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Abstract
The chronoamperometric and coulometric response of solid contact ion-selective electrodes (SCISEs) for the detection of
divalent cations was investigated in order to provide a more complete description of the mechanism of the recently introduced
coulometric transduction method for SCISEs. The coulometric transduction method has earlier been employed only for SCISEs
that were selective to monovalent ions. The SCISEs utilized poly(3,4-ethylenedioxythiophene) (PEDOT) doped with poly(sty-
rene sulfonate) (PSS−) as the solid contact (ion-to-electron transducer). PEDOT(PSS) was electrodeposited on glassy carbon and
covered with plasticized PVC-based ion-selective membranes (ISMs) that were selective towards divalent cations (Ca2+, Pb2+).
In contrast to earlier studies, the results obtained in this work show that the coulometric response for the Pb2+-SCISE was limited
mainly by ion transport in the PEDOT(PSS) layer, which was not the case for the Ca2+-SCISE, nor was it observed earlier for the
monovalent ions. The exceptional behavior of the Pb2+-SCISEwas explored further by electrochemical impedance spectroscopy,
and it was shown that the effective redox capacitance of PEDOT(PSS) was significantly higher for the Pb2+-SCISE than for the
Ca2+-SCISE although the polymerization charge of PEDOT(PSS) was the same. The slow transport of Pb2+ in PEDOT(PSS) was
tentatively related to complexation between Pb2+ and PEDOT(PSS).

Keywords Solid contact ISE . Divalent cations . Coulometric transduction . Charge transfer . Impedance

Introduction

Ion-selective electrodes (ISEs) are important analytical tools that
are widely used in many fields related to our daily life, such as
clinical diagnostics, environmental monitoring, agriculture, and
food industry [1–5]. Thus, there is a great demand for durable,
easy-to-use, and less-frequently calibrated ISEs. Over the years,
the performance of ISEs has been significantly improved. The
detection limit of polymeric membrane-based ISEs was lowered
to ca. 10−11 M by adjusting the internal filling solution in the
traditional design [6]. The so-called solid contact ion-selective
electrodes (SCISEs) were developed in order to overcome limi-
tations of the internal filling solution, i.e., to obtain more durable
sensors that are easy to manufacture, can be miniaturized, and

require little maintenance. Among various solid contact materials
in SCISEs, conducting polymers proved to be useful as their
mixed ion-electron conductivity and high redox (pseudo) capac-
itance improved the potential stability of the SCISE [5, 7]. The
conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT) doped with polystyrene sulfonate (PSS−) has been
extensively used as solid contact in the fabrication of SCISEs
for ions, such as K+ [8], Ca2+ [9], and lead Pb2+ [9, 10]. The
potential of the conducting polymer itself depends both on its
redox state (doping level) and on the ion activity in the contacting
solution [11, 12]. Thus, it was shown that the standard potential
of SCISEs with PEDOT as solid contact can be shifted by ap-
plying either a potential which deviates from the open circuit
potential of the electrode or by applying current pulses [13].
These results showed that the redox state of PEDOT can be
changed electrochemically even after PEDOT is coated by an
ion-selective membrane. Also short circuiting of the SCISE with
a conventional large-capacitance reference electrode showed to
be a promising way of controlling the standard potential of
SCISEs [14]. The reversible reduction/oxidation of the
conducting polymer solid contact was also utilized to detect
two different analytes with a single SCISE [15].
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Traditionally, ISE measurements are carried out using the
so-called zero-current potentiometric method, where the equi-
librium potential of the ISE, measured vs a reference elec-
trode, is dependent on the ion activity of the primary ion in
the sample [5]. In recent years, non-zero current measure-
ments of ISEs have attracted considerable attention [16].
Some of these alternative measurement modes are
chronopotentiometry [17, 18], voltammetry [19–22], and con-
stant potential coulometry [23]. Voltammetric methods were
introduced to ISEs by employing thin-layer ion-selective
membranes [19]. Amemiya et al. reported the analysis of
nanomolar concentrations of perchlorate in drinking water
using ion-transfer stripping voltammetry [20]. Bakker’s group
presented simultaneous detection of multiple ion activities
using a thin-layer ionophore-based membrane and cyclic volt-
ammetry [21, 22].

A new constant potential coulometric method was intro-
duced by our group [23, 24]. In this method, the potential of
the SCISE vs the reference electrode is kept constant, so that
any potential change at the ion-selective membrane (ISM)–
sample interface, due to a change in ion activity in the solu-
tion, causes oxidation/reduction of the PEDOT solid contact.
The analytical signal is thus a transient current that is mea-
sured and integrated to obtain the charge corresponding to the
change in the logarithm of ion activity in solution [23, 24].
The methodwas investigated using PEDOT as solid contact in
SCISEs for the detection of monovalent ions, such as K+

[24–26], Cl− [27] and H+ (pH) [26]. The unique feature of this
coulometric method is that the analytical signal, i.e., charge
(for a given change in ion activity) is proportional to the redox
capacitance of the solid contact, meaning that the signal can be
amplified by increasing the thickness (loading) of the solid
contact layer [24]. This method has the potential to be used
for detecting very small concentration changes, e.g., in clinical
applications where the relevant concentration ranges of sever-
al ions are very narrow. For example, the concentration range
of K+ ion in blood serum is 3.5–5.1 mmol dm−3 [1]. An initial
drawback of the coulometric method was a relatively long
response time [23, 24]. However, by lowering the bulk resis-
tance of the ion-selective membrane, either by increasing the
geometrical surface area of the electrode [25] or by using spin-
coated thin-layer ISMs [26, 27], it was possible to significant-
ly shorten the response time of the coulometric signal readout
method. Based on a capacitance model used earlier for
SCISEs [8], the theory of the coulometric readout was devel-
oped for Cl−-SCISEs [27]. Furthermore, coulometric SCISEs
were evaluated for measurement of pH in seawater [26] and
K+ in serum [26, 28].

The measured coulometric signal for SCISEs is based on a
current transient involving a change in the redox state (doping
level) of the conducting polymer (PEDOT) requiring transport of
charge-compensating ions through the ISM and PEDOT layers.
This means that the coulometric response may be limited by ion

transport through the bulk of the ISM or PEDOT, or by ion
transfer at the PEDOT–ISM or ISM–solution interfaces. A the-
oretical capacitive model based on a series RC circuit gave an
excellent explanation of the coulometric response of a Cl−-
SCISE [27]. However, impedance measurements showed that
the coulometric response for K+-SCISEs was limited by diffu-
sion even for thin-layer ISMs [26]. Mikhelson et al. presented
recently an extended theoretical model for the amperometric and
coulometric response of K+-SCISEs by considering also concen-
tration polarization in the ISM [28].

A further study of the coulometric response and the corre-
sponding charge transfer processes of SCISEs is undertaken in
this work to strengthen our understanding of the coulometric
transduction mechanism. In this work, the transfer of divalent
cations in SCISEs is studied using chronoamperometry, con-
stant potential coulometry, and electrochemical impedance
spectroscopy. The electrochemical characteristics of SCISEs
with different thicknesses of PEDOT(PSS), as well different
thicknesses of ISMs, were studied for lead-selective SCISEs
(Pb2+-SCISEs) and calcium-selective SCISEs (Ca2+-SCISEs).

Experimental

Materials

Calcium ionophore IV, lead ionophore IV, valinomycin, po-
tassium tetrakis[3,5-bis-(trifluoromethyl)-phenyl]borate
(KTFPB), potassium tetrakis(4-chlorophenyl)borate
(KTpClPB) , t e t radodecy lammonium te t rak i s (4 -
chlorophenyl)borate (ETH-500), 2-nitrophenyl octyl ether
(o-NPOE), bis(2-ethylhexyl)sebacate (DOS), poly(vinyl chlo-
ride) (PVC) of high molecular weight, and tetrahydrofuran
(THF, > 99.5%) were selectophore reagents purchased from
Fluka. Poly(sodium 4-styrenesulfonate) (NaPSS, Mw ~
70,000), 3,4-ethylenedioxythiophene (EDOT, 97%), calcium
chloride, lead nitrate, potassium chloride, and sodium chloride
were purchased from Sigma-Aldrich. Deionized water
(ELGA Purelab Ultra; resistivity 18.2 MΩ cm) was used for
preparing the aqueous solutions.

Electrode preparation

Glassy carbon (GC) disk electrodes (3-mm diameter) used in
this work were manufactured in-house by inserting a 3-mm
diameter GC rod (SIGRADUR G, Germany) into a hard PVC
cylinder using mechanical pressure. The GC disk electrodes
were then extensively polished to smooth, mirror-like finish
using the following steps: polishing with abrasive papers of
different coarseness, then diamond pastes with particle diam-
eters of 15 μm, 9 μm, 3 μm, and 1 μm, respectively, and
finally with 0.3-μm aluminum dioxide paste. Immediately
after that, the electrodes were ultra-sonicated for 5 min in
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ethanol and water, respectively. The aqueous polymerization
solution (0.01 M EDOT + 0.1 M NaPSS) was purged with N2

gas for 15 min, and N2 flow was kept above the solution
during the polymerization procedure. The conducting poly-
mer PEDOT doped with PSS−, i.e. PEDOT(PSS), was elec-
trodeposited on the working electrode by galvanostatic elec-
trochemical polymerization using an Autolab General
Purpose Electrochemical System (AUT30.FRA2-Autolab,
Eco Chemie, B.V., The Netherlands) connected to a conven-
tional one-compartment three-electrode electrochemical cell.
The GC electrode was connected as the working electrode, a
GC rod as auxiliary (counter) electrode, and a Metrohm
double junction Ag/AgCl/3 M KCl/0.1 M NaPSS was used
as the reference electrode. To produce polymerization charge
(loading) of 1, 5, and 10 mC, a constant current of 0.014 mA
(0.2 mA/cm2) was applied for 71, 355, and 710 s, respectively
[8].

After polymerization, all the GC/PEDOT(PSS) electrodes
were dried overnight in air before covering them with the
ISM. Solid contact ion-selective electrodes (SCISEs) with
thin-layer of ISM were prepared by spin-coating the corre-
sponding Pb2+-selective or Ca2+-selective membrane cocktail
onto the GC/PEDOT(PSS) electrodes placed vertically in a
holder on a rotator. The rotation speed was 1500 rpm, and
three drops of the membrane cocktail were added dropwise
onto the rotating electrode surface. The volume of each drop
was ca. 15 μl. A thin layer of ISM was formed, while the
excess of the cocktail escaped the electrode surface due to
the centrifugal force. The SCISEs with conventional thick-
layer ISM were prepared by dropcasting 50 μl aliquot of the
corresponding membrane cocktail to cover the whole GC disk
surface and the surrounding flat end of the PVC body. The
same Pb2+-selective and Ca2+-selective membrane cocktails
were used both for spin-coating and dropcasting techniques.
The composition of the Pb2+-selective membrane cocktail in
% (w/w) was 1% lead ionophore IV, 0.5% KTpClPB, 65.2%
o-NPOE, and 33.3% PVC. These components were dis-
solved in THF (dry fraction of the membrane cocktail =
15%). The composition of Ca2+-selective membrane cock-
tail in % (w/w) was 0.8% calcium ionophore IV, 0.45%
KTFPB, 65.85% o-NPOE, and 32.9% PVC dissolved in
THF (dry fraction of the membrane cocktail = 15%). The
membranes were dried overnight followed by an over-
night conditioning in 1 mM Pb(NO3)2 or 0.01 M CaCl2
before the measurements. The electrodes were stored in
the same solutions between the measurements. For com-
parison, a K+-SCISE with 1 mC PEDOT(PSS) loading
covered with dropcast K+-selective ISM was also used
[24, 25]. The composition of the K+-selective membrane
cocktail in % (w/w) was 1% valinomycin, 0.5% KTFPB,
1% ETH-500, 65.3% DOS, and 32.2% PVC. These com-
ponents were dissolved in THF (dry fraction of the mem-
brane cocktail = 15%).

Potentiometric and chronoamperometric
measurements

Potentiometric calibrations were performed to verify the prop-
er functioning of the Pb2+- and the Ca2+-selective SCISEs.
Both potentiometric and coulometric calibrations were done
following the protocol from our previous work [26]. In these
measurements, Pb2+- and Ca2+-SCISEs with variable loading
of the PEDOT(PSS) (polymerization charge 1, 5, and 10 mC)
covered either with spin-coated thin-layer ISM or dropcast
thick-layer ISM were studied. Three replicates of Pb2+ and
Ca2+-SCISEs were prepared for all the experiments.

The starting solution used in the calibration of Pb2+-
SCISEs was 100 ml 1 mM Pb(NO3)2 that was diluted with
deionized water, whereas for Ca2+-SCISEs, the calibration
started in 100 ml 0.01 M CaCl2 + 0.1 M NaCl (as constant
ionic background) that was diluted using 0.1 M NaCl.
Removing 34.2 ml of the electrolyte and replacing it with
equal amount of deionized water or 0.1 M NaCl result in
Δlog aPb2+ or Δlog aCa2+ = 0.18 decades/dilution step. A
Metrohm double-junction Ag/AgCl/3 M KCl/1 M LiAc was
used as the reference electrode in all potentiometric,
chronoamperometric, and coulometric measurements.

Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed at the open circuit potential (OCP) of
Pb2+-SCISEs and Ca2+-SCISEs in 0.1 M Pb(NO3)2 and 0.1 M
CaCl2, respectively. The Autolab Frequency Response
Analyzer System (AUT20.FRA2-Autolab, Eco Chemie,
B.V.) connected to a conventional one-compartment three-
electrode electrochemical cell was used to carry out the mea-
surements. A Metrohm single-junction Ag/AgCl/3 M KCl
was used as reference electrode and a glassy carbon rod as
the counter electrode. The sinusoidal excitation signal with an
excitation amplitude of 10 mV (RMS) around the OCP was
used in the frequency range 100 kHz–10 mHz.

Results and discussion

Results from the potentiometric measurements revealed that
the slopes of the linear part in the calibration curves for both
Pb2+-SCISEs and Ca2+-SCISEs were ca. 26 ± 1 mV/decade.
These values were considered to be sufficiently close to
the Nernstian value (29.6 mV/decade) to be used further
for chronoamperometric and coulometric measurements
in this work.

In analogy with the case of monovalent cation-selective
electrodes described earlier [23–26], the oxidation/reduction
of the PEDOT(PSS) solid contact in the case of divalent
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cation-selective electrodes is expected to follow Eq. 1, taking
the Pb2+-SCISE as an example.

2PEDOTþ PSS−ð Þfilm þ Pb2þISM

þ 2e−↔ PEDOT0 PSS−ð Þ� �
2
Pb2þ

� �
film

ð1Þ

In the coulometric method, the potential between the work-
ing electrode (SCISE) and the reference electrode is kept con-
stant during the chronoamperometric measurement by using a
potentiostat. A decrease in the activity of the primary ion Pb2+,
due to the dilution of the sample solution, will cause a de-
crease in the potential of the ISM–solution interface and thus
a shift of the potential of the SCISE in the negative direction
vs the reference electrode. As a result, the PEDOT(PSS) solid
contact will be oxidized in order to compensate this drop in
potential. The oxidation current flowing between the SCISE
and the counter electrode is measured and integrated to obtain
the cumulated charge (Q) that is expected to be linearly pro-
portional to the change in the logarithm of Pb2+ activity.

The chronoamperometric and coulometric response of the
Pb2+-SCISEs and Ca2+-SCISEs, with PEDOT(PSS) as solid
contact prepared using 1, 5, and 10mC polymerization charge
and covered with 50 μl dropcast ISM, is shown in Fig. 1. It is
seen from Fig. 1 a and e that a higher PEDOT(PSS) loading
(higher redox capacitance) in the SCISEs leads to longer re-
sponse times and also larger cumulated charge values. A
thicker solid contact film means that a larger amount of
PEDOT(PSS) is involved in the oxidation/reduction process
and produces a higher charge, at a given activity change of the
primary ion in the solution (Fig. 1 b and f). These results are in
good qualitative agreement with the results from our previous
work using K+-SCISEs [24].

As shown in Fig. 1, the current in the chronoamperograms
of the Pb2+-SCISEs and Ca2+-SCISEs returned to the baseline
within 5 min for the SCISEs having a 1 mC PEDOT(PSS)
solid contact. However, for the SCISEs having 5 and 10 mC
PEDOT(PSS) solid contacts, a longer equilibration time
would be needed to reach equilibrium after successive dilu-
tions. The cumulated charge vs time for Pb2+-SCISEs is

Fig. 1 Chronoamperograms (a, e), cumulated charge Q vs time (b, f), Q
vs log aPb2+ or log aCa2+ (c, g), and the slope (Q vs log aPb2+ or log aCa2+)
vs the polymerization charge of PEDOT(PSS) solid contact (d, h) of

Pb2+-SCISEs and Ca2+-SCISEs with 1, 5, and 10 mC PEDOT(PSS) as
solid contact covered with 50 μl dropcast thick ISM

2978 J Solid State Electrochem (2020) 24:2975–2983



presented in Fig. 1b, and the cumulated charge Q vs log aPb2+
is shown in Fig. 1c. As can be seen, the cumulated chargeQ is
linearly proportional to log aPb2+ and the obtained Q value is
amplified by increasing the thickness (redox capacitance) of
the solid contact. However, the slope (Q vs log aPb2+) does not
increase linearly with the polymerization charge of
PEDOT(PSS) as shown in Fig. 1d, which can be explained
by the fact that the current response does not return back to
zero after successive dilutions for the 5 and 10 mC
PEDOT(PSS) solid contacts (Fig. 1a). The Ca2+-SCISEs
(Fig. 1g) show the same trend as the Pb2+-SCISEs, i.e., the
cumulated charge Q is linearly proportional to log aCa2+.
Similarly, for Ca2+-SCISEs, the slope (Q vs log aCa2+) does
not increase linearly with the PEDOT(PSS) loading as shown
in the inset of Fig. 1h. Clearly, for these SCISEs with a
dropcast thick ISM, the amplification effect can be only partly
utilized when limiting the response time to 5 min, which was
chosen for practical reasons.

The reproducibility of the coulometric response for Pb2+-
SCISEs with 1 mC PEDOT(PSS) solid contact covered with
dropcast ISM is shown in Fig. 2. As shown in Fig. 2 a and b,
the chronoamperometric signals and the cumulated charge Q
are almost identical for the measurements that were carried out
with two identical Pb2+-SCISEs (Pb2+-SCISE No.1 and Pb2+-
SCISE No.2 in Fig. 2) using the same dilution protocol (Δlog
aPb2+ = 0.18 decades/dilution step). A slightly higher cumulat-
ed charge vs time response for a repeated measurement (Fig.
2b) can be due to slight increase in the sensitivity (potentio-
metric slope) of the electrode after the first measurement to
low concentrations.

A comparison of the chronoamperograms of a K+-SCISE
and a Pb2+-SCISE recorded under five successive dilution
steps with Δlog aK+ and Δlog aPb2+ = 0.18 decades/dilution
step is shown in Fig. 3. For both electrodes, the solid contact
PEDOT(PSS) was prepared with 1 mC polymerization charge
and covered with the relevant dropcast thick ISMs.
Theoretically, according to the Nernst equation, the potential
change of the monovalent K+-SCISE should be twice that of

the divalent Pb2+-SCISE for a given dilution step, here Δlog
aK+ and Δlog aPb2+ = 0.18 decades/dilution step. Hence, also
the cumulated charge Q vs time is expected to be twice as
large for the K+-SCISE compared with that for the Pb2+-
SCISE. As can be seen in Fig. 3b, the difference in Q is
smaller than expected. This apparent deviation from the theo-
retical prediction can be due to differences in the redox capac-
itance of PEDOT(PSS) in the presence of Pb2+ compared with
K+ or ion-transport limitations within the SCISEs. As seen in
Fig. 3a, the Pb2+-SCISE shows a faster response than the K+-
SCISE for a given concentration change. Thus, after the same
measurement time (5 min), the charge accumulated by the
Pb2+-SCISE is closer to the equilibrium value than that accu-
mulated by the K+-SCISE, which will influence the cumulated
charge presented in Fig. 3b.

When comparing theQ vs log a curves for the Pb2+-SCISE
and the Ca2+-SCISE (Fig. 1), it is evident that the Pb2+-SCISE
gives a considerably higher charge than the Ca2+-SCISE for
the same polymerization charge of the PEDOT(PSS) layer.
This indicates that the effective redox capacitance of
PEDOT(PSS) is significantly higher in the presence of Pb2+

than in the presence of Ca2+ ions.
Figure 4 shows the effect of the ISM thickness on the

chronoamperometric and coulometric response for Pb2+-
SCISEs and Ca2+-SCISEs with 1, 5, and 10 mC loading of
PEDOT(PSS) solid contact covered either with dropcast thick
or spin-coated thin ISM. The dilution was again done with
0.18 Δlog aPb2+ or Δlog aCa2+ steps. For the Pb2+-SCISEs,
the chronoamperograms (solid line) and the corresponding
cumulated charge vs time (dashed line) during two dilution
steps are shown in Fig. 4a–c. The corresponding results for the
Ca2+-SCISEs are shown in Fig. 4d–f.

The chronoamperometric and coulometric results in Fig. 4
show that a thin ISM (lower bulk resistance) gives a faster
coulometric response than a thick ISM (higher bulk resis-
tance) for both the Pb2+-SCISEs and the Ca2+-SCISEs. The
results in Fig. 4 also show that the coulometric signal is am-
plified with increasing thickness (increasing redox

Fig. 2 Chronoamperograms (a)
and cumulated charge Q vs time
(b) recorded for Pb2+-SCISEs
with 1 mC PEDOT(PSS) covered
with dropcast thick ISM. The
starting solution is 1 mM
Pb(NO3)2 diluted with deionized
water with Δlog aPb2+ = 0.18
decades/dilution step
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capacitance) of the PEDOT solid contact. These results are in
qualitative agreement with results obtained for monovalent
cations [24–26].

However, the results shown in Fig. 4 illustrate some unique
features of the amperometric and coulometric signal when
applied to SCISEs for the detection of divalent cations. A
detailed comparison of the Pb2+-SCISEs and Ca2+-SCISEs
with 1 mC PEDOT(PSS) as solid contact shows three inter-
esting new attributes. Firstly, the chronoamperometric and
coulometric responses for the Pb2+-SCISEs are almost inde-
pendent of the ISM thickness (Fig. 4a), which is not the case
for the Ca2+-SCISEs (Fig. 4d). Secondly, the cumulated

charge for the Pb2+-SCISEs (Fig. 4a) is about twice as high
compared with the Ca2+-SCISEs (Fig. 4d). Thirdly, the cou-
lometric response is slower for the Pb2+-SCISEs (Fig. 4a) than
for the Ca2+-SCISEs (Fig. 4d) in the case of spin-coated thin
ISMs. These results together indicate that the coulometric re-
sponse of the Pb2+-SCISE is mainly limited by the
PEDOT(PSS) layer, while the coulometric response of the
Ca2+-SCISE is mainly limited by the ISM layer. With increas-
ing thickness of the PEDOT(PSS) layer, the differences in the
cumulated charge for the Pb2+-SCISEs and Ca2+-SCISEs be-
come smaller, which shows that the redox capacitance of
PEDOT(PSS) can be utilized to a smaller extent in the

Fig. 4 Enlargement of the chronoamperograms (solid line) for Pb2+-
SCISEs and Ca2+-SCISEs and the corresponding cumulated charge vs
time (dashed line) with 1 mC (a, d), 5 mC (b, e), and 10 mC (c, f)
PEDOT(PSS) solid contact covered with spin-coated thin-layer (black)
or dropcast (red) ISM, respectively. The primary ion activity (log a) after

each dilution step is shown in the figure. The results for the Pb2+-SCISEs
recorded in Pb(NO3)2 solutions (without background electrolyte) and for
the Ca2+-SCISEs in CaCl2 solutions (with 0.1 M NaCl as constant ionic
background)

Fig. 3 Chronoamperograms (a)
and cumulated charge Q vs time
(b) for a K+-SCISE and a Pb2+-
SCISE with 1 mC PEDOT(PSS)
solid contact covered with
dropcast thick ISM. The starting
solution for the Pb2+-SCISE is
1 mM Pb(NO3)2 diluted with
deionized water, and for the K+-
SCISE, it is 0.01 M KCl + 0.1 M
NaCl that was diluted with 0.1 M
NaCl

2980 J Solid State Electrochem (2020) 24:2975–2983



presence of Pb2+ (compared with Ca2+) when the
PEDOT(PSS) layer becomes thicker. An increase in the
PEDOT(PSS) thickness (and redox capacitance) means that
a larger number of ions need to be transported through the
PEDOT(PSS) as well as through the ISM for a given change
of ion activity in solution. This may then cause larger concen-
tration polarization in either the PEDOT(PSS) layer or in the
ISM layer (or both).

Electrochemical impedance spectra for Pb2+-SCISEs (in
0.1 M Pb(NO3)2) and Ca2+-SCISEs (in 0.1 M CaCl2) with 1
and 10 mC PEDOT(PSS) as solid contact and dropcast (thick)
ISMs are shown in Fig. 5a. The corresponding results for spin-
coated (thin) ISMs are shown in Fig. 5b. The SCISEs with
dropcast ISM show a high-frequency semicircle correspond-
ing to the bulk resistance (450 ± 60 kΩ) and geometric capac-
itance (27 ± 2 pF) of the ISM (Fig. 5a). This semicircle is
hardly visible for SCISEs with spin-coated ISMs due to the
low bulk resistance (Fig. 5b). The low-frequency part of the
impedance spectra shows that the overall resistance of the
Ca2+-SCISEs is about twice that of the Pb2+-SCISEs in the
case of dropcast ISMs (Fig. 5a).

The imaginary impedance (− Z″) values of the lowest fre-
quency point (10 mHz) was used to estimate the low-

frequency (redox) capacitance (CL) of the PEDOT(PSS) layer
in the SCISEs. The estimated CL values for the Pb

2+-SCISEs
and Ca2+-SCISEs are shown in Table 1. The results in Table 1
show that the low-frequency capacitance (CL) for the SCISEs
increases with increasing polymerization charge of
PEDOT(PSS). Interestingly, CL is independent of the ISM
thickness for the Pb2+-SCISE. This shows that the oxidation/
reduction of PEDOT(PSS) is not limited by ion transport in
the ISM but rather due to charge transport limitations in the
PEDOT(PSS) layer of the Pb2+-SCISE. On the contrary, for
the Ca2+-SCISE, the value of CL decreases with increasing
thickness of the ISM, indicating that in this case, the
oxidation/reduction of PEDOT(PSS) is limited by ion trans-
port in the ISM for the Ca2+-SCISE.

These impedance results (Fig. 5; Table 1) are in agreement
with the coulometric results for Ca2+-SCISEs and Pb2+-
SCISEs in Fig. 4. When comparing the influence of the poly-
merization charge of PEDOT(PSS) for a given ISM thickness,
one can see that CL increases by ca. 4 times when the poly-
merization charge increases from 1 to 10 mC in the case of
Pb2+-SCISEs and Ca2+-SCISEs.

The observation that the coulometric response for the Pb2+-
SCISE was limited by ion transport in the PEDOT(PSS) layer

Fig. 5 Electrochemical
impedance spectra recorded for
Pb2+-SCISEs and Ca2+-SCISEs
with 1 and 10 mC PEDOT(PSS)
as solid contact, covered either
with dropcast thick-layer ISM (a)
or spin-coated thin-layer ISM (b).
The measurements were done in
0.1 M Pb(NO3)2 and 0.1 M CaCl2
for Pb2+- and Ca2+-SCISEs, re-
spectively. Dc-potential = open
circuit potential, and frequency
range = 100 kHz−10 mHz

Table 1 Low-frequency
capacitance (CL) values for Pb

2+-
SCISEs and Ca2+-SCISEs
estimated from the impedance
spectra in Fig. 5

Electrode Polymerization charge
of PEDOT(PSS) (mC)

ISM CL (μF)

Pb2+-SCISE 1 Spin-coated 42

Pb2+-SCISE 1 Dropcast 41

Pb2+-SCISE 10 Spin-coated 160

Pb2+-SCISE 10 Dropcast 160

Ca2+-SCISE 1 Spin-coated 25

Ca2+-SCISE 1 Dropcast 12

Ca2+-SCISE 10 Spin-coated 101

Ca2+-SCISE 10 Dropcast 51
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is intriguing. One possibility is that interactions between Pb2+

and PEDOT(PSS) retard the transport of Pb2+ in and out of
PEDOT(PSS). The affinity between various cations and PSS−

was reported to decrease in the following order [29]: Ba2+ >
Pb2+ > Sr2+ > Ca2+ > Cu2+ > Co2+ > Ni2+ > Mg2+ > H+ > K+ >
Na+ > Li+. Based on these results, Pb2+ interacts more strongly
with PSS− than Ca2+ and K+. Therefore, the transport of Pb2+

in PEDOT(PSS) may be limited due to complexation between
Pb2+ and PSS−. Another possible explanation is that Pb2+

being a “soft” cation interacts with sulfur atoms in PEDOT.
This is supported by earlier results showing significant inter-
actions between the “soft” Ag+ cation and poly(3-
octylthiophene) [30].

Conclusions

In this work, the transfer of divalent cations (Pb2+, Ca2+) in
s o l i d c on t a c t I SE s ( SC ISE s ) wa s s t u d i e d by
chronoamperometry, constant potential coulometry, and elec-
trochemical impedance spectroscopy. The electrochemical
characteristics of lead-selective SCISEs (Pb2+-SCISEs) and
calcium-selective SCISEs (Ca2+-SCISEs) were investigated
by varying the thickness of the PEDOT(PSS) solid contact
layer and the thickness of the ion-selective membrane.
Results from coulometric measurements show that the cumu-
lated charge is linearly proportional to the logarithm of the
activity of the primary ion in the solution within the range
where the potentiometric response of the SCISE is linear.
The signal can be amplified by increasing the thickness of
PEDOT(PSS) in a similar way as in SCISEs for the detection
of monovalent cations studied earlier. The results show further
that the coulometric response of the Pb2+-SCISE is limited by
charge (ion) transport in PEDOT(PSS), while the response of
the Ca2+-SCISEs is limited mainly by ion transport in the ion-
selective membrane. The limited transport of Pb2+ in
PEDOT(PSS) was tentatively explained by interactions be-
tween Pb2+ and PEDOT(PSS). Thus, a decrease in the thick-
ness of the ion-selective membranewill onlymarginally short-
en the response time for coulometric Pb2+-SCISEs when
PEDOT(PSS) is used as solid contact.
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