that at the bare GCE (174 mV) and
PEDOT:PSS/GCE (136 mV), indicating better reversibility of electrochemical
reaction at the PEDOT:PSS-Nafion®/GCE.

EIS can be used as an efficient tool for describing the electron transfer
properties of different composites electrodes. The results of EIS are illustrated in
Fig. 2B on a) bare GCE, b) PEDOT:PSS/GCE, c), PEDOT:PSS-Nafion®/GCE
and d) Nafion®/GCE using 10 mM [Fe(CN)g]3 /4~ redox couple as the indicator.
The EIS was recorded at a potential of 0.17 V and the frequency range was 10
kHz to 100 mHz. The electron-transfer resistance (Rg) value of PEDOT:PSS/
/IGCE (amost like a straight line) was much lower than that of the bare GCE,
which was attributed to the high conductivity of the PEDOT:PSS films that
facilitated fast electron transfer between the solution and the electrode interface.
For PEDOT:PSS-Nafion®/GCE, the Ry value was between those of PEDOT:PSY
/GCE and Nafion®/GCE, which is consistent with the results of CV. Therefore,
these results demonstrated that the PEDOT:PSS-Nafion®/GCE had relatively
better electrochemical ability and faster electron transfer, and that composite
electrode could be utilized as the working el ectrode.

Electrochemical activity of DA at the PEDOT: PSS-Nafion®/GCE

To assess the performance of PEDOT:PSS-Nafion® composite electrodes,
dopamine (DA) was selected for application of the fabricated electrochemical
sensor. The CVs of different electrodes taken at a scan rate of 50 mV s1in 0.1
M PBS (pH 7.0) and 40 uM DA are shown in Fig. 3. Compared with the
oxidation peak currents at a bare GCE and Nafion®/GCE, those at PEDOT:PSSY/
/GCE and PEDOT:PSS-Nafion®/GCE were remarkably increased, which was
attributed to the fact that PEDOT:PSS films have a moderate conductivity.>32
However, the PEDOT:PSS/GCE was not very stable and easily swelled or disin-
tegrated in PBS, and the redox peak of DA was very weak. At bare GCE, a pair
of redox peaks were observed for the detection of 40 uM DA. The oxidation and
reduction peak potentials occurred at 0.404 and 0.058 V, respectively. At
PEDOT:PSS—-Nafion®/GCE, a well-defined redox wave of DA was observed
with the anodic peak potentia at 0.269 V and the corresponding cathodic peak
potential at 0.098V. The oxidation and reduction peak currents were significantly
increased and the electron transfer process to DA was more reversible. These
results once again indicated that the determination of DA is feasible a a
PEDOT:PSS-Nafion®/GCE.
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Fig. 3. CVsof different electrodesin 0.1 M PBS (pH 7.0) and 40 uM DA: @) bare GCE, b)
PEDOT:PSS/GCE, ¢) PEDOT:PSS—Nafion®/GCE and d) Nafion®/GCE. Scan rate: 50 mV s1.
Inset: CVs of bare GCE and Nafion®/GCE in 40 uM DA.
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Effect of the scan rate towards DA

The effect of the scan rate on the electrochemical behavior of DA at
PEDOT:PSS-Nafion®/GCE was studied by CV, and the result are shown in Fig.
4A. With increasing scan rate from 25 to 100 mV s-1, the oxidation peak current
(Ipa) and reduction peak current (Ipc) were in linear relationship to the scan rate
(v). The regression equations were: lpg (LA) = 1.78-7.45v and Ipc (WA) = —2.06 —
— 1854y (v in mV s1), with correlation coefficients of 0.998 and 0.995, res-
pectively. This indicates that the DA molecules can be adsorbed onto the elec-
trode surface, and the electrochemical oxidation of DA at the PEDOT:PSS-
—Nafion®/GCE was an adsorption-controlled process.29

Effect of pH values towards DA

The effect of pH value on the determination of DA at PEDOT:PSS-Naf-
ion®/GCE in PBS within the range from 2.0 to 8.0 was investigated by CV and
the results are shown in Fig. 5A. The pH value had a significant influence on
both the redox peak potentials and peak currents. The relationship between the
oxidation peak currents and pH valueis presented in Fig. 5B. The results showed
that the peak current of DA increased with increasing pH value until the highest
peak current and the best peak shape were obtained at pH 7.0, while the peak
current decreased dramatically when the pH value exceeded 7.0, which was pro-
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Fig. 4. A) CVsof 40 uM DA in 0.1 M PBS (pH 7.0) at scan rates of 25, 30, 40, 50, 60, 80 and
100 mV s (from ato g) and B) the plots of redox peak currents vs. the scan rate.

bably due to the charge interactions between DA and electrode surface. In addi-
tion, the relationship between the oxidation peak potentials (Epg) and pH values
was aso investigated and the results are shown in Fig. 5C. It can be observed that
the Ep, shifted negatively as the pH value was increased, indicating that protons
were involved in the electrode reaction. The curve presents two straight lines in
the pH range 2.0-8.0. The regression equations were Epg (V) = 0.4956 — 0.0156pH
(R2 = 0.9946) at the lower pH values 2.0-6.0 with a slope of 15.6 mV pH-1,
which is smaller than the theoretical value of -57.6 mV pH-l. While the
regression equations was Epa (V) = 0.9901 — 0.995pH (R2 = 0.9853) at the higher
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pH value between 6.0-8.0. The slope in this pH range was 99.5 mV pH-1, which
is high than the theoretical value. The reason for thisis yet unclear. However, the
pH vaue has an influence on both the peak potential and peak current, revealing
that electron transfer and proton transfer participated in the reaction. Considering
the physiological pH (7.4), pH 7.0 was chosen as optimal pH value of PBS.

Determination of DA

The determination of DA concentration at a PEDOT:PSS-Nafion®/GCE was
performed by differential pulse voltammetry (DPV) in 0.1 M PBS (pH 7.0) and
the results are shown in Fig. 6A. As can be seen in Fig. 6B, the oxidation peak
current of DA was linearly proportional to its concentration in the range of 0.10
to 50 UM. The regression equation was lpa (MA) = 9.04 + 0.41c (c in uM) (R2 =
= 0.996) with adetection limit of 0.03 uM (SN = 3), where c is the concentration
of DA. Compared with most of the modified electrodes reported in the literature
(listed in Table 1),24:27.33-37 the fabricated PEDOT:PSS-Nafion®/GCE exhibited
agood sensing performance.
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trations of DA and 0.1 M PBS (pH
7.0) at a PEDOT:PSS-Nafion®/GCE.
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TABLE 1. Comparison of different modified electrodes for the determination of DA;
6A2MBT: 6-amino-2-mercaptobenzothiazole; EPPGE: edge-plane pyrolytic graphite elec-
trode; PEDOT—PANS: poly[3,4-ethylenedioxythiophene-co-(5-amino-2-naphthal enesul fonic
acid)]; NBAR: p-nitrobenzenazo resorcinol; GCE: glassy carbon electrode; CNT: carbon
nanotubes; IL: ionic liquid; RGO: reduced graphene oxide; CNOs. carbon nano-onions;
PDDA: poly(diallyldimethylammonium chloride); AABA: 3-acrylamidophenylboronic acid;
ACS: acetate buffer solution; LCR: linear concentration range; LOD: limit of detection

Electrode Electrolyte LCR/uM LOD/uM  Reference
6A2MBT/Au PBS (pH 7.2) 1-642 0.157 24
SWCNT—e,05/EPPGE PBS (pH 7.0) 3.2-31.8 0.36 27
PEDOT-PANS/GCE ACS (pH 5.0) 2-8 0.5 33
polyNBAR/GCE PBS (pH 4.0) 5-25 0.3 34
RGO/AUNPYGCE PBS (pH 7.4) 1-60 0.02 35
CNOs/PDDA /GCE PBS (pH 5.0) 50-400 10 36
MWCNT/poly(AABA)/GCE PBS (pH 7.4) 0.05-2 0.02 37
PEDOT:PSS-Nafion®/GCE PBS (pH 7.0) 0.1-50 0.03 Thiswork

Interference, stability and reproducibility studies

The reproducibility of PEDOT:PSS-Nafion®/GCE was studied by measure-
ment the peak current response of 40 uM DA in 0.1 M PBS (pH 7.0) by CV. The
relative standard deviation (RSD) of the oxidation peak currents during 20 suc-
cessive measurements was 1.3 %, indicating good reproducibility (shown in Fig.
7). When the electrode was kept at 4 °C for two weeks, the peak currents
remained at 96 % of their initial values. These results revealed that PEDOT:PSS-
—Nafion®/GCE had excellent water-stability, implying that Nafion® can improve
the swelling and disintegration properties of PEDOT:PSS and lower the swelling
of the modified electrode in aqueous media.23:38

iao-..-|nﬂl.Ill....llllI
s

40 4

0=

o 5 10 15 20

Number of cycles

Fig. 7. The stability of a PEDOT:PSS-Nafion®/GCE in 0.1 M PBS (pH 7.0) containing
40 uM DA. Scan rate: 50 mV s,

The possible interferences for DA determination were evaluated by the
response current—time (I-t) curve and DPV. The |-t curve presented in Fig. 8A
shows that addition of 10 uM DA caused a noticeable change in the current res-
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Fig. 8. A) The responses for interferents tested at a PEDOT:PSS-Nafion®/GCE by the
amperometric method at an applied potential 0.3V vs. SCEin 0.1 M PBS (pH 7.0). The
injection of the potentially interfering compounds were a) 10 uM DA, b) 100 uM ascorbic
acid, ¢) 100 uM uric acid, d) 100 uM cysteine, €) 1 mM glucose, f) 1 mM sodium citrate,
g) 1 mM ethanol, h) 1 mM sodium chloride, i) 1 mM oxalic acid and j) 10 uM DA.

B) The corresponding responses for interferents tested by DPV.

ponse. Then, addition of 10-fold amounts of ascorbic acid, uric acid and cysteine
and 100-fold amounts of glucose, sodium citrate, ethanol, sodium chloride and
oxalic acid were successively added, which had no obvious influence on the
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electrode response, with deviations below 5 %. Then, 10 uM DA was added
again, which caused the current to change significantly. This implied that the
fabricated PEDOT:PSS-Nafion®/GCE had good selectivity, which may be
largely attributed to the strong anti-interferent ability of Nafion®.3% Moreover,
the interference experiments were repeated using the common DPV technique.
From Fig. 8B, it can be seen that again no obvious influence for most of the
interfering substance was evidenced by the DPV method, while added ascorbic
acid, uric acid or cysteine had a dight influence. Once again, the good selectivity
of the PEDOT:PSS-Nafion®/GCE was indicated.

CONCLUSIONS

In summary, the commercially available water-dispersible PEDOT:PSS and
the ion-exchange polymer Nafion® were successfully used to fabricate a simple
water-stable and conducting composite PEDOT:PSS-Nafion®/GCE for sensing
applications. Due to the high conductivity of PEDOT:PSS and strong adsorptive
ability of the binding agent Nafion®, the PEDOT:PSS-Nafion®/GCE showed
good electrochemical activities, excellent reproducibility and water-stability, fast
electrode transfer, and low swell and disintegration. This composite electrode
was used for the detection of DA with a fast current response, good selectivity,
and strong anti-interferent ability, which provided a promising method for modi-
fied electrode materials. This work aso enlarges the application of PEDOT:PSS
in chemo/bio-sensing.
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[MPUMEHA KOMEPIIUJATHOT T1OJIN(3,4-ETUJIEH-JUOKCUTUOSEH ):IIOJIMCTUPEH
CYJI®OHATA 3A EJIEKTPOXEMUWJCKY JETEKIWJY JOIIAMUHA

YUANYUAN YAOi, YANGPING WENZ, JINGKUN XUi, LONG ZHANG® u XUEMIN DUAN®
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Y pany je ycnemHo HalpaBs/b€Ha jeJHOCTaBHA U CTabM/IHA KOMIIO3UTHA €JeKTpoja Ha
Basu MTPOBOJHOT nonumepa nonu(3,4-eTUIeHANOKCUTHO(MEH ) : IOTUCTHPEH-CynOHAT
(PEDOT:PSS) u joHoM3sMemuBaukor nonumepa, Nafion®, Tako mrto je Ha nospmuHy enekTpo-
Iie o CTaK/IaCTOr YIJbeHUKa HaHeTa Kall CMellle KOMEpLHjalTHo NOCTyNHE BOAEHE JUCIep3uje
PEDOT:PSS u pactsopa Nafion®. PEDOT:PSS je umao ynory matpuue, nok je Nafion® mpu-
MemeH y Uuby nosehawma CTaDMITHOCTH KOMITO3UTHOT MUIMa U HEroBe anxe3dje Ha MOBP-
IIMHY eeKTpofe. 3a KapakTepHu3alljy OlucaHe KOMIIO3UTHE eJIEKTpojie KopuurheHe cy MeTo-
Ie UUKJIMYHE BOJITaMETpHje, AU(EPEHLjalHe MyJICHE BOJITAMETPHje, CIEKTPOCKOIHUje eneK-
TPOXEMHUjCKE MMIIElaHIMje U CKeHUpajyhe eleKTpOHCKe MUKpocKonuje. Enexrpopa je moxa-

Available online at www.shd.org.rs/JSCS/

Copyright (C)2013 SCS



1410 YAO e al.

3ana nodpy cTabWIHOCT y BOOH, a 3aTHM je MpUMemheHa 3a eJIeKTPOXeMHUjCKy IeTeKIUjy Homa-
muHa. OppehuBame weHHX nepdOpPMaHCH NPU JeTeKUHjH OBOT jefHiera je MoKasaao na
komMnosuTHu punm PEDOT:PSS uMa noTeHLWjanHy NPUMEHY Yy €l1eKTPOXEeMUjCKUM CeH30-
PYMa H eJIeKTPOKaTalIn3aTopHUMa.
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