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ARTICLE INFO ABSTRACT

Keywords: This work investigates the coupled electron-ion transfer (ET-IT) phenomena occurring in solid-contact ion-se-
Poly(3-octylthiophene) lective electrodes based on a poly(3-octylthiophene) (POT) film backside contacted with a plasticized nano-
Membranes membrane through cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and alternating
}ro}ﬁ jj:;cgve electrode current voltammetry (ACV). The CVs presented the typical thin-layer behavior, whereas EIS revealed distinct

regions corresponding to membrane resistance, charge transfer, and capacitive responses, allowing for the
separation and quantification of the ET-IT contributions. The analysis by electrical equivalent circuit demon-
strated that, as the potential approaches the redox peak, the membrane resistance markedly increases from 2.6
kQ to 40 kQ due to ion expulsion. Charge transfer resistance followed the “v”-shaped dependence expected for
thin-layer systems, with a minimum at 0.86 kQ. Time constant analysis confirmed that ionic dynamics were
significantly faster than electron transfer processes. Building on this insight, ACV was used to bridge the spectral
deconvolution capability of EIS with the simplicity of CV. The ACV responses were found to strongly depend on
frequency. At low frequencies (<10 Hz), the signals were dominated by faradaic ET-IT peaks; while at higher
frequencies (>250 Hz), the response transitioned to a sigmoidal profile governed by ion transport and membrane
resistance. This frequency selectivity enabled distinguishing between ions of different lipophilicity (e.g., Na™ vs.
TBA") in membranes exclusively containing a cation exchanger, demonstrating ion-specific peak shifts when
using ionophore-based membranes (e.g., valinomycin for K*). Finally, the possibility of determining signal
changes with variations of the K" concentration in the nanomolar range by employing CV and ACV, together
with a comparison of the sensing performance with both techniques, was demonstrated.

AC voltammetry
Charge transfer

1. Introduction [5-7]. Within the broad spectrum of electrochemical sensors,

ion-selective electrodes (ISEs) have played a central role in chemical

The need for rapid, reliable, and decentralized analysis has intensi-
fied the search for sensing platforms that can operate outside of
centralized laboratories [1,2]. In this context, electrochemical sensors
stand out due to their inherent advantages, including low cost, porta-
bility, and miniaturization, as well as minimal instrumentation re-
quirements and the ability to provide real-time results [3,4]. These
features, combined with the versatility of electrochemical sensors, make
them suitable for a wide range of applications, including point-of-care
analysis, environmental monitoring, and food safety, among others

analysis for more than half a century [8-10]. The classical inner-filling
potentiometric ISEs, which rely on a liquid electrolyte between a
sensing membrane and an internal reference electrode, have become
standard tools in analytical practices for ions’ detection. For instance,
the glass pH electrode has become indispensable in routine laboratory
practice, industrial quality control, and fieldwork alike [11]. However,
inner-filling ISEs suffer from drawbacks inherent to their liquid internal
contact. Issues such as evaporation, leakage, limited mechanical sta-
bility, and challenges in miniaturization restrict their versatility.
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The development of all-solid-contact ion-selective electrodes (SC-
ISEs) represented a significant advancement in addressing the limita-
tions of traditional ISEs [12-14]. By replacing the liquid inner filling
with a solid-state electron-ion transducer and employing plasticized
polymeric membranes, these devices preserve the potentiometric prin-
ciple while overcoming many of the weaknesses of their predecessors.
Typical electron-ion transducers include electroactive polymers
[15-17]1, and high-surface-area high-capacity materials [18], which
provide stable ion-to-electron charge conversion. Plasticized polymeric
membranes generally consist of a polymer matrix (e.g., polyvinyl chlo-
ride (PVC) or polyurethane), plasticizer (e.g., bis(2-ethylhexyl) seba-
cate, DOS), cation exchanger (e.g., sodium tetrakis[3,
5-bis-(trifluoromethyl)phenyl]borate, NaTFPB), and ionophore that
serves as the ion-selective recognition element (e.g., valinomycin for
K*t-selective SC-ISEs). Importantly, the absence of internal solutions
enables miniaturization and improves durability, which broadens the
applicability of ISEs. Thus, SC-ISEs have given rise to a variety of novel
electrode configurations, each adapted to specific analytical needs.
Membranes with thicknesses of a few micrometers have been integrated
into diverse architectures such as paper-based electrodes [19,20],
microneedles for ion monitoring in interstitial fluid and plants [21,22],
submersible probes for water analysis [23], and nanopipettes for
single-cell measurements [24]. This versatility highlights not only the
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robustness of the all-solid-contact concept but also its potential to
transform ISE technology into a truly universal platform for in situ ions’
monitoring.

Recent advances have pushed membrane design to the nanoscale,
reducing its thickness to just a few hundred nanometers [25,26]. This
innovation has generated the so-called thin-layer voltammetric SC-ISEs,
which exhibit unique properties compared to their potentiometric
counterparts. The thin-layer configuration of the membrane confines ion
transport within the nanoscale film, which dramatically reduces the
membrane resistance, enabling the use of dynamic electrochemical
methods that enhance the sensing sensitivity [27]. Moreover, these
electrodes have demonstrated the potential for calibration-free opera-
tion, a long-standing goal in analytical chemistry, as well as the capa-
bility to perform multi-ion detection with a single electrode by
exploiting distinct voltammetric signatures [28-30]. These break-
throughs have quickly positioned thin-layer voltammetric ISEs at the
forefront of electrochemical ion sensing research.

Despite their impressive features, the operation mechanism of thin-
layer ISEs remains highly nontrivial. Their function depends critically
on the coupling between electron transfer (ET) at the solid contact and
ion transfer (IT) across the ultrathin ion-selective membrane. For
example, in voltammetric SC-ISEs built with poly(3-octylthiophene)
(POT) acting as the solid-contact and a plasticized PVC-based
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Fig. 1. (a) Scheme illustrating the coupled ET-IT in an SC-ISE based on a POT film and plasticized membrane without ionophore. EP, ET, and IT refer to electroactive
polymer, electron transfer, and ion transfer, respectively. (b) Voltammograms and (c) peak currents at different scan rates. In all cases, the supporting electrolyte was
10 mM NaCl, and the SC-ISE was GC/POT/MI.
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nanomembrane containing a cation exchanger (and optionally iono-
phore), the following sequence occurs: when POT is in its reduced state,
the film is uncharged, the membrane retains its fixed ionic sites (from
the cation exchanger) and equilibrates with ions entering from the
sample solution (Fig. 1a) [26,31]. Upon oxidation of POT (ET process),
due to the application of a proper bias voltage, positive charges are
formed on the polymer backbone and, to preserve electroneutrality,
cations are expelled from the membrane into the solution (IT process).
Conversely, when a reducing potential is re-applied, the POT redox
transformation removes the charged sites, and cations are taken up
again into the membrane. It is worth mentioning that this fast
electroneutrality-driven balance, which enables reversible and
well-defined peaks (without side reactions) depending on the concen-
tration of non-redox ions, together with its high potential stability and
easy integration on the electrode surface (via electropolymerization or
drop-casting), makes POT one of the most widely used electroactive
polymers in voltammetric SC-ISEs [31-33].

This reversible ET-IT process is typically manifested in cyclic vol-
tammetry (CV) as a discernible pair of Gaussian-shaped redox peaks [34,
35]. In these cases, the peak area reflects the total number of ions pre-
sent in the membrane, which is related to the membrane's cation ex-
change capacity [36]. In contrast, the peak position is influenced by the
lipophilicity and by the interactions between the mobile ions and the
membrane components, including the cation exchanger and the iono-
phore [30]. Notably, the ET-IT coupling is highly system-dependent,
which makes it difficult to generalize findings across different trans-
ducers, ionophores, or ionic species. This challenge, compounded by the
complexity of disentangling the multiple processes occurring at the
different interphases and phases, hampers both the rationalization of the
observed behavior and the subsequent optimization of device perfor-
mance. To bridge these knowledge gaps, significant efforts have been
devoted to characterizing these systems through electrochemical tech-
niques such as CV, chronoamperometry, and computational modeling,
which have provided valuable but often fragmentary insights [37-39].

Electrochemical impedance spectroscopy (EIS) analysis has been
widely employed in the sensor field [40,41] and has more recently
emerged as a powerful approach for investigating thin-layer systems
[42-44]. The distribution of relaxation times (DRT) applied to EIS data
enabled the deconvolution of overlapping processes, revealing the
distinct contributions of charge transfer, ion diffusion/migration, and
capacitive elements in an ISE electrode based on POT and a plasticized
polymeric nanomembrane [45]. This methodology provided one of the
first systematic demonstrations of how relaxation time distributions can
be leveraged to rationalize the dynamics of ET-IT coupling in thin-layer
ISEs. Nevertheless, the approach is not without limitations: the diver-
gence of impedance at low frequencies typical of thin-layer systems (i.e.,
imaginary component of impedance, Zj— oo as frequency approaches 0
Hz) complicates the interpretation of DRT spectra, posing a barrier to
extracting qualitative and quantitative parameters with full reliability
[46].

Motivated by these limitations, the present work aims to develop a
complementary, frequency-resolved experimental strategy that enables
a straightforward interrogation of ET-IT processes in thin-layer solid-
contact ISEs. To this end, we combine CV, EIS, and AC voltammetry at
various frequencies to disentangle the mechanisms of ET and IT in an ISE
based on POT in contact with plasticized PVC membranes of different
characteristics. Our study not only provides a deeper understanding of
the fundamental processes governing the operation of the ISEs, but it
also evaluates the analytical implications of these insights. Effectively,
we demonstrate how advanced frequency-domain methods can guide
the rational design of thin-layer ISEs, which is crucial for enabling
enhanced sensitivity, multi-ion detection, and ultimately, more reliable
decentralized, robust sensing solutions.
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2. Experimental

Reagents and instrumentation. 3-octylthiophene (97 %), selecto-
phore high molecular weight poly(vinyl chloride) (PVC), anhydrous
tetrahydrofuran (>99.9 %, THF), Tetra-n-butylammonium chloride
(>95 %, TBACI), sodium tetrakis[3,5-bis-(trifluoromethyl)phenyl]
borate (NaTFPB), bis(2-ethylhexyl)sebacate (DOS), potassium iono-
phore I (Valinomycin), sodium hypochlorite solution (6-14 %) and high
purity grade sodium chloride (99.99 %, NaCl) were obtained from Sigma
Aldrich. Potassium chloride (99.5 %, KCl) and anhydrous acetonitrile
(>99.5 %), were purchased from VWR, while anhydrous lithium
perchlorate (99 %, LiClO4) was provided by Thermo Scientific. All re-
agents were employed without any further treatment. All aqueous so-
lutions were prepared in deionized MQ® water (>18.2 MQ cm).

All electrochemical experiments were conducted in a three-electrode
cell using a glassy carbon (GC) electrode (geometric area of 0.07 cm?)
and a Pt rod (geometric area >0.5 cm?) from Metrohm Nordic (Stock-
holm, Sweden) as the working electrode and counter electrode,
respectively. The reference electrode was a homemade Ag/AgCl wire
prepared by immersing an Ag wire (0.5 mm) in a 1 % solution of sodium
hypochlorite for 2 h. The electrodes were separated by 0.5 cm from each
other and connected to an Autolab PGSTAT302 N potentiostat with
SCAN250 and FRA32 modules from Metrohm Nordic. The electro-
chemical routines were applied by operating the potentiostat with the
software provided by Metrohm Nordic, NOVA 2.1.

CVs were typically performed from —0.2Vto 1 or 1.2 V at a scan rate
of 100 mV s, otherwise mentioned. EIS spectra were recorded in the
range of frequencies from 1 x 10°Hzto 0.1 Hz, measuring ten points per
decade. In all the cases, a sinusoidal perturbation of +10 mV was
superimposed on a given direct current potential (Epc). Before the
measurement, the electrode was stabilized to the Ep¢ value by setting
this voltage value for 10 s. To evaluate the contribution of the electron
transfer, Epc was fixed at the medium peak potential E;,5 which was
calculated as the average of the oxidation and reduction peak potentials
in the CV.

AC voltammograms were obtained by applying a staircase function
from —0.2 Vto 1 or 1.2 V. The total time of the step was 1.2 s, where 0.7
s corresponded to the application of a sine wave with a certain frequency
and an amplitude of 25 mV. In all the cases, the scan rate was 8.4 mV s .
Measurements involving sine waves with frequencies >250 Hz required
the use of the FRA32 module of the potentiostat. For AC voltammetry,
the use of very small amplitudes (5-10 mV), as those typically required
in EIS analysis, is not strictly necessary [47]. However, the comparison
of EIS at amplitudes of 10 and 25 mV demonstrated differences <2 % in
the impedance values (not shown), which could indicate a significant
conservation of the linearity in this range of amplitudes [42,43]. In
particular, higher amplitudes amplify the signal at the expense of a
broadening of the peak that can lead to the loss of resolution.

Preparation of the thin-layer SC ISE. The SC-ISE consisted of POT
as the ion-to-electron transducer and a plasticized PVC membrane as the
ion-selective building block. The electrode preparation involved two
steps: the POT electrosynthesis and PVC membrane deposition. First, the
GC electrode was exposed to a mixture 0.1 M LiCl04/0.1 M 3-octylthio-
phene in acetonitrile. The solution was degassed by fluxing N5 for 15
min, and then, the POT was electropolymerized on the GC surface by
performing two CV scans between 0 and 1.5 V (starting from 0 V) at 100
mV s~ Subsequently, the POT film was discharged by fixing the voltage
at 0 V for 120 s. The film was thoroughly washed by immersing in
acetonitrile and THF for 30 min and 10 s, respectively.

Then, the plasticized PVC membrane was deposited on the POT-
modified GC electrode (GC/POT) by spin-coating. For this, the GC/
POT electrode was first dried with a soft flow of nitrogen and then fixed
in a rotating disk module (Metrohm Nordic). While the electrode rotated
at 1500 rpm, 25 pL of a 1:4 dilution of a given cocktail was added to the
electrode (Table 1). Under these conditions, the thickness of the resul-
tant membrane is around ~230 nm, as revealed by our previous
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Table 1

Composition of the membranes employed in this work. PVC and plasticizer
amounts are expressed in wt.% of membrane. Cation exchanger (NaTFPB) and
potassium ionophore (KI) are expressed in mmol kg ! of membrane (M).

Membrane PVC (wt. %DOS (wt. NaTFPB (mmol kg’1 KI (mmol kg’1
%) %) M) M)

MI 33 66 40 -

MII 33 66 20 -

MIII 30 60 40 80

characterization by ellipsometry [48,49]. In all the cases, the cocktails
were prepared and diluted by using anhydrous THF. The composition of
these mixtures determines the features of the membrane and, in turn, the
functionality of the SC-ISE. In the text, the different SC-ISEs are referred
to as GC/POT/MX where MX indicates the cocktail employed for the
membrane deposition.

3. Results and discussions

Fig. 1b shows the CV curves at different scan rates obtained for the
SC-ISE GC/POT/MI electrode. In all the cases, the CV curve was char-
acterized by a single pair of broad peaks centered at 0.2 V. The incre-
ment in the scan rate produced a linear increment in the anodic and
cathodic peaks (Fig. 1c). This fact, together with the peak potential
difference (anodic versus cathodic) below 5 mV at scan rates <100 mV
s~!, confirmed the presence of a thin-layer membrane with the typical
behavior expected for redox probes adsorbed at the electrode surface.
The peak width at half height of the peak at 205 mV for both the anodic
and cathodic waves fairly exceeded the predicted value for an ideal one-
electron thin-layer reaction of 90 mV [30,50,51]. This aspect was pre-
viously highlighted, with its origin being unknown yet. Electrodes
modified with redox molecular systems have shown similar width peaks,
which were attributed to slower Kkinetics, interaction between the
different moieties in the film, among others [52-55]. On the other hand,
at low scan rates, the anodic peak evidenced a sort of shoulder (Fig. S1),
which could suggest the presence of additional polymer environment(s)
requiring slightly different potentials to promote the redox reactions. All
these aspects require a detailed analysis involving the use of various
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spectroscopic and electrochemical techniques, which is beyond the
scope of this work.

As already mentioned, the redox switching in the GC/POT/MI elec-
trode responsible for the pair of peaks in the CV consisted of the coupling
of the redox reaction of the electroactive layer of POT and the ion up-
take/expulsion of ions in the membrane. Thus, considering that MI
presented only the cation exchanger NaTFPB (i.e., without an iono-
phore) and the background solution was composed only of NaCl, the
oxidation of POT to POT™ triggers the release of Na® from the mem-
brane. In contrast, during reduction, the membrane uptakes Na™ from
the solution through the inverse process. With the aim of obtaining more
detailed information, separating the contributions related to ion trans-
port from those associated with the coupled ET-IT process, EIS mea-
surements were performed at different Epc, and the results are provided
in Fig. 2. To facilitate the analysis, the plots were divided according to
their position regarding the half peak potential (E;/2~0.19 V).

Fig. 2a shows the Nyquist plots (-Zp vs. Zrgar) for Epc in the range
from —0.2 V to —0.02 V, i.e., significantly lower than Ej 2. Under these
conditions, POT is expected to be fully reduced and, consequently, the
charged sites of the membrane due to the cation exchanger are
neutralized by the presence of Na' ions provided by the supporting
electrolyte. Notably, as the sinusoidal perturbation was minimal +10
mV, no changes in the POT redox state were expected during the mea-
surement, leading to a final EIS response with a negligible contribution
of redox switching (faradaic signal). Among the four Ep¢ here evaluated,
the EIS presented strong similarities. For instance, at high/moderate
frequencies (10° to 10 Hz), the curves demonstrated a significant
overlap with differences below 10 % between Zggay, and -Zj obtained at
Epc -0.2 V and —0.02 V. In all the cases, the Nyquist plot were char-
acterized by two regions: a flat semicircle at moderate frequencies (10°-
5x10° Hz) and an abrupt increment in -Zp,, proper of a capacitive
behavior at moderate/low frequencies (<5 x 10° Hz).

Region I at high/moderate frequencies did not appear in the bare GC
nor GC/POT electrodes (see Fig. S2). Considering that, in addition to the
fact that the semicircle features for that process were maintained con-
stant across the different Epc (when Epc < Ej/2), this component was
attributed to the membrane resistance. Such a resistance is expected to
depend on several parameters, e.g., the mobility and number of charge
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Fig. 2. EIS results. (a)-(d) Nyquist plots obtained at different Epc. The left panels correspond to a wide impedance region, while the right panels represent a zoom-in.
Lines correspond to the equivalent circuit model (ECM) fitting. (e) Scheme of the electrical equivalent circuit. CPE and R correspond to constant phase elements and
resistances, respectively. Sub-index: DL, CT, M, and S refer to double-layer, charge transfer, membrane, and solution, respectively. (f) Resistances and (g) Y obtained
from the ECM fitting at the different Epc. In (g), the current corresponds to the background-subtracted current obtained by CV (scan rate 10 mV s~ ') for the same
electrode in the same electrolyte. Supporting electrolyte: 10 mM NaCl. Electrode: GC/POT/MI.
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carriers inside the film [56-58]. To further test this hypothesis, the MII
film was deposited onto the GC/POT electrode to form GC/POT/MIIL
This membrane was similar as MI but with a reduced quantity of cation
exchanger (half the amount). The EIS results demonstrated an equiva-
lent response but with the Zgga; semicircle intercept (between regions I
and II) occurring around 4.2 kQ, which was almost twice the value
obtained for MI (~2.3 kQ) (see Fig. S3). This result agrees with the
expected loss of ion conduction capability due to the reduced cation
exchanger concentration, and reinforces the hypothesis that Region I
provides information about the membrane resistance [59].

Region II exhibited a predominantly capacitive behavior, corre-
sponding to the total charge stored within the system. The redox reac-
tion contribution was negligible due to the low Epc, and therefore, the
total charge was mainly associated with non-faradaic contributions such
as the double-layer capacitance of the electrode-solution interface. It is
worth mentioning that the -Zp increment did not form a straight line of
90° with the x-axis, which indicates that the capacitive behavior is not
ideal. This is in principle expected as different sources of non-ideality
can arise in complex systems as the one studied herein (e.g., film
roughness, inhomogeneities, or small contributions of redox reactions).

As Epc approached Ej /o, the EIS results in Region I were maintained
without any significant change. However, the low-frequency capacitive
trend began to bend progressively, and within the potential range of
0.04 V < Ep¢ < E1 /2, anew semicircle emerged between Regions I and II.
This feature can be observed in Fig. 2b and indicates the appearance of a
new region in the EIS spectra that, based on its evolution with Epc, can
be attributed to the faradaic signal associated with the ET-IT coupling.
Not only in Fig. 2b but also in Fig. 2¢, it is observed how the semicircle
decreased its size as Epc approached the peak region. Once the Ep¢ value
was within the peak region (0.15-0.20 V), the semicircle in Region II
due to ET-IT was found to further decrease, while those in Region I,
because of the membrane resistance, began to slowly increase their size.

At 0.19 V, both semicircles seemed to merge into only one. In prin-
ciple, the semicircle due to ET-IT should exhibit its minimum size at E®
(which should be almost the same as Ej,2), as predicted by the theory for
modified electrodes with thin redox films [54]. In the present system,
the merging between both semicircles makes it difficult to evidence this
trend; however, E%’ should be in the range of ca. 0.18-0.2, which agrees
with the peak position observed in the CV experiments (Fig. S1). At Epc>
0.2 V, the Nyquist plot was characterized by only one semicircle that
increased its diameter as Epc increased, as presented in Fig. 2d. Finally,
at Epc = 0.6, the semicircle diameter exceeded 60 kQ (Fig. S4). This
could be attributed to the expulsion of most of the Na* ions, which is
coupled to the redistribution of the lipophilic cation exchanger toward
the polymer/membrane interface during POT oxidation. As a conse-
quence, large regions of the sensing membrane become depleted of
mobile ionic charge carriers, leading to a pronounced increase in
membrane resistance. More in detail, the decrease in the ET-IT semi-
circle diameter as Epc approached E® can be explained by the ratio
between oxidized/reduced POT species approaching 1. Thus, the redox
contribution is maximized. In an ideal scenario, for each unity of POT
that is oxidized, a positively charged site is generated, and one of the
charge carriers in the film (Na™ ion) is lost. Overall, the replacement of
mobile Na't by fixed POT charges diminished the membrane's capacity
to transport charge, increasing its resistance, which in turn yielded an
increase in the semicircle diameter.

While EIS provides a significant amount of information, this is not
always available in a straightforward manner. One of the traditional
methods for extracting quantitative information is to fit experimental
results to a suitable equivalent electrical circuit model (ECM). This was
performed with our EIS results, with the results being provided in
Fig. 2e. The proposed equivalent circuit is composed of an Rg repre-
senting the solution resistance, and that is placed in series with two
parallel RQ, where R represents the resistance and Q denotes the con-
stant phase elements (CPE). The first RQ component is related to
membrane features: in essence, the membrane bulk CPE (CPEy) and
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resistance (Ryy) [60]. The second RQ component introduces the ET-IT
phenomenon, and it is composed of the charge transfer resistance
(Rcr) and CPE of the membrane/solution interface (CPEpp). Notably,
there is a clear complexity underlying the Rcr parameter. In the system
under study, Rcr reflects not only the electronic transfer at the POT/e-
lectrode interface, but also ion transport within the membrane towards
the POT/membrane interface, as well as ion fluxes at the mem-
brane/solution interface, which occur to maintain electroneutrality and
depend on the type of redox process (e.g., oxidation or reduction). Ion
transport appears to be one of the dominant contributors to the
magnitude of the resistance [48]. Finally, a redox CPE (CPEggpox) is
placed in series with the Rcr to account for charge saturation in the EIS
spectrum. Notably, the CPEs were used as replacements for capacitors to
consider different sources of non-ideality, such as film inhomogeneity.
In contrast to capacitors, CPEs are defined by the module Y and n. The n
values range between 0.5 and 1, which is related to the capacitive
behavior of the CPEs (see Table S1). It is worth noting that additional
processes not included in the ECM may also influence the impedance
response (e.g., interfacial phenomena); nonetheless, these cannot be
resolved in the EIS spectra because associated impedances are much
smaller than those of the dominant events included in our model. As
demonstrated in previous reports, advanced analysis methods such as
the distribution of relaxation times could make it possible to detect them
[45].

In all the cases, the ECM well fitted the experimental results, as
suggested by y < 0.01. As expected for thin-layer systems, R¢r demon-
strated a “v’-like shape in terms of Epc, with a minimum value of 0.86
kQ at 0.19 V (see Fig. 2f) [54]. Then, when Epc approaches E° ', the
resistance involved in the redox transference shows its minimal value,
demonstrating more facility to occur. The Y module related to the
CPEgrgpox (Yrepox) also showed the typical peak in terms of Ep¢ expected
for a thin-layer redox film, with a maximum value of 7.91 pSs™at 0.17 V
(see Fig. 2g). Overall, it followed the same trend as that observed for the
current in the CV. As already mentioned, the double-peak was also
evidenced in the CV recorded at low scan rates (10 mV s’l).

Considering that the membrane resistance partially depends on the
number and nature of charge carriers, the analysis of the Ry revealed
more information about the ion transfer. At bias voltages below the peak
potential, Ry remained constant with a value of 2.60 + 0.05 kQ
(considering the values obtained at —0.1, —0.06, and —0.02 V, see
Fig. 2f). As Epc approached to Ej,2, Ry began to progressively increase,
showing, for example, a magnitude of 3.18 kQ at 0.19 V (estimated error
in the fitting ~3 %). When Epc exceeded Ej/2, Ry acquired a high
resistance state. For instance, an Ry, of 12.85 kQ was estimated at 0.4 V
(with a fitting error of 3.5 %), increasing further to 40 kQ at Epc = 0.6 V
(more than 15 times the value at —0.1 V). It is worth mentioning that, at
Epc > 0.6 V, where the electrode resistance became relatively high, the
quality of the EIS data deteriorated and became more complex. Thus, an
additional RQ element was required in the fitting, as presented in
Fig. S4.

Overall, the ECM analysis demonstrated the possibility of separating
and quantifying different contributions occurring at different charac-
teristic frequencies. However, it also manifested a disadvantage. The
complexity of the phenomena makes in some cases the fitting in terms of
ECM very challenging. In particular, the partial overlapping of different
resistive and capacitive contributions makes it difficult to obtain reliable
magnitudes with acceptable error values. For instance, the percentual
fitting errors of parameters such as R¢y (where its contribution became
minimal compared to Ry) in the peak region reached values of 25 %. In
this context, our group introduced the use of DRT analysis for obtaining
resistance values with a relatively simple mathematical inversion [45].
This method has been proven to be very useful to obtain different
resistive values and to assist the subsequent ECM fitting [61]. Unfortu-
nately, the analysis for these systems exhibiting thin-layer behavior is
only reliable at high/moderate frequencies due to the divergent
behavior of Z at low frequencies.
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Another approach to attain information from EIS data is through the
analysis of time constants. Although this method provides a more
qualitative estimation of the system's resistances and capacitances, it can
yield highly valuable insights into the processes occurring within the
electrochemical cell. To investigate the characteristic times of the
different processes, a common method is to identify the breaking points,
i.e., the frequencies at which the system transitions from a resistive
(frequency-independent) behavior to a capacitive one, and vice versa
[42,44]. These points correspond to the frequencies where the phase
angle reaches 45°. As shown in Fig. 3, at an Epc<-0.1 V (well below the
peak region), the breaking point associated with the transition from
resistive behavior due to Ry to charge saturation appeared at ~135 Hz.
This value decreased to ~13 Hz for the analogous transition at an
Epc<0.4 V (above the peak potential) due to the higher system resis-
tance. Conversely, at an Epc of 0.19 V, where the transition corre-
sponded to the change from resistive behavior due to R¢r to charge
saturation, the breaking point was located at ~5 Hz. This finding in-
dicates that the characteristic frequency associated with Ry, reflecting
the dynamics of charge carriers and ions within the membrane, was
significantly higher (and therefore, more rapid) than that of electron
transfer.

So far, it has been demonstrated that EIS offers several advantages
due to its ability to separate different phenomena occurring at distinct
frequencies. The method requires relatively long measurement times
(ca. 2 min per Ep¢ value) and, unlike other traditional electrochemical
techniques such as CV, the information is not directly accessible. As an
intermediate approach bridging the deconvolution of electronic and
ionic phenomena with the need for shorter and simpler measurements,
we applied AC voltammetry. This technique combines the principles of
EIS and traditional voltammetry: the Epc is swept with a staircase
function while a low-amplitude AC voltage (typically 5-25 mV) is
superimposed. The results are usually represented as the pulse current
(PULSE I(AQ)) as a function of Ep¢ bias voltage. In the case of the POT-
membrane system here investigated, the Ep¢ scan allows control over
the redox state of POT and, simultaneously, the coupled ET-IT processes,
while the chosen frequency of the superimposed AC voltage enables
selectively focusing on specific phenomena (faradaic or non-faradaic).

As shown in Fig. 4a, the AC voltammograms (ACV) were highly
sensitive to the frequency of the AC perturbation. At low frequencies (e.
g., <10 Hz), the signal was characterized by a relatively small and
constant background current with a prominent peak around ~0.2 V. As
the frequency increased, this peak gradually diminished, and the ACV
adopted a sigmoidal shape, transitioning from high pulse currents at
Epc<0 V to very low pulse currents Epc>0.4 V. As illustrated in Fig. S5,
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at frequencies above 1 kHz, the peak was nearly absent. Then, at fre-
quencies exceeding 10 kHz, the sigmoidal response was also lost, with
the pulse current remaining essentially constant across the Ep¢ range.
For frequencies above 1 kHz, noise contributions became significant and
therefore, measurements were typically conducted within the range of
3-5Hz to 1 kHz.

According to the obtained results, it is hypothesized that the appli-
cation of an AC voltage of low frequency (e.g., <10 Hz) led to an AC-
voltammogram with a main contribution of the coupled ET-IT process.
This is because the frequency is low enough to allow the POT redox
reaction (with the concomitant IT transfer) to follow the sinusoidal
perturbation and contribute to the signal. The signal is mainly charac-
terized by a peak located at the same voltage as in the traditional CV
(Fig. 4b). In contrast, the application of an AC voltage of high frequency
(e.g., 250 Hz) led to an AC-voltammogram mainly determined by the
number of charge carriers inside the membrane, which is in turn closely
related to the IT process. This is explained by the fact that the sinusoidal
perturbation oscillated with a frequency that fairly exceeded the char-
acteristic frequency where the redox reaction occurs. Effectively, mainly
phenomena related to ion transport in the membrane (and in the solu-
tion) can follow the AC voltage. Thus, the high amount of charge carriers
in the membrane when Epc < Ej 2 (i.e., where POT was mainly in a
reduced state) generate minimal values of Ry, enabling a high PULSE I
(ACQ) state. The oxidation of POT, with the concomitant ion transfer from
the membrane to the solution phase, imposed a high resistive layer on
the electrode that explained the low PULSE I(AC) state at Epc >> Ej/2.
Then, the transition between the high and the low PULSE I(AC) states
was in the peak region of the CV. Moreover, the disappearance of the
sigmoidal shape in ACV at frequencies above 10 kHz can be attributed to
the fact that these frequencies substantially exceeded the characteristic
value of ion transport in the membrane, causing the contribution of Ry,
to the signal to be lost (Fig. S5).

A feature that enables the use of thin-layer SC-ISEs as sensing plat-
forms is the close relationship between the peak potential and the af-
finity of the membrane components towards the ion or, the tendency of
the ion in question to enter the membrane from the solution. Regarding
this latter and considering the GC/POT/MI electrode, the use of a sup-
porting electrolyte based on a highly lipophilic cation such as tetrabu-
tylammonium (TBA™) gave rise to a big shift in the peak potential
compared to the value obtained for Na™ (Fig. 5a) [26,62]. Specifically,
the mixture of NaCl and TBACI resulted in a voltammogram with two
peaks located at 0.19 V and 0.53 V due to the interfacial transfer of Na™
and TBA™, respectively. The higher value in the peak potential for the
TBA™ is explained by the higher lipophilicity with respect to Na¥,
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Fig. 3. (a) Bode and (b) Nyquist plots at three selected Epc values for the same electrode and at the same conditions as those used in the experiments shown in Fig. 2.
Dashed lines in Figure (a) indicate the breaking points arising from the transition from the resistive to the capacitive behavior for the EIS recorded at —0.1 V and 0.19
V. The frequencies of the breaking points are indicated as a star (at —0.1 V, in the absence of electron transfer) and a triangle (at 0.19 V, in the presence of ET-IT) in
the Nyquist plots of Figure (b). Supporting electrolyte: 10 mM NaCl. Electrode: GC/POT/ML
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NaCl. Electrode: GC/POT/MI.
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Fig. 5. (a) CV, (b) ACV at 5 Hz, and (c) ACV at 1 kHz obtained at different TBACI concentrations. Supporting electrolyte: 10 mM NaCl. Electrode: GC/POT/MI.

requiring, in turn, a higher potential to be released from the membrane. of PULSE I(AC) in terms of the voltage. Specifically, in the absence of
Increments in the TBA™ concentrations (from 1 to 50 pM) generated an TBA™Y, at Epc < 0 V, PULSE I(AC) remained relatively constant at a value
increase in the peak current and area, whereas a decrease in the Na™ of 6.634 + 0.003 pA. While the trend was the same in the presence of
peak until disappearance (at 50 pM). Thus, the presence of different ions TBA', the magnitude of PULSE I(AC) decreased a 35 %, reaching a value
was evidenced as separated peaks, with the current magnitude and of 4.27 £ 0.01 pA. This agrees with the increment in Ry, obtained in the
voltammetric charge correlating with the ion concentration in the EIS measurement at —0.1 V (Fig. S7). When the bias voltage approached
sample solution (Fig. S6). the value corresponding to the Na* and TBA" transfers, PULSE I(AC)

Considering ACV at a low frequency of 5 Hz, the response was displayed an abrupt decrease. Remarkably, for TBA" concentrations of
characterized by prominent peaks, as explained for the case of only NaCl 1 pM and 5 pM, the ACV presented both steps, as expected due to the
(Fig. 5b). Similar as the CV results, the peak maxima for the Na* and contribution of both cations to the total ET-IT mechanism. TBA™ con-
TBA' were located at 0.19 V and 0.53 V, respectively, with current in- centrations >10 pM presented only one step located at 0.59 V (consid-

tensities determined by the concentration of TBA™ in the solution ering the half-height), which agrees with the position of the TBA™ peak
(Fig. S6). Then, the increment of the lipophilic cation concentration gave in the CV. Finally, for Epc > 0.6 V, PULSE I(AC) again kept relatively

rise to an increment in its current peak while producing a decrease in the constant with a current value of 0.4397 + 0.003 pA (less than 10 %
peak related to Na™t. As in the CV experiments, the trend observed for the difference among the different TBA™ concentrations). As was mentioned
peak current for the TBA™ did not exhibit a clear linear relationship in for the Na® case, this behavior can be explained due to the different
the range from 1 to 50 pM. Notably, previous reports demonstrated that timescales of the involved procedures in the electrode during the direct
the linear range can be tuned by investigating different aspects of the voltage sweep.
system, e.g., adjusting the amount of cation exchanger, which is outside Overall, ACV at low frequencies (e.g., 5 Hz) enables focusing on the
the scope of the present work [63,64]. complete ET-IT process (like the traditional CV), because both ET and IT
The increment of the frequency up to 1 kHz was found to dramati- are rapid enough to follow the low-frequency change in the AC voltage.
cally change the ACV features, as presented in Fig. 5c. The peaks were However, when the AC voltage is modulated at frequencies higher than
partially hidden, and the trend was mostly characterized by a step shape 250 Hz, ET cannot follow the sinusoidal perturbation and, therefore, its
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contribution to PULSE I(AC) is limited. Under these conditions, the
signal was mostly determined by the variations in the contribution of
non-faradaic processes to the AC signal at the different Ep, such as Ry,.
Considering that Ry is determined by the number of charge carriers
inside the membrane, among other variables, the signal at high fre-
quencies was again mostly related to the IT process.

Importantly, it is also possible to design highly selective membranes
by including an ionophore, i.e., a lipophilic molecule with a high affinity
towards a certain ion [39]. This strategy has been employed in most of
the potentiometric and voltammetric ion-selective electrodes. Consid-
ering the scope of this work, one question that arises is related to the
possibility of using ACV to study the ET-IT phenomenon but also, to shed
light on its analytical potential. In this context, Fig. 6a shows CVs at 100
mV s~ ! in 10 mM NaCl without and with 150 uM of KCl for GC/POT/-
MIII, an electrode modified with a membrane additionally containing
the K ionophore valinomycin.

In the absence of KCl, the CV displayed a single broad peak (full-
width half-maximum FWHM of 0.26 V) with a maximum located at 0.48
V, due to the coupling of ET and IT from POT and Na™ ions, respectively.
While the nature of the cation exchanger did not change, the Na* peak
was shifted by ~0.3 V compared to the membrane without the iono-
phore. This fact could suggest an enhanced stability of the ions in the
lipophilic environment of the membrane due to the interaction of Na™-
ionophore-cation exchanger, making it necessary to apply higher volt-
ages to trigger the IT. In the presence of 150 pM KCl, the CV also
demonstrated a single peak but shifted at higher potentials compared to
the case in the absence of KCl (Fig. 6a). Considering the relatively high
concentration of KCI, this peak can be attributed to the coupling of ET
and IT from POT and K™ ions, respectively. As demonstrated in previous
works, while the concentration of K™ is 60 times lower than that of Na™,
the outstanding affinity of the valinomycin ionophore towards potas-
sium strongly favors the entrance of this ion into the membrane over
Na™. This higher affinity also accounts for the higher peak potential of
0.75 V for the Kt IT compared to those obtained for Na™.

A similar trend was observed by performing ACV at a low frequency
of 5 Hz (Fig. 6b). The ACV was characterized by a well-defined peak that
shifted its position from 0.53 V to 0.73 V in the absence and presence of
150 pM K%, respectively. When the frequency of the superimposed
voltage was >250 Hz, the single peak was hidden, and a sigmoidal shape
characterized the ACV. The response displayed a high PULSE I(AC) at
bias voltages below Ej /3, followed by a sharp decrease in the current
around Ej,2 and a low PULSE I(AC) state for bias voltages > Ej/ 2.
Considering the frequency of perturbation, this feature is mainly due to
the changes in Ry promoted by the ion transfer. Therefore, the addition
of K™ generated two main changes: (i) it shifted the transition from the
high current state to the low to higher bias voltages, and (ii) it decreased
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the PULSE I(AC) values in the high current state. The first one is due to
the higher voltages required to expel K from the membrane to the so-
lution and, consequently, the higher voltage required to transition from
an ion-conductive membrane to an insulator one. The second one is
related to the mobility of the ions inside the membrane. The saturation
of the membrane with K* gave rise to Ry, which could indicate a lower
mobility of K*-valinomycin compared to the saturated membrane with
sodium [56,65].

All the trends observed and explained in the ACVs can be rational-
ized by analyzing the EIS at different Ep¢ (Fig. 6¢ and d). The EIS at —0.1
V in the absence and presence of K' exhibited very similar features, but
with a 50 % increase in the semicircle diameter (in Zggap) for the K*
case, due to the increment in Ry, promoted by the lower mobility of the
complexed potassium ions (Fig. 6c).° At Epc = E1/2,Na+» the Nyquist plot
in the absence of K™ showed the appearance of a second semicircle at
moderate/low frequencies ascribed to the R¢r of the ET-IT phenomenon.
Conversely, at the same voltage but in the presence of 150 uM of K*, the
Nyquist plot showed the semicircle only at very low frequencies, ac-
counting for a process with a very high Rer. This is explained by the
higher voltage required for the ET-IT phenomenon when the membrane
is saturated with K'. Thus, at Epc = Ej /2,Nat+> the response of the
membrane saturated in K' presented a negligible contribution of charge
transfer phenomena. At Epc = E1/2 k4, the Nyquist plot in the absence of
K" exhibited only a big semicircle, indicating an increase in Ry associ-
ated with the decrease of mobile ion number inside the membrane (Na™
release) (Fig. 6d). In the presence of K*, the EIS response shows a small
semicircle, likely due to the merging of Ry and Rer. Finally, at Epc = 1.1
V, both cases demonstrated an EIS response governed by a big semicircle
due to the very high Ry (Fig. 6d).

Beyond fundamental studies, a potential application of the ACV
technique could be related to analytical sensing. Fig. S8 presents the
voltammetric response of GC/POT/MIII, comparing conventional CV
with ACV at five different frequencies (3, 5, 10, 50, and 250 Hz). As
observed, with increasing K™ concentrations, both conventional CV and
ACV at a frequency <50 Hz showed a decrease in the Na * peak, as well
as an enhancement of the K™ peak (Fig. S7a-h). This trend continues
until K™ accumulation reaches a point where only its peak is detected
(concentration of 10 pM), which is due to membrane saturation. While
in the CV both peaks were evidenced for a K™ concentration of 10 uM,
this was mainly due to the higher scan rate (100 mV s’l) compared to
those employed in the ACV (~8 mV s (Fig. S7b) [31]. As the fre-
quencies increased beyond 50 Hz, however, the response transitioned
from a peak-shaped to a sigmoidal profile. Concurrently, the increase in
K* concentration caused a shift of the peak toward higher bias voltages,
which can be attributed to the higher potential region where potassium
ET-IT processes occur.
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CV and ACV at low frequencies exhibited similar trends for the sys-
tem under study. As shown in Fig. S9, while the use of ACV at low fre-
quencies leads to peaks very well defined with a flat base, this does not
seem to be translated into enhanced faradaic-to-background current
ratios compared to the traditional CV. From a theoretical point of view, a
conventional CV encompasses substantial contributions from both
capacitive and faradaic processes; whereas ACV, through appropriate
selection of perturbation frequency and amplitude, can generate signals
dominated by faradaic components, which would be advantageous for
sensing [54]. This behavior is analogous to that observed in differential
pulse and square-wave voltammetry, as described in several electro-
chemistry textbooks [54]. For the system evaluated here, a frequency of
3 Hz is likely still too high to capture all the beneficial contributions, due
to the uncompensated resistance introduced by the membrane. Never-
theless, further decrease in frequency would require a decrease in the
scan rate, and therefore, an increase in analysis time. Also, the modu-
lation of the amplitude could be key for improving the signal-to-noise
ratio of ACV.

The possibility of detecting ions at subnanomolar concentrations in
analogue systems to those evaluated in this article by employing CV has
been demonstrated in previous reports [63,64,66]. Also, for thin-layer
voltammetric electrodes, conventional CV offers a direct and reliable
means of quantifying the total faradaic charge, a key parameter in the
development of calibration-free sensors [28,36,67]. When combined
with the possibility of operating at higher scan rates (thus reducing
analysis times), these advantages suggest that the incremental benefit of
employing more sophisticated voltammetric techniques beyond
linear-scan CV and chronoamperometry may be limited in sensing ap-
plications of thin-layer ISEs. This conclusion is particularly relevant to
the systems evaluated in this work, where the voltammograms are very
flat and the subtraction of capacitive contributions in CVs does not pose
a significant challenge.

In more complex scenarios such as multi-ion sensing or with elec-
trode materials or configurations that provide complex background
signals, ACV (an analogous pulse technique) may provide clear advan-
tages [29,35]. In such cases, where different ions display distinct elec-
tron- or ion-transfer kinetics, frequency selection could serve as a
powerful parameter to enhance or suppress specific ion contributions,
thereby reducing peak overlap. Finally, it is worth noting that the pre-
sent study employed a relatively low AC amplitude of 25 mV. Exploring
higher amplitudes (50-100 mV) could enable the use of higher harmonic
analysis and large-amplitude Fourier-transformed ACV, thereby further
expanding the analytical opportunities of this approach [68,69].

4. Conclusions

This work provides new insights into the complex coupling between
electron transfer and ion transfer in thin-layer all-solid-contact ion-
selective electrodes, highlighting the potential of frequency-resolved
techniques to rationalize the operation. By combining cyclic voltam-
metry, electrochemical impedance spectroscopy, and AC voltammetry,
we quantitatively dissected the contributions of the different resistive
and capacitive elements that govern sensor performance. While direct
current techniques provide a response with accessible information about
the faradaic and capacitive charge, obtaining deconvoluted information
about the ET-IT process is not trivial. EIS analysis at different Epc
combined with the electrical equivalent circuit fitting revealed an
alternative to separate the different phenomena. It allowed obtaining
the membrane resistance, related to the total amount of ions and,
consequently, influenced by the ion transfer, and the redox capacitance,
related to the total amount of faradaic charge accumulated by the sys-
tem. However, equivalent circuit fitting involved a challenging and
time-consuming procedure. ACV proved to be an intermediate point to
deconvolve processes occurring at different characteristic frequencies,
such as ion transport and redox processes, in a simple and rapid way.
When the frequency is relatively high, the response evidenced a
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sigmoidal shape that followed the same trend as Ry, demonstrating its
relationship with the ion transfer procedure. These frequency-
dependent trends were analyzed in three representative systems: (i) a
membrane without ionophore in the presence of Na™, (ii) a membrane
exposed to mixed Na®/TBAT solutions, and (iii) a valinomycin-
containing (K'-selective) membrane in the presence of Nat and K*. In
all the cases, ACV provided a direct means to distinguish the contribu-
tions of ion transfer (e.g., at 1 kHz) from the combined ET-IT phenomena
(e.g., at 5 Hz). Although ACV may not initially appear to offer sub-
stantial advantages over simple CV from a sensing standpoint, it opens
numerous opportunities for further exploration, including the use of
higher harmonics and Fourier-transform-based analyses to gain a deeper
mechanistic understanding.
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