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Here, we propose new single-frequency effective capacitance C,. and — _ Resistance —

membrane resistance Z readout principle for solid-contact ion-selective electrodes o M

(SCISEs). Conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) doped & &

with polystyrenesulfonate (PSS™), i.e, PEDOT(PSS), as solid contact and valinomycin- Misk

based membrane were prepared for K'-SCISEs. At high frequencies, the membrane - EIS 00

resistance of K*-SCISEs corresponding to impedance absolute value Z was recorded ¢, B I L

constantly as KCI aqueous solution diluted with water. The membrane resistance Z Effective Capacitance

increases as the electrolyte concentration decreases. Under identical dilution steps, the v . * bt

linear slope of the logarithmic membrane resistance logZ vs logay, for K"-SCISEs with T 3 i t

the spin-coated membrane is larger than that of the electrode covered with the drop- :g’:z i boe..

cast membrane. As the K'-SCISE resistance with the spin-coated membrane was MR

reduced to hundreds of Q, the logZ of K*-SCISEs is linearly proportional to logay, in I T W T R
the range of —1 to —3.4, providing a possibility of utilizing membrane resistance Z as a

calibration-free analytical signal for SCISEs. The effective capacitance C, of K'-SCISEs with the spin-coated membrane was
performed in 0.1 M KCl applied with single frequency ranging from 1 MHz and decreases by a factor of 10 to 10 mHz. The obtained
C,. of K"-SCISEs with the spin-coated membrane is linearly proportional to logfin the range of 1 MHz to 10 Hz with a slope of ca.
—0.97, while at a low frequency ranging from 1 Hz to 10 mHz, the linear slope of logC,. vs logf is suppressed, where Warburg
diftusion takes effect. Furthermore, the membrane resistance Z is independent of applied high frequencies, and the effective

capacitance C, is independent of the excitation amplitude.

single-frequency capacitance, membrane resistance, electrochemical impedance spectroscopy, PEDOT,
solid-contact ion-selective electrodes

electrode setup in series with a capacitor was introduced,
resulting in sensitivity improvement for coulometric readout.’!

Electrochemical impedance spectroscopy (EIS) has been
widely used as a powerful technique for characterization
SCISEs, including the electroactive polymer property studies,
the charge transfer kinetics at the ISM solution interface and
also the charge transfer/ion diffusion through membrane and
the capacitance of the solid contact.”>***° The resistor-

Ion-selective electrodes (ISEs) are cost-effective analytical
sensors that are used in various applications and play a vital
role in maintaining routine life.' "® The development of solid-
contact ion-selective electrodes (SCISEs) was started by
eliminating the inner filling solution to a coated-wire electrode
(CWE). The continuation potential stability improvement for

SCISE was achieved by introducing a large-capacitance solid capacitor (RC) model of EIS for SCISE characterization is that
contact, ie, conducting polymers, carbon nanotubes, redox the impedance real part Z' of EIS represents the membrane
buffers, intercalation compound, and double-layer capacitance, resistance and the imaginary value Z” at 10 mHz provides the
to increase ion-to-electron transfer capacitance, resulting in low-frequency capacitance for SCISEs, where the membrane
potential stability improvement for SCISEs.*™"* acts as the resistor and the solid contact as the capacitor.'®"”

The development of electrochemical techniques, listed as The performance of the membrane resistance corresponding
follows, but not limited to chronoamperometry,>~"* electro- to the impedance real part Z’ of ion-selective electrodes and

chemical impedance spectroscopy (EIS),**"** coulometric

readout,”*™*’ and cyclic voltammetryzg’29 was performed for December 8, 2024 sy @
SCISEs ion detection and characterization. Chronoamperom- March 3, 2025 '
etry was used for potential stability checking of SCISEs.' March 6, 2025

Coulometric readout has a unique advantage of improving the March 13, 2025

sensitivity by increasing the thickness of the solid contact in
comparison with potentiometry.’® Utilizing a novel two-

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsmeasuresciau.4c00093

v ACS Publications 216 ACS Meas. Sci. Au 2025, 5, 216—225


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tingting+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sini+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tao+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongxue+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Niu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsmeasuresciau.4c00093&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00093?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00093?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00093?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00093?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.4c00093?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/amachv/5/2?ref=pdf
https://pubs.acs.org/toc/amachv/5/2?ref=pdf
https://pubs.acs.org/toc/amachv/5/2?ref=pdf
https://pubs.acs.org/toc/amachv/5/2?ref=pdf
pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.4c00093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/measureau?ref=pdf
https://pubs.acs.org/measureau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

Table 1. K*-SCISEs Experimental Preparation Parameters”

Thickness of PEDOT Drop-cast Spin-coated
K*-SCISEs solid contact (mC) membrane membrane®
1 5 10 ()] (ul)
Polymerization time” 70s 350s 700s
. 50 15
Cocktail volume*
(1 drop) (2 drops)

1mC/drop-cast membrane

1mC/spin-coated membrane

SmC/drop-cast membrane

5SmC/spin-coated membrane

10mC/drop-cast membrane

10mC/spin-coated membrane

Coated-wire/drop-cast membrane

Coated-wire/spin-coated membrane

“*Polymerization solution 0.01 M EDOT + 0.1 M NaPSS; #K*-ISM cocktail composition: 1 wt % valinomycin, 0.5 wt % KTFPB, 1 wt % ETH-500,
65.3 wt % DOS, and 32.2 wt % PVC dissolved in THF (dry mass = 15 wt %);*Rotator speed at 1500 rpm for 60 s.

the internal filling solution utilizing traditional EIS was
explored.”™* It revealed that the membrane resistance
increases as the concentration of primary ions decreases. The
water absorption and concentration of the interfering ions have
an impact on the membrane resistance.

The EIS low-frequency capacitance corresponding to the
imaginary value Z” of EIS at 10 mHz was used for the
capacitance of SCISE calculation.””***" The concentration of
electrolyte solution is usually 0.1 M."> The large-capacitance
properties of carbon nanotubes characterized by EIS low-
frequency prove that carbon nanotubes can be used as ion-to-
electron transducers for SCISEs."” Furthermore, the amount of
EIS low-frequency capacitance of decorated functional
materials is in close correlation with the cumulated charge of
coulometric response of SCISEs.*® The EIS low-frequency
capacitance changes after Ag deposition/de-deposition on the
Nafion film are also in good agreement with stripping
voltammetry."”

In this work, instead of using the impedance real part Z’ of
electrochemical impedance spectrum representing membrane
resistance at semicircle high frequency, a new membrane
resistance corresponding to the impedance absolute value Z of
K*-SCISEs was recorded with time as KCl aqueous solution
diluted with water at Alogag, = 0.3 decades/step. The
membrane resistance Z performance of K'-SCISEs with
CWEs, 1, S, and 10 mC poly(3,4-ethylenedioxythiophene)
doped with polystyrenesulfonate (PEDOT (PSS)) solid contact
covered with drop-cast or spin-coated membrane was studied
in detail and applied with semicircle high frequency. The
obtained membrane resistance of K'-SCISEs is dependent on
the concentration of KCl and also the thickness of the
membrane. The effective capacitance C, of K'-SCISEs
covered with the spin-coated membrane performed in 0.1 M
KCI applied with single frequency ranging from 1 MHz and
decreases by a factor of 10 to 10 mHz. The resulting effective
capacitance of K*-SCISEs increases as the applied frequency
decreases. The linear correlation of the logarithmic effective
capacitance logC,. of PEDOT-based K'-SCISEs with respect
to logf was also studied. In comparison with the applied
frequency, the excitation amplitude impact on the effective
capacitance of PEDOT-based K"-SCISEs is almost negligible.
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Valinomycin, potassium tetrakis[3,5-bis(trifluoromethyl)-phenyl]-
borate (KTFPB), bis(2-ethylhexyl)sebacate (DOS), poly(vinyl
chloride) (PVC), tetradodecylammonium tetrakis(4-chlorophenyl)-
borate (ETH-500), 3,4-ethylenedioxythiophene (EDOT, 97%),
poly(sodium 4-styrenesulfonate) (NaPSS, M, 70,000), and
tetrahydrofuran (THF) were purchased from Sigma-Aldrich and
were of Selectophore purity grade. Potassium chloride (KCl, >99.5%)
and sodium chloride (NaCl, >99%) were purchased from Sigma-
Aldrich. Deionized water (resistivity > 18.2 MQcm) was used for all
experiments, which was produced using an ultrapure water system
from Sichuan Waterpure Instrument Co. Ltd, China.

~
~

Glassy carbon (GC) disk electrodes (@ = 3 mm) with PVC bodies
were first polished with diamond paste of 1 and 0.3 ym Al,O; powder.
Then, the well-polished electrodes were ultrasonicated in ethanol and
water baths for 5 min separately. Polymerization solution containing
0.01 M EDOT and 0.1 M NaPSS was prepared by stirring constantly
for at least S h for a complete monomer dissolution at room
temperature. The polymerization solution was purged with N, gas for
ca. 15 min, and the gas flow was kept above the solution to avoid
oxygen during polymerization.

Conducting polymers PEDOT(PSS) was electrochemically depos-
ited on the surface of GC using chronopotentiometry with a CHI
1030C electrochemical workstation (Shanghai Chenhua Apparatus).
A constant current of 0.014 mA (current density = 0.2 mA/cm?) was
applied for 70, 350, and 700 s to produce the corresponding 1, 5, and
10 mC PEDOT(PSS) polymerization charge, respectively. After
polymerization, the GC/PEDOT(PSS) electrodes were rinsed with
deionized water and kept dry in ambient air overnight.

The K*-ISM was drop-cast in one S0 pL aliquot of the K*-ISM
cocktail (dry mass = 15 wt %) covering the whole surface area of bare
GC electrode and the GC electrode with 1 and S mC PEDOT(PSS)
solid contact, including the PVC body of each electrode. Spin-coated
thin-layer membrane was prepared by dropping 15 uL of cocktail two
times (30 uL in total) on the electrode surface by holding the rotator
with a rotating speed of 1500 rpm for 60 s. A thin layer of membrane
was uniformly dispersed on the electrode surface, while the excess of
cocktail was spinning out. The composition of the K*-ISM was 1 wt %
valinomycin, 0.5 wt % KTFPB, 1 wt % ETH-500, 65.3 wt % DOS, and
322 wt % PVC dissolved in THF (dry mass = 15 wt %). The
membranes were left to dry at room temperature for at least 4 h,
followed by overnight conditioning of the K*-SCISEs in 0.1 M KCl
before the measurements, and stored in 0.1 M KCI between the
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Figure 1. Electrochemical impedance spectrum of K*-SCISEs with 1 mC PEDOT(PSS) covered with spin-coated membrane (a) and S mC
PEDOT(PSS) with drop-cast membrane (b) measured in KCl solution concentration ranging from 10~ to 107 M KCL. The insets of Figure 1a,b

are partial enlargements of each EIS spectrum.

experiments. The K*-SCISEs experimental preparation parameters are
shown in Table 1.

The performance of the well-prepared K*-SCISEs with coated-wire, 1,
S, and 10 mC PEDOT(PSS) solid contact covered with spin-coated
and drop-cast membranes was checked by potentiometric calibration
utilizing instrument EMF 16 (Lawson Lab, Inc.) before EIS. K*-
SCISE was used as the working electrode, and a double junction Ag/
AgCl/3 M KCI/1 M LiAc was used as the reference electrode. The
calibration slope of K*-SCISEs was ca. 55 + 2 mV/decades, ranging
from 107" to 107 M KCl aqueous solution, corresponding to Nernst
equation. With the presence of the constant ionic background 0.1 M
NaCl, the Nernst slope of K*-SCISEs maintains* * (Supporting
Information).

Traditional EIS for K*-SCISEs with 1 mC PEDOT(PSS) covered
with the spin-coated membrane and S mC PEDOT(PSS) covered
with the drop-cast membrane was performed in KCl aqueous solution
with concentration ranging from 107! to 107 M at open-circuit
potential (OCP) using the Gamry reference 600 plus electrochemical
workstation in a three-electrode electrochemical cell. A single junction
Ag/AgCl/3 M KCl was used as the reference electrode, and a
platinum rod was used as the counter electrode. The EIS wide-
frequency conversion process was ranging from 1 MHz to 10 mHz.
The excitation amplitude was 10 mV (RMS).

EIS of K*-SCISEs membrane resistance applied with semicircle high
frequency was performed utilizing a CHI760 electrochemical
workstation (Shanghai Chenhua Apparatus). K*-SCISEs with
coated-wire, 1, S, and 10 mC PEDOT(PSS) covered with spin-
coated or drop-cast membrane were performed as the working
electrode, Pt as the counter electrode, and a single junction Ag/AgCl/
3 M KCI as the reference electrode. The membrane resistance Z of
K*-SCISEs was recorded with starting solution as 10 mL of 0.1 M KCl
diluted with 5§ mL of deionized water or 10 mL of 0.1 M KCI + 0.1 M
NaCl diluted with S mL of 0.1 M NaCl as a constant ionic
background with Alogag, = 0.3 decades/step. The EIS semicircle high
frequency was set as the applied frequency for the K'-SCISEs
membrane resistance Z measurement (Figures 2—4).

The EIS membrane resistance Z of K'-SCISEs with S mC
PEDOT(PSS) solid contact covered with spin-coated membrane was
performed with high frequencies ranging from 1 MHz to 0.1 kHz,
ie,1 MHz, 0.1 MHz, 10 kHz, 1 kHz, and 0.1 kHz (Figure S). The
aqueous solution of 10 mL 0.1 M KClI was diluted with 5 mL of water
at Alogay, = 0.3 decades/step. The concentration of primary ion K*
was from 107! to 1075 M.
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The EIS single-frequency effective capacitance C,. of K*-SCISEs with
coated-wire, 1, S, and 10 mC PEDOT(PSS) covered with the spin-
coated membrane was performed with Gamry reference 600 plus
electrochemical workstations. The applied EIS single frequency was
ranged from 1 MHz decreases by a factor of 10 to 10 mHz, ie., 1
MHz, 0.1 MHz, 10 kHz, 1 kHz, 0.1 kHz, 10 Hz, 1 Hz. 0.1 Hz, and 10
mHz. Time scale is 0.1 h (6 min). The excitation amplitude was fixed
at 10 mV (RMS). The applied potential was setting at 0 V with
respect to open-circuit potential (OCP). A single junction Ag/AgCl/3
M KCI was used as the reference electrode, and Pt was used as the
counter electrode. K*-SCISEs with coated-wire, 1, 5, and 10 mC
PEDOT(PSS) solid contact covered with spin-coated membrane were
performed as the working electrodes.

The EIS excitation amplitude impact on the effective capacitance
C.. of SCISEs in combination with applied single frequency was
performed for K*-SCISEs with § mC PEDOT(PSS) solid contact
covered with spin-coated membrane. The excitation amplitude was set
at 5, 10, 20, 30, and 50 mV. The applied EIS frequency parameters
range from 1 MHz and decrease by a factor of 10 to 10 mHz, i.e., 1
MHz, 0.1 MHz, 10 kHz, 1 kHz, 0.1 kHz, 10 Hz, 1 Hz, 0.1 Hz, and 10
mHz.

Traditional electrochemical impedance spectrum of K*-SCISEs
with 1 mC PEDOT(PSS) covered with the spin-coated
membrane and 5 mC PEDOT(PSS) covered with the drop-
cast membrane with frequency conversion from 1 MHz to 10
mHz was measured in KCI aqueous solution with concen-
tration ranging from 107" to 107® M (Figure 1). As the
semicircle high frequency of EIS represents K'-selective bulk
membrane resistance, it is clear that the K'-selective spin-
coated bulk membrane resistance is in the range of 10 to 100
KQ at KCI concentration ranging from 107" to 107 M (Figure
1a), while for the drop-cast membrane, it is from 240 to S00
KQ (Figure 1b). The K*-selective bulk membrane resistance
roughly follows the trend, the EIS semicircle bulk membrane
resistance increases as the concentration of KCI aqueous
solution decreases.”'~*

As described above, the impedance imaginary value Z” of
the electrochemical impedance spectrum at 10 mHz for K*-
SCISEs can be used for solid contact capacitance estimation.
The EIS low-frequency capacitance of K*-SCISEs with 1 mC
PEDOT(PSS) covered with the spin-coated membrane

https://doi.org/10.1021/acsmeasuresciau.4c00093
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Figure 2. (a) The membrane resistance Z of K*-SCISEs with 5 and 10 mC PEDOT(PSS) as solid contact covered with drop-cast and spin-coated
membranes vs time. The dilution was started with 0.1 M KCl diluted with deionized water with Alogay, = 0.3 decades/step. (b) Enlarged section
of membrane resistance Z vs time. (c) Membrane resistance Z vs loga,. (d) logZ vs logag,. The corresponding semicircle high frequency for each
electrode is S mC/drop-cast (1600 Hz), 10 mC/drop-cast (1000 Hz), S mC/spin-coated (1650 Hz), and 10 mC/spin-coated (15,890 Hz).

(Figure 1a) at 10 mHz is even larger than the corresponding
K*-SCISEs with S mC PEDOT(PSS) solid contact and drop-
cast membrane (Figure 1b), indicating ion transfer was limited
by the large impedance of the thick drop-cast membrane. The
low-frequency capacitance of S mC PEDOT(PSS) solid
contact is suppressed. The obtained low-frequency capacitance
of K*-SCISEs with $ mC PEDOT with drop-cast membrane at
10 mHz shows rather an equivalent amount with the KCI
concentration ranging from 107" to 107 M (Figure 1b).*®

Instead of utilizing the impedance real part Z' of traditional
electrochemical impedance spectrum at semicircle high
frequency for membrane resistance (Figure 1), a new
membrane resistance of K'-SCISEs corresponding to the
impedance absolute value Z was constantly recorded with the
KCl aqueous solution diluted with water. As shown in Figure
2a,b, the staircase membrane resistance Z of K*-SCISEs with S
and 10 mC PEDOT(PSS) as the solid contact covered with
drop-cast and spin-coated membranes increases as the
concentration of KCl aqueous solution gradually decreases at
Alogay, = 0.3 decades/step. The enlargement of membrane
resistance Z for K*-SCISEs with a spin-coated membrane (ca.
10 KQ) started increasing with KCl dilution at the beginning
concentration of 10" M (Figure 2b) but not for the K'-
SCISEs with a drop-cast membrane (ca. 150 KQ) due to its
large impedance of the thick membrane.

As shown in Figure 2¢, when K'-SCISEs are covered with
the drop-cast membrane (ca. 150 K2), the membrane
resistance increasing starts at loga  ca. -3.5, while for the

spin-coated membrane (ca. 10 KQ), it starts at logag, —3."
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The increasing membrane resistance Z (ca. 10 KQ) of K*-
SCISEs with the spin-coated membrane is larger than that of
the drop-cast membrane (ca. 150 KQ), while the logarithmic
K* activity is ranging from —3.5 to —5 (Figure 2c). Similarly, it
is also obvious to see that the linear slope of the logarithmic
membrane resistance logZ of K*-SCISEs with the spin-coated
membrane vs logay, in the range of —3 to —S$ is larger than
that of the electrode with the drop-cast membrane (Figure 2d).

In brief, logZ increases as logay, decreases. Under identical
dilution steps, the linear slope of logZ vs logay, for K*-SCISEs
with the spin-coated membrane is larger than that for the
electrodes covered with the drop-cast membrane. As the
logarithmic activity of primary ion K" was diluted from —1 to
—S5, the membrane resistance Z of K*-SCISEs is dependent on
the concentration of KCl and also the thickness of the
membrane.

The membrane resistance Z of K*-SCISEs with coated-wire
and 1 mC PEDOT(PSS) covered with spin-coated membrane
was recorded constantly with time as starting solution 0.1 M
KCI diluted with water at Alogag, = 0.3 decades/step with
semicircle high frequency for each electrode (Figure 3a). The
membrane resistance Z increases as the KCl concentration
decreases. What is more interesting is that as the membrane
resistance of K*'-SCISEs with a spin-coated membrane was
reduced to ca hundreds Q in 0.1 M KCl (Figure 3c), the
obtained logarithmic membrane resistance logZ gives a linear
response to logay, ranging from —1 to —3.4 (Figure 3c). As
the K*-SCISEs with 1 mC PEDOT(PSS) covered with spin-
coated membrane resistance increases from hundreds Q to 10
K€, the linear slope of logZ vs logay, decreases.
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Figure 4. EIS membrane resistance Z of K*-SCISEs with S mC PEDOT(PSS) as solid contact covered with spin-coated (a) and drop-cast (b)
membranes applied with semicircle high frequency vs time, with the KCI concentration ranging from 10~ M diluted to 10~7 M with Alogay, = 0.3
decades/step. The corresponding semicircle high frequency is spin-coated 1 (12,910 Hz), spin-coated 2 (20,020 Hz), spin-coated 3 (10,080 Hz),
drop-cast 1 (796 Hz), drop-cast 2 (627 Hz), and drop-cast 3 (317 Hz).

Excluding the resistance of bare GC to KCl aqueous solution
diluted with water at Alogay, = 0.3 decades/step, the resulting
logarithmic effective resistance logZ of K*-SCISEs with 1 mC
PEDOT and spin-coated membrane still gives a linear response
with respect to logay, in the range of —1 to —3.3, while the
membrane resistance of spin-coated membrane plus PEDOT is
ca. hundreds © in 0.1 M KCl (Figure 3d), providing a
possibility of utilizing membrane resistance Z as a calibration-
free analytical signal for SCISEs in pure KCl aqueous solution.

The membrane resistance Z of PEDOT-based K'-SCISEs
with S mC PEDOT(PSS) covered with spin-coated and drop-
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cast membrane was recorded for ca. 40 min with the starting
solution of 0.1 M KCl + 0.1 M NaCl diluted with 0.1 M NaCl
as the constant ionic background at Alogay, = 0.3 decades/
step for 20 steps (Figure 4a,b). As the membrane resistance of
K*-SCISEs with spin-coated membrane increases ranging from
hundreds Q to KQ (Figure 4a), the membrane resistance Z
starts increasing at the beginning 5—7 dilution steps, due to the
KCl concentration decreasing at Alogay, = 0.3 decades/step,
and then the membrane resistance Z maintains a stable
impedance, where the impedance is dependent on the K'-
SCISE membrane response to 0.1 M NaCl. As shown in Figure
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4b, with the presence of a strong electrolyte 0.1 M NaCl, the
impedance of the K*-SCISEs with S mC PEDOT(PSS) and
drop-cast membrane shifts in the range of 210 to 260 K€,
attributed to the large impedance of the thick membrane, while
the KCI aqueous solution concentration ranges from 10™" to
107 M.

The membrane resistance Z of PEDOT-based K"-SCISEs
with $ mC PEDOT(PSS) covered with spin-coated membrane
was performed with multiple high frequencies, i.e, 1 MHz. 0.1
MHyz, 10 kHz, 1 kHz, and 0.1 kHz (Figure Sa). The membrane
resistance increases as the concentration of KCIl aqueous
solution decreases, as described above (Figure 3a). The
obtained results of logarithmic membrane resistance logZ
behave independent of the applied high frequencies (Figure
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Figure 5. (a) The membrane resistance Z of the PEDOT-based K*-
SCISE with S mC PEDOT(PSS) as solid contact covered with spin-
coated membrane performed with multiple high frequencies, i..,l
MHz, 0.1 MHz, 10 kHz, 1 kHz, and 0.1 kHz, with logay, ranging
from —1 to —4. (b) logZ vs logay,. (c) The corresponding logZ of the
K*-SCISE (Figure Sa) with variable applied high frequencies vs logay,
with error bar, inset is the partial enlargement.
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Sb), indicating that high frequencies have a minor impact on
the membrane resistance Z. This is also in good agreement
with EIS model circuits in the case of high frequencies where ¢
= 0°, where the EIS response is dominated by the resistance
and thus is independent of the frequency.”” The logarithmic
membrane resistance logZ gives a rather linear response with
respect to logag, in the range —1 to —4 (Figure Sc).

The K ion transfer mechanism of PEDOT-based K*-SCISEs
and the corresponding equivalent circuit was shown in Figure
6a."” Conducting polymer PEDOT(PSS) was performed as
ion-to-electron transducer based on its PEDOT*/PEDOTO,
doping/undoping ability with target ions.'® The capacitance of
PEDOT play a vital role for the amount of ion transfer through
PEDOT solid contact, acting as capacitor (Cpgpor) and K*-
selective valinomycin membrane as resistor (R,) (Figure 6a)."”

The traditional electrochemical impedance spectrum of K'-
SCISEs with 10 mC PEDOT(PSS) and spin-coated membrane
performed in 0.1 M KCl with frequency conversion from 1
MH?z to 10 mHz is shown in Figure 6b,c, where the impedance
real part Z' at the semicircle high frequency point represents
the membrane resistance (ca. 320 Q) and the low-frequency
imaginary value Z” at 10 mHz can be used for PEDOT solid
contact capacitance calculation (ca. 265 uF) according to the
calculation equation C = —1/(2afZ"). As shown in Figure
6d,e, the effective capacitance C,. of K'-SCISEs with 5 mC
PEDOT(PSS) solid contact and spin-coated membrane
performed in 0.1 M KCl applied with single frequency for 6
min ranging from 1 MHz decreases by a factor of 10 to 10
mHz. Each applied frequency results in a rather stable, almost
constant capacitance over 6 min. The effective capacitance
decreases as the applied frequency increases. The effective
capacitance C,. of K*-SCISEs is the recording data with time
when frequency in combination with excitation amplitude was
applied corresponding to the impedance absolute value Z. The
calculation equation is C,. = 1/(27fZ), where f is the applied
frequency and Z is the impedance absolute value.

As shown in Figure 6f, at low frequencies ranging from 1 Hz
to 10 mHz, the resulting effective capacitance increases as the
thickness of solid contact increases in sequence from CWEs, 1,
5, to 10 mC PEDOT(PSS), indicating that more portion of
PEDOT"/PEDOT® reduction/oxidation was involved to
contribute for the capacitance. The obtained effective
capacitance of K'-SCISEs exponentially increases as the
frequency decreases. As shown in Figure 6gh, the logarithmic
effective capacitance logC,. of K'-SCISEs with CWEs, 1, S, and
10 mC PEDOT(PSS) solid contact covered with spin-coated
membrane with respect to logf gives a linear response in the
range of 1 MHz to 10 Hz with a slope of ca. —0.97. At low
frequencies ranging from 1 Hz to 10 mHz, the linear slope is
suppressed, and this may due to the reversible solid contact
PEDOT*/PEDOT® oxidation/reduction process which is
limited by the Warburg diffusion process of K" through
PEDOT solid contact, as well as across the membrane and
interfaces.” >

The EIS excitation amplitude impact on the -effective
capacitance C,. of PEDOT-based K'-SCISEs with 5 mC
PEDOT(PSS) covered with spin-coated membrane vs logf is
shown in Figure 7a. The logarithmic effective capacitance
logC.. vs logf clearly shows that the effective capacitance of
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Figure 6. (a) Schematic picture of the K* ion-transfer mechanism of PEDOT-based SCISEs and the corresponding equivalent electrical circuit of
PEDOT-based SCISEs'’. (b, c) Electrochemical impedance spectrum of K*-SCISEs with 10 mC PEDOT(PSS) and spin-coated membrane
performed in 0.1 M KCI with frequency conversion from 1 MHz to 10 mHz. Figure 1b,c insets are the partial impedance enlargement. EIS effective
capacitance C,. of PEDOT-based K*-SCISEs with 5 mC PEDOT (PSS) as solid contact, CWE covered with spin-coated membrane applied with
frequency ranging from (d) 10 mHz to 100 Hz and (e) 1 kHz to 1 MHz vs time performed in 0.1 M KCL. (f) C,. vs logf. LogC,. of K*-SCISEs with
(g) CWE and 1 mC and (h) S and 10 mC PEDOT(PSS) covered with spin-coated membrane vs logf. The corresponding logC.. of the K*-SCISEs
(Figure 7gh) vs logf with error bar (n = 3) for each type of electrode (i). The applied EIS single frequency ranges from 1 MHz decreases by a factor

of 10 to 10 mHz.

PEDOT-based K*-SCISEs increases as the applied EIS single
frequency decreases, ranging from 1 MHz to 10 mHz (Figure
7b,c). Inset is the partial enlargement of C,. vs logf with error
bar. At each excitation amplitude, it turns out to be stable and
rather reproducible effective capacitance for S mC PEDOT-
based K*-SCISEs in 0.1 M KCl (Figure 7c). The linear slope of
logC.. vs logf for S mC PEDOT-based K*-SCISEs in the range
of 1 MHz to 10 Hz maintains ca. —0.94 when applied with
multiple excitation amplitude parameters. At low frequencies
ranging from 1 Hz to 10 mHz, the linear slope is suppressed to
—0.23 (Figure 7d). Thus, the received EIS effective
capacitance of S mC PEDOT-based K'-SCISEs in 0.1 M
KClis dependent on the applied frequency and independent of
the excitation amplitude (Figure 7c,d).
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The performance of the single-frequency effective capacitance
C,. and membrane resistance Z for K*-SCISEs with PEDOT as
solid contact covered with drop-cast or spin-coated membrane
was studied. In place of utilizing the impedance real part Z’ of
the traditional electrochemical impedance spectrum at semi-
circle high frequency, the membrane resistance corresponding
to the impedance absolute value Z of K*-SCISEs was recorded
constantly as the KCI aqueous solution diluted with water was
applied with high frequency. At high frequencies, the
membrane resistance Z increases as the concentration of KCl
aqueous solution decreases. Electrodes with drop-cast
membrane (MQ) give resistance of larger magnitude than
the spin-coated electrode (hundreds Q to 10 KQ). For K*-
SCISEs covered with drop-cast (100 KQ—MQ) or spin-coated
membrane (ca. 10 KQ), the corresponding membrane
resistance increases starting from 107>* or 107> M KCl. As
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Figure 7. (a) EIS excitation amplitude impact on the effective capacitance C,. of the PEDOT-based K*-SCISE with S mC PEDOT(PSS) solid
contact and spin-coated membrane applied with single frequency vs logf performed in 0.1 M KCL. (b) logC,. vs logf. (c) C,. of the K*-SCISE
(Figure 7a) with variable excitation amplitudes vs logf with error bar, inset is the enlarged section. (d) The corresponding logC, vs logf with error

bar, inset is the partial enlargement.

the logarithmic activity of primary ion K* was diluted from —1
to —S, the membrane resistance Z of K*-SCISEs is dependent
on the concentration of KCl and also the thickness of the
membrane. As the resistance of K*-SCISEs with spin-coated
membrane was reduced to hundreds Q in 0.1 M KCIl, the
logarithmic effective resistance logZ of K*-SCISEs is linearly
proportional to logay, in the range of —1 to —3.4, providing a
possibility of utilizing membrane resistance Z as an analytical
signal for SCISEs in pure KCI aqueous solution. Furthermore,
the membrane resistance Z is independent of applied high
frequencies.

The effective capacitance C,. of K'-SCISEs with the spin-
coated membrane was recorded with time in 0.1 M KCI
applied with single frequency ranging from 1 MHz and it
decreases by a factor of 10 to 10 mHz. A stable and
reproducible effective capacitance was obtained in 6 min. The
effective capacitance of K'-SCISEs with a spin-coated
membrane exponentially increases along with frequency. The
logarithmic effective capacitance logC,. gives a linear response
with respect to logf in the range of 1 MHz to 10 Hz with a
slope of ca. —0.97. At low frequencies ranging from 1 Hz to 10
mHz, the linear slope was suppressed, where Warburg diffusion
takes effect. In comparison with the applied frequency, the
effect of the EIS excitation amplitude on the effective
capacitance of PEDOT-based K"-SCISEs is almost negligible.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciaun.4c00093.

Potentiometric calibration curve of K*-SCISEs covered
with valinomycin membrane (PDF)
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