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ABSTRACT: We present here a capacitive model for the coulometric signal transduction readout of solid-contact ion-selective 
membrane electrodes (SC-ISE) with a conducting polymer (CP) as an intermediate layer for the detection of anions. The capacitive 
model correlates well with experimental data obtained for chloride-selective SC-ISE utilizing poly(3,4-ethylenedioxythiophene) 
(PEDOT) doped with chloride as the ion-to-electron transducer. Additionally, Prussian blue is used as a simple sodium capacitor to 
further demonstrate the role of the transduction layer. The influence of different thicknesses of PEDOT as a conducting polymer 
transducer, different thicknesses of the overlaying ion-selective membranes deposited by drop casting and spin coating, and differ-
ent compositions of the chloride-selective membrane are explored. The responses are evaluated in terms of current–time, charge–
time and charge–chloride activity relationships. The utility of the sensor with coulometric readout is illustrated by the monitoring of 
very small concentration changes in solution.  

Polymeric ion selective membranes (ISMs) are important elec-
trochemical sensors in fundamental science, as well as in ap-
plied work such as pharmaceutical industry, clinical diagnos-
tic, environmental or forensic monitoring.1-4 The exploration 
and the development of electrochemical sensors have been the 
subject of considerable interest and efforts in recent years and 
their application allows one to develop a new generation of ion 
sensors.  

The field of electrochemical sensors has not only been fo-
cused on the development of new electrochemical sensors but 
also on the introduction of new fundamental sensing concepts, 
attractive methodologies and new ion-selective readout princi-
ples. Xie et al., based on earlier work by Wolfbeis, demon-
strated that the potentiometric response of ion-selective nano-
spheres can be observed with voltage-sensitive dyes, where 
nanoscale electrochemical signals are converted into an optical 
readout.5-7 The working mechanism is based on the distribu-
tion of solvatochromic dye between the aqueous and organic 
phases according to the Galvani potential and one may use 
fluorescence to read out concentration changes. Mikhelson et 
al. proposed an approach for sensing single-ion activities using 
ion optodes with lipophilic electrolyte to impose a constant 
phase boundary potential across the sample−membrane inter-
face.8 A new ion sensing platform for conversion of cell poten-
tials from ion-selective electrodes to a light output to indicate 
the potential change has been reported in separate works by 
Crespo et al. (electrochemiluminescence) and by Zhang et al. 
(light emitting diodes).9,10  
A potentially interesting way to read out ion-selective mem-
branes is constant-potential coulometry, which has been re-
cently introduced by Hupa et al.11 The prerequisite for this 
methodology is an inner transducing layer playing the role of 

an ideal capacitor between the electrical conductor and the 
ion-selective membrane. A constant potential coulometry ex-
periment uses the redox capacitance of the internal solid con-
tact to convert a change in ion concentration (activity) into a 
transient current pulse whose charge serves as the analytical 
signal. This concept was originally introduced using a con-
ducting polymer PEDOT doped with poly(styrenesulfonate) 
(PSS) as the redox capacitor but there are many other materi-
als that can be used as inner transduction elements, including 
other conducting polymers (CPs), three-dimensionally ordered 
macro-porous (3DOM) carbon, carbon nanotubes (CNTs), 
fullerene, graphene, redox active monolayers and redox 
probes.11-24 This coulometric signal readout method was ex-
tended and characterized in more detail by Vanamo et al. us-
ing different thicknesses of PEDOT(PSS) as solid contact cov-
ered with a potassium-selective membrane.25 Furthermore, 
Han et al. reported on the influence of the electrode geometry 
on the response time of SC-ISEs based on a 1 mC film of 
PEDOT(PSS). It was shown that the response time of the cou-
lometric readout is shortened significantly with increasing area 
of the ion-selective membrane electrode, i.e. with decreasing 
resistance of the electrode.26 The chronopotentiometric re-
sponse of cation-selective SC-ISEs based on PEDOT(PSS) as 
solid contact has been approximated earlier by Bobacka et al. 
utilizing a series resistor-capacitor (RC) equivalent circuit 
model.12  

Our aim here is to establish a useful, simplified fundamental 
theoretical treatment of the coulometric transduction mecha-
nism introduced recently for SC-ISEs.11,25,26 The present work 
is focused on anion-selective SC-ISEs and accompanied with 
mathematical calculations. The theoretical model allows one 
to predict the transient current pulse, current amplitude, RC 



 

time constant and the total cumulative charge in a wide con-
centration range of the analyte ion. The coulometric transduc-
tion method markedly increases the sensitivity of ion detection 
and allows one to measure very small changes in ion activity.  

THEORETICAL MODEL 
 A membrane electrode containing a capacitive inner transduc-
ing layer is held at a constant potential and allowed to equili-
brate so that the observed current is initially zero. An analyte 
activity change at time t0 will result in a potential change at the 
membrane–sample boundary, ideally according to the Nernst 
equation:  

 ∆"#$(&'()*+) = .
/ *01

23(45627)
23(5658527)  (1) 

 Here, s is 59.2 mV for 25 °C and zi is the charge of the analyte 
ion (anions have a negative value of zi). In order to fulfill the 
value of the imposed potential, which remains indifferent, the 
change at the inner membrane side (inner transducing layer) 
must be exactly opposite this value:  

 ∆"#$(9::+;	&9=+) = &*01 23(5658527)
23(45627)   (2) 

The resulting current response of the system is described in 
analogy to a constant potential step at a capacitor, which is 
written for the system under study as:  

 9(>) = ∆?@A(566BC	.5DB)
EFGHH +

IJIK
LF@MFGHH  (3) 

where Ccp is the capacitance of the inner transducing layer and 
Rcell is the resistance of the electrochemical cell. Equation 2 is 
inserted into eqn. 3 to find the relationship between current 
transient and activity change in the sample as follows (Figure 
S1A, S1B):  

 9(>) = .
/3EFGHH *01 N

23(5658527)
23(45627) O +
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This transient describes a current peak at time t0 that decays 
with a time constant RC that is a function of the capacitance of 
the conducting polymer and the cell resistance. Ion-selective 
membranes that are more resistive will result in larger time 
constants (increasing Rcell) and hence lower possible sampling 
frequencies. Of course, mass transport across the membrane 
triggered by the current transient may also be limiting the 
overall time response, and for this reason as well thinner 
membranes are expected to be advantageous.  
The peak current is found at t0 as:  

 9# = .
/3EFGHH *01 N

23(5658527)
23(45627) O   (5) 

It is evident that the magnitude of the peak current not only 
depends on the Nernst function, but also on the cell resistance. 
If the membrane resistance does not dominate the cell re-
sistance this may result in possible uncertainties in the meas-
urement.  
To overcome this potential limitation, the current may be inte-
grated over time to give the following relationship between 
observed charge and concentration change (Figure S1C), 
which is now independent of resistance:  

 P# = QR# .
/3 *01 N

23(5658527)
23(45627) O   (6) 

The observed charge should linearly depend on the loga-
rithmic activity change in the sample, giving a negative slope 
of – Ccp s / zi for cations and one of positive sign for anions. 

The integrated charge depends linearly on the capacitance of 
the inner transducing layer. A higher capacitance should result 
in a larger charge, but at the price of a larger time constant and 
therefore a slower recovery of the current spike. The predic-
tions of this theory is in good qualitative agreement with earli-
er experimental findings for K+-selective SC-ISEs utilizing 
coulometric readout.25,26 

EXPERIMENTAL SECTION  
Reagents and solutions. Potassium chloride (KCl), sodium 

chloride (NaCl), tridodecylmethylammonium chloride 
(TDMACl), poly(vinyl chloride) of high molecular weight 
(PVC), nitrophenyloctyl ether (NPOE), 4,5-Dimethyl-3,6-
dioctyloxy-o-phenylene-bis(mercurytrifluoroacetate) (chloride 
ionophore II, ETH 9009), tetrakis(4-chlorophenyl)borate 
tetradodecylammonium salt (ETH 500, R+R-), tetrahydrofuran 
(THF), 3,4-ethylendioxythiophene (EDOT, 97%) were ob-
tained from Sigma Aldrich.  

Instrumentation and measurements. Working electrodes 
of (3.0 ± 0.1) mm electrode diameter (7.06 mm2 geometric 
surface area) were prepared by inserting a glassy carbon rod 
(GC, Sigradur G, HTW Hochtemperatur − Werkstoffe GmbH, 
D-86672, Thierhaupten, Germany) into a PVC housing. A GC 
rod (3.2 cm2 surface area) was used as a counter electrode. A 
double - junction Ag/AgCl/3M KCl/0.1M KCl reference elec-
trode was used in chronoamperometric and potentiometric 
measurements (Metrohm Autolab, Utrecht, The Netherlands). 
The electropolymerization was performed galvanostatically in 
a conventional three-electrode cell using an Autolab General 
Purpose Electrochemical System (Metrohm Autolab 
Aut30.FRA2, Eco Chemie, B.V., The Netherlands). The open 
circuit potential (OCP) was determined prior the chronoam-
perometric measurements. The chronoamperometric meas-
urements were performed with an Iviumstat (Ivium Technolo-
gies, The Netherlands) by using a conventional three elec-
trodes cell. In order to reduce the background drift and obtain 
stable current smaller than 1 nA, the electrode were allowed to 
equilibrate in the measurement electrolyte at the open circuit 
potential before starting the dilution procedure as it gives the 
shortest equilibration time.25 Potentiometric calibrations were 
performed with a multichannel meter (Lawson EMF16 inter-
face potentiometer, Lawson Laboratories, Inc.). The automatic 
dilution was performed with a 765-automatic Dosimat 
(Metrohm Autolab, Utrecht). The pumping program controlled 
the dilution, 34.2 mL of electrolyte was pumped out of the 
starting volume 100 mL and replaced with an equivalent vol-
ume of Mili-Q water (0.18 decades/dilution step). Electro-
chemical impedance spectra (EIS) for the SC-ISEs with differ-
ent polymerization charge of PEDOT(Cl) were measured in 10 
mM KCl at open circuit potential (OCP) by an Autolab Gen-
eral Purpose Electrochemical System (Metrohm Autolab 
Aut30.FRA2, Eco Chemie, B.V., The Netherlands). The fre-
quency range was 100 kHz – 10 mHz and the excitation am-
plitude was 10 mV. The thin membrane film was spin coated 
on the electrode using a special holder on a spin coater at 1500 
rpm.  

Electrode preparation. The polymerization solution (0.01 
M EDOT and 0.1 M KCl) was left to stir overnight to ensure 
proper dissolution of the monomer. Prior to polymerization, 
the solution was deaerated by nitrogen flow for 20 min, after 
which nitrogen was positioned to flow above the solution to 
prevent interference from oxygen. PEDOT(Cl) films of differ-
ent thicknesses were prepared by applying 0.2 mA cm-2 cur-
rent for 71, 143, 286 and 714 s to obtain films with 1 mC, 2 
mC, 4 mC and 10 mC total charge, respectively. Galvanostatic 



 

deposition of the conducting polymer enables precise control 
of the polymerization charge and thus the redox capacitance of 
the PEDOT(Cl) layer.12,27 After polymerization, the 
GC/PEDOT(Cl) electrodes were rinsed with deionized water, 
and allowed to dry in air for 1 day. Then, 60, 50 and 15 μL of 
anion-selective membrane cocktail was drop-casted or 25 μL 
of anion-selective membrane cocktail was spin-coated on each 
electrode at 1500 rpm. The thin membrane was spin coated 
onto the GC electrode by casting a volume of 25 μL of the 
cocktail with a spinning time of 2 min at 1500 rpm. Deposition 
of the Prussian blue (PB) film was accomplished in a solution 
of 10 mM K3[Fe(CN)6], 10 mM FeCl3 and 100 mM KCl. 
Applying a constant potential of 0.0 V to the polished glassy 
carbon electrode for 60 s, and then scanning 10 cycles at a 
sweep rate of 50 mV s-1 between 0.0 and 0.5 V formed a Prus-
sian blue film.28  

Composition of membrane cocktails. The final composi-
tion of chloride-selective membranes is shown in Table 1. All 
components for drop-cast membranes were dissolved in 1 mL 
of THF. All components (total mass of 50 mg) for spin-coated 
membranes were dissolved in 2 mL of THF according to the 
procedure described elsewhere.29-31 THF was used to enhance 
the solubility of the compounds in the plasticizer. After evapo-
ration of THF, the anion - selective SC-ISEs were conditioned 
in 0.1 M KCl for potentiometric measurements and in 0.01 M 
KCl for chronoamperometric measurements for 2 days.  

RESULTS AND DISCUSSIONS  
As described in the theoretical section, one may predict the 

experimental behavior of a capacitive inner transducing layer 
(the transient current pulse, current amplitude, a RC time con-
stant and the total cumulative charge) as a function of thick-
ness of the intermediate layer, the membrane thickness and the 
membrane composition. A proposed working mechanism of 
the transduction process for a simple capacitor is schematical-
ly illustrated in Figure 1. Any change in the ion activity in a 
bulk sample solution (s) results in a potential change at the 
phase boundary (pb). Since the system is held at a constant 
potential, any change in ion activity will result in a transient 
current associated with charging/discharging of the capacitor 
that in turn causes a potential change of the capacitor (TL). 
Figure 2 shows schematically how the capacitances and cell 
resistances influence the current peak and the charge. Figure 3 
gives the theoretical dependence of the current amplitude and 
integrated charge on the capacitance of the transducing layer 
Ccp and the cell resistance Rcell. Figure 3A shows the transient 
current changes for a sample concentration change at time t0. 
The current transient decays with a time constant RC, a func-
tion of the capacitance of the transducing layer Ccp and the cell 
resistance Rcell. Figure 3B shows cumulative charge integrated 
from the current over time for a given concentration change, 
which is a function of capacitance. If one keeps the membrane 
thickness constant and only vary the thickness of the transduc-
ing layer (and as a consequence the resulting capacitance), the 
peak current amplitude should not change with increasing 
capacitance as seen in Figure 3A, but the RC time constant τ is 
becoming larger for thicker transducing films than for the 
thinner transducing films. A larger RC time constant results in 
a longer required equilibration time to recover to the equilibri-
um state. Clearly, if the time required to reach equilibrium is 
longer for the thicker transducing films, the change in cumu-
lated charge must also be more pronounced as the charge is 
integrated from the current over time. One therefore should 
observe a higher sensitivity for a concentration change with 
thicker transducing films but at the price of a longer recovery 

time (Figure 3B). The integration of the current expressed in 
eq. 6 predicts that the cumulated charge is linearly dependent 
on the ion activity change in the sample. Figure 3C shows 
calculated changes in sensitivity of the electrode responses 
with different capacitances of the transducing layer to changes 
in ion activity. A higher capacitance of the transducing layer 
results in more sensitive response towards changes in ion ac-
tivity. Figures 3D-F show the predicted dependence of the 
current amplitude and integrated charge on the cell resistance 
for a given capacitance. Figure 3D displays how the transient 
current peaks upon changing the sample concentration, giving 
a decaying current transient with a time constant RC that is 
function of the capacitance of the transducing layer Ccp and the 
cell resistance Rcell. Figure 3E gives the cumulated charge in-
tegrated from the current over time for the concentration 
change, which is a function of the cell resistance at given ca-
pacitance. If one varies the cell resistance, the observed peak 
current amplitude decreases with increasing resistivity (Figure 
3D) and the RC time constant τ is becoming larger for a more 
resistant transducing film but the overall cumulated charge 
(Figure 3F) is the same.  

To test the theory and elucidate the role and the mechanism 
of the inner transducing layer at the electrode | membrane in-
terface in constant potential coulometry, Prussian blue (PB) 
was chosen as an ideal model system. PB is a sodium-
capacitor and is known for its high ion storage capacity and 
structural stability.32-34 The general formula of PB is 
NaxFe[Fe(CN)6]y ��1-y��mH2O (0 < x < 2, y < 1), where the 
square � expresses a [Fe(CN)6] vacancy taken up by coordi-
nating water.35 PB forms cubic crystals with few vacancies that 
can host sodium ions and may undergo a two-electron redox 
reaction as follows:32  
 S'TU+VVVU+VVV(QS)W 2S'Y

+ S'T[\U+VVU+VV(QS)W + 2+[ 
 (7) 

Figure S2A illustrates an initial system based on a pure PB 
capacitor without any overlaying ion-selective membrane with 
the proposed mechanism of sodium insertion or extraction into 
the PB crystal. A change in the ion activity in the bulk solution 
results in a potential change at the transducing layer | sample 
interface. Since the potential of the system is forced to stay 
constant, any incorporation of sodium ions into the crystal of 
Prussian blue will result in reduction of iron(III) to iron(II) to 
maintain electro-neutrality and a negative transient current 
will occur until a new equilibrium state is established. The 
transient current that results as a response to the activity 
change in the sample can be predicted and calculated from eq. 
4. A very good correlation between the experimentally ob-
tained reduction current (dots) and predicted trace derived 
from eq. 4 is shown in Figure 4. The observed transient reduc-
tion current is shown in Figure S3A and the cumulated charge 
passed through the PB modified electrode during a stepwise 
addition of 10-3 M to 10-0.6 M NaCl vs time is shown in Figure 
S3B.  

To explore whether the mechanism would also be applicable 
in more complex systems, an ion-selective membrane was 
deposited on top of the Prussian blue layer. Unfortunately ow-
ing to significant solubility of Prussian blue in the polymeric 
membrane, as evidenced by a visible membrane color change 
from colorless to green, it was not possible to use PB as a 
transduction layer. Instead, the conducting polymer PEDOT 
doped with chloride ions was electropolymerized on the elec-
trode substrate and used as inner transducing layer.  

Two different configurations were explored here in detail, a 
membrane free electrode discussed earlier (Figure S2A) and 



 

an anion-exchange membrane electrode backside contacted 
with PEDOT doped with chloride ions (Figure S2B).36,37 All 
active components were freely dissolved in the hydrophobic 
polymeric matrix. The membrane was composed of ion ex-
changer TDMACl, NPOE as a polar plasticizer and poly(vinyl 
chloride). The anticipated sensing mechanisms of the ion-
exchange process are shown in Figure 1. The anion-exchange 
membrane backside contacted with chloride doped PEDOT 
exhibits anion-exchange properties. As the potential of the 
system is again forced to remain constant, the potential change 
at the membrane | sample interface will cause a potential 
change at the membrane | conducting film interface upon a 
sample concentration change. For every dilution step, the po-
tential at the membrane | sample interface increases, which 
means that part of PEDOT+(Cl-) is reduced to PEDOT0 and a 
negative transient current occurs. One assumes that the poten-
tial change in the film happens as a result of changing the ratio 
of PEDOT+(Cl-)/PEDOT0 to compensate the potential differ-
ence at the membrane | sample interface and the transient cur-
rent from the oxidation/reduction of PEDOT+(Cl-)/PEDOT0 
occurs until a new equilibrium state is reached.  

The main interest of this work was to confirm whether the 
theoretical expectations agree quantitatively with the experi-
mental results. To fulfill this aim, we first focused our atten-
tion to study the influence of the redox capacitance of the 
PEDOT+(Cl-)/PEDOT0 solid contact on the equilibration time. 
The capacitance of the film is proportional to the polymeriza-
tion charge and therefore also to the PEDOT film thickness.27 
Figure S4B shows a linear increase of the capacitance, calcu-
lated from the imaginary component of impedance at the low-
est frequency (Figure S4A), with polymerization charge of 
PEDOT film (For more information about the calculation see 
Supporting Information). The goal was to keep the resistance 
of the cell Rcell constant while varying the capacitance of the 
intermediate transducing layer. If one keeps the membrane 
thickness constant, and so the cell resistance, and varies the 
capacitance of the conducting polymer, one may observe a 
variation in current decays with different RC time constants 
for different film thicknesses of the conducting polymer (see 
Figure 5). As expected, the thicker conducting film required 
more time to reach equilibrium state (Figure 5A - D) and as a 
result, the current peaks became broader with a higher result-
ing charge for an increasing redox capacitance of the conduct-
ing polymer transducer. Therefore, one needs to find a com-
promise situation between the peak height, response time and 
the total cumulated charge as a function of concentration 
change. The obtained results are in agreement with the theoret-
ical expectations proposed here (see Figure 5). The integration 
of the current peaks observed for different concentration 
changes allows one to obtain information about the total cu-
mulated charges transferred in the redox reaction. The linear 
dependence of the charge passed through the electrode as a 
function of logarithm of ion activity is shown in Figure S5 and 
agrees with eq 6.  

Another important parameter that needs to be considered is 
the resistive overlaying ion-selective membrane and its influ-
ence on the cell resistance, the equilibration process and the 
response time. One may need additionally to consider mass 
transport across the membrane in relatively thick films (hun-
dreds of μm), which is not considered in the simple theory 
above. From that point of view, thin membranes (hundreds of 
nm) may be advantageous as diffusional mass transport is rap-
id and the membrane resistance is also significantly lowered 
(Figure S6A). The membrane resistance can be also lowered 
by the addition of an inert lipophilic salt into the membrane 
(Figure S6B). The transient current peaks become sharper and 

narrower with thin films prepared by spin-coating and equilib-
rium is reached in a shorter time than for films prepared by 
conventional drop-casting (Figure 6). There is no significant 
difference between the cumulated charge for thin membranes 
prepared by spin-coating and for thick membranes prepared by 
drop-casting with less than 25 μL of membrane cocktail (Fig-
ure S6C). The cumulated charge is significantly lower for the 
film prepared by casting of 60 μL of membrane cocktail, most 
likely owing to insufficient time to reach equilibrium.  

This coulometric readout method is potentially very attrac-
tive for applications where very small concentration changes 
should be monitored, such as personal health monitoring, envi-
ronmental monitoring of pH and chloride in seawater or clini-
cal analysis. To explore this, the sensitivity of this transduction 
method towards small concentration changes of primary ion 
was evaluated in preliminary work. The smallest concentration 
change performed was a 20 μM decrease in a 10 mM solution, 
a 0.2% change relative to the starting concentration was still 
easily measurable (the signal to noise ratio of 3.4 is useful for 
estimating the LOD, see Figure S7A). In direct potentiometry 
with ion-selective electrodes, the same concentration change 
gives a potential change of just 0.051 mV (Nernst equation), 
which is practically very challenging.  

The method has been also tested in standard addition mode 
where successive amounts of a chloride standard were added 
to solution. The transient current (Figure 7A) monitored dur-
ing the additions was converted to charge (Figure 7B) and 
plotted as a function of logarithm of chloride concentration. 
Figure 7C shows a linear dependence of the charge on the 
logarithmic concentration change in the sample. A comparison 
of the cumulated charge as a function of logarithmic chloride 
activity for drop casted and spin coated films is shown in Fig-
ures S8. The sensor response started to deviate from linear 
behavior for the lowest and highest concentrations owing to 
longer recovery times.  

CONCLUSIONS 
We explored constant potential coulometry as alternate 

readout for solid-contact ion-selective electrodes, with the 
detection of anions as a main focus. The experimental data 
were accompanied with a simplified theory that adequately 
explained the results. Prussian blue was used as a simple sodi-
um capacitor to demonstrate the role of the transduction layer 
as capacitor, while PEDOT(Cl) was used as transduction layer 
in the anion-selective electrode studies. We demonstrated how 
the membrane resistance, thickness of the conducting polymer 
and the ion-selective membrane influence the transient current, 
the response time and total cumulated charge. The method 
exhibits attractive sensitivity, stability and reproducibility with 
a relatively quick response time to concentration changes of 
anions at high concentrations. A remarkable improvement in 
shortening the response time was achieved with very thin ion-
selective membranes spin-coated on the conducting polymer 
support. The utility of the sensor was illustrated by detecting 
very small concentration changes down to 0.2%. This ap-
proach is expected to find future applications for assessing 
very small concentration changes in a range of important ap-
plications, including seawater monitoring. 
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Table 1. Compositions of the investigated membranes (in mg). 

 

 

 

 

 

 

 

 

 

 M1 M2 M3 M4 M5 M6 

ETH 9009 - 2 2 2 2 2 

TDMACl 30 0.3 0.03 0.03 0.03 0.03 

DOS - 64.7 64.97 58.6 55.3 64.6 

NPOE 102 - - -  - 

PVC 68 33 33 29.3 27.7 32.3 

ETH 500 - - - 10 15 1 
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FIGURES  

Figure 1 Schematic illustration of the working transduction mechanism for a simple capacitor covered with ion-selective membrane. Any 
change in the ion activity in a bulk solution (s) results in a potential change at the sample | transducing layer. Since the system is held at a 
constant potential, any change in ion activity will result in changing of the ratio of oxidized and reduced form of the transducing layer (TL) 
and the transient current will occur until the new equilibrium state is reached.  

Figure 2 Schematic illustration of current response of the system described according to Equation 4(A) with corresponding cumulated 
charge (B) as a function of capacitance and cell resistance. Parameters used: R = 100 kΩ, C = 0.1 mF. 

Figure 3 Comparison of the current-time curves (A) of capacitor with different capacitances with corresponding cumulated charge (B) and 
its logarithmic dependence of the charge on the ion activity (C). Parameters used: R = 175 kΩ, C = 0.026 – 0.26 mF. Comparison of the 
current-time curves (D) of capacitor with different cell resistance with corresponding cumulated charge (E) and its logarithmic dependence 
of the charge on the ion activity (F). Parameters used: R = 50 - 1000 kΩ, C = 0.52 mF. 

Figure 4 A) Comparison of the experimentally obtained current-time curves for Prussian Blue modified electrodes (dots) with theoretical 
expectations (solid line). B) Cumulated charge Q vs logarithmic sodium activity for the Prussian blue solid contact electrode measured by 
consecutive additions. Parameters used: R = 1.275 kΩ, C = 0.32 mF obtained from the EIS experiments. 

Figure 5 Enlargement of the chronoamperograms recorded for anion-sensitive SC-ISEs (25 μL of M1) with different redox capacity of 
PEDOT(Cl) solid contacts experimentally obtained (dots) fitted with theory (solid line). Parameters used: R = 181 kΩ (obtained from the 
EIS experiments shown in Figure S6), C1 mC = 0.026 mF, C2 mC = 0.053 mF, C4 mC = 0.099 mF, C10 mC = 0.25 mF (estimated capacitance 
for different PEDOT film thickness was obtained from the EIS experiments shown in Figure S4). 

Figure 6 Comparison of chronoamperograms experimentally obtained for anion-sensitive SC-ISEs with 10 mC of PEDOT(Cl) solid con-
tacts covered with different membrane thicknesses (M1).  

Figure 7 Experimental current-time (A) and charge-time (B) curves for standard addition for drop casted anion-selective membrane (M1). 
C) Cumulated charge Q vs logarithm of the activity for chloride-sensitive SC-ISE (M1) with 10 mC of PEDOT(Cl) solid contacts meas-
ured in standard addition mode for drop casted film (M1). 
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Figure S1 Data presentation: A) Calculated resulting transient current as a function of ion 
activity according to Equation 4. Parameters used: R = 1 kΩ, C = 1 mF. The current response 
is not linear in a wider range and the values depends on the resistance, therefore it is not 
recommended to plot peak current as a function of activity. B) Calculated resulting charge 
response of the system as a function of ion activity according to Equation 6. Parameters 
used: R = 1 kΩ. The charge is not linear and the values depend linearly on the capacitance, 
therefore it is not recommended to plot charge as a function of activity. C) Calculated charge 
response as a function of logarithmic ion activity according to Equation 6. Parameters used: C 
= 1 mF. The obtained charge response as a function of logarithmic ion activity is linear and is 
the recommended way to represent the data. 

  



  

 

Figure S2 A) Schematic illustration of the working mechanism of the Prussian blue 
transducing layer (tl) as a simple sodium capacitor (A) and the ion-selective membrane (m) 
deposited on the conducting polymer tl (B). Any change in the ion activity in a bulk solution 
(aq) results in a potential change at the aq | tl (A) and aq | m (B) interfaces. Since the system 
is held at a constant potential, any change in ion activity will result in changing of the ratio of 
oxidized and reduced form of the transducing layer and the transient current will occur until 
the new equilibrium state is reached. In the solid-state membrane configuration, the 
membrane contains only ion-exchanger TDMACl (R+Cl-). 



 

Figure S3 A) Experimentally obtained current-time curves recorded for Prussian blue based 
electrode to the successive addition of sodium chloride. Values shown are logarithmic sodium 
concentrations. B) Corresponding experimental charge-time curves recorded for Prussian 
blue based electrode to the successive addition of sodium chloride. 

  



 
Figure S4 Comparison of impedance plots for different polymerization charge of PEDOT(Cl) 
covered with an anion-sensitive membrane electrode (25 µL spin-coated M1) in 0.01 M KCl 
solution (A). Observed capacitance as a function of polymerization charge for PEDOT(Cl) 
covered with an anion-sensitive membrane electrode (25 µL spin-coated M1) in 0.01 M KCl 
solution (B). 

  



 
Figure S5 Experimental cumulative charge with altering ion concentration. Comparison of 
cumulated charge Q vs logarithm of the activity for an anion-sensitive SC-ISE (25 µL of M1) 
with different redox capacity of PEDOT(Cl) solid contacts. The starting solution of 10-2 M KCl 
was gradually diluted to 10-4 M. Experimentally obtained results (dots) were compared to the 
theoretical expectations (solid lines) calculated according to eq. 6. Parameters used: R = 181 
kΩ (obtained from the EIS experiments shown in Figure S6), C1 mC = 0.026 mF, C2 mC = 0.053 
mF, C4 mC = 0.099 mF, C10 mC = 0.25 mF (estimated capacitance for different PEDOT film 
thickness was obtained from the EIS experiments shown in Figure S4). 

  



 

 
Figure S6 Electrochemical impedance spectra recorded for A) different thickness of the ion-
exchange membrane and for B) different membrane compositions. C) Comparison of 
cumulated charge Q vs logarithm of the activity for an anion-sensitive SC-ISE (M1) with 10 
mC of PEDOT(Cl) solid contacts covered with different membrane thickness (M1). The 
starting solution of 10-2 M KCl was gradually diluted to 10-4 M. D) Experimental current-time 
curves for anion-selective SC-ISEs of different resistivity. 

  



 
Figure S7 Limit of detection of 10 mC PEDOT(Cl) modified SC-ISE covered with drop cast 
(60 µm) (A) and spin coated (200 nm) (B) membrane films (M1). Values shown are 
logarithmic chloride concentrations. S/N is 3.43 for 20 µM addition to a 10 mM solution for a 
drop cast film and 3.18 for 70 µM addition to a 10 mM solution for spin coated film. 

  



 
Figure S8 Cumulated charge Q vs logarithm of the chloride activity for an anion-sensitive SC-
ISE (M1) with 10 mC of PEDOT(Cl) solid contacts for spin coated and drop cast films (M1) 
measured in addition mode. 

  



 
Figure S9 Reversible experimental current-time curves (A) and the corresponding charge-
time curves (B) recorded for 10 mC of PEDOT(Cl) SC-ISE (M1). 

 

 


