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A B S T R A C T

The paper presents the use of a new perinone polymer (PPer) as an intermediate layer and the development of a 
new type of potassium ion-selective electrodes with solid contact. The PPer layer was applied to the surface of a 
glassy carbon electrode using potentiodynamic polymerization from an electrolyte solution containing perinone 
precursors (Per). Subsequently, the surface of the electrode after application of the polymer was examined using 
a microscope and an optical profilometer. To check the quality of the prepared ion-selective electrodes, a series of 
tests were carried out and the analytical and electrical parameters of the electrodes were determined. Electrode 
modifications using PPer improved the electrode parameters, especially the stability and reversibility of the 
potential, compared to the control electrode covered only with an ion-sensitive membrane. The best electrode 
was the electrode modified with PPer applied in 10 cycles, which, as a result of the modification, allowed better 
parameters to be obtained – slope 58.86 mV/decade, LOD 1.2 × 10− 6 M, linearity range 5 × 10− 6 – 1 × 10− 1 M. 
A very low short-term potential drift value of 2.7 × 10− 4 mV/s was obtained as well as an extremely satisfactory 
SD value of 1.1 mV from E0 measurements. The modification also improved electrical properties and gave a 
negative result of the water layer test.

1. Introduction

Ion-selective electrodes with solid contact (SCISEs) are currently the 
most intensively researched group of electrodes. There is no internal 
electrolyte solution in these electrodes, so an additional layer called a 
solid contact is used here between the membrane and the substrate [1]. 
A solid contact is a material that provides good ion-to-electron con-
ductivity and is characterized by chemical stability and inertness, hy-
drophobicity, high electrical capacitance, and mechanical resistance. A 
well-chosen solid contact ensures adequate ion-to-electron conductivity 
between the membrane and the electrode substrate, which contributes, 
among other things, to improved potential stability [2–5]. When 
selecting a solid contact, we must also remember that it must be 
compatible with the components of ion-selective membranes (ISMs) to 
enable its use in sensors for versatile ion detection, which is why its 
inertness is also important[6,7]. Among the most popular solid contact 
materials are conductive polymers[8–10], carbon nanomaterials
[11–13], metal nanoparticles and metal oxides[14–16], as well as 

hybrid[17,18] and composite materials[19–21].
Various conductive materials can be used as a solid contact, but 

different properties of such materials should be taken into account. 
Thus, the electrical conductivity of polymers may be different depending 
on the type of charge carriers (free valence electrons, excess electrons, 
holes, ions) and may also be mixed. In addition to the chemical struc-
tural features, conductivity is also influenced by external factors such as 
temperature, electric and magnetic fields, electromagnetic radiation, 
chemical environment, the presence of non-specific interactions 
affecting the macroscopic ordering, etc. Π-electrons of conjugated sys-
tems are responsible for the conductivity in the neutral state, especially 
in regioregular linear systems[22–25] as well as in systems with limited 
rotation between monomer subunits, e.g. ladder polymers such as poly 
(benzimidazobenzophenanthroline) (BBL)[26–31]. Limited rotation of 
meric subunits can also be achieved by obtaining a quinoid structure 
after oxidation or reduction of the π-conjugated systems, where the 
conductivity is associated with the migration of polaronic or bipolar 
states (doped states). These positive or negative polarons/bipolarons 
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also exist due to the presence of appropriate counter ions that 
compensate for the charges of the macromolecules[32]. Not only 
intramolecular transfer but also intermolecular one is responsible for 
charge transfer, which is particularly important in donor-acceptor 
polymers. The presence of specific donor-acceptor structural motifs 
can create charge transfer (CT) complexes responsible for the conduc-
tivity of such material, especially under the influence of thermal or light 
energy, etc.[33]. Intermolecular conductivity may also occur as a result 
of the reversible electron transfer between stable redox centers of the 
polymer, taking place in the environment of an ionic conductor. Typical 
ionic conductivity occurs in ionomers, resulting from the dissociation of 
a proton or other ion into the environment and its transfer in an electric 
field[34].

The properties of conductive polymers can be modified for specific 
applications. When used as interlayers in ISEs, hydrophobicity is 
important. This parameter can also be significantly improved by intro-
ducing highly hydrophobic ions into the polymer structure[35]. 
Increased hydrophobicity and efficiency in charge transfer can also be 
achieved by combining a conductive polymer with other materials to 
form copolymers, composites or hybrid materials[36–38]. In each case, 
however, this requires additional operations, so the search continues for 
conductive polymers that can act effectively as a solid contact and are 
relatively simple to produce.

Taking into account contemporary knowledge about conductive 
polymers and the expectations placed on the solid contact in ion- 
selective sensors, a new perinone polymer was proposed for several 
reasons. Firstly, due to its structural features, this polymer has a very 
good structural affinity both for the electrode material, i.e. glassy carbon 

(GC) (aromatic segments and partially ladderization) and also to ion- 
sensitive membrane (stable redox centers with trapped ions), and all 
this in one polymeric structure (without the need to use a composite) in 
an easy, cheap and ecological electropolymerization process[24,25]. 
Additionally, this polymer exhibits many reversible redox states in a 
very wide potential window. Secondly, perinone monomers can also be 
obtained in a simple condensation reaction, like many known perinone 
dyes (containing an amide-amidine system) (Fig. 1)[22,39–48]. The 
monomer precursors are usually aromatic (di)anhydrides and a suitable 
diamine. In our case, 1,8-naphthalenamine was used, which leads to the 
formation of a perimidine unit in the monomer structure, through which 
new bonds were formed giving perinone polymers[49–52]. This paper 
presents the first use of perinone polymers (PPer) in the construction of 
potassium solid contact ion-selective electrodes, whose design was 
enriched with an intermediate layer constituted by a PPer deposited by 
electropolymerization from Per solution (Figs. 1, a-1).

2. Materials and methods

2.1. Materials and measurements as seen in supporting information

.

2.2. Preparation of ion-selective electrodes

2.2.1. Preparation of PPer intermediate layer
Before applying the intermediate layer, the surface of the GCE was 

properly pre-prepared[53]. A perinone polymer was deposited from a 

Fig. 1. Examples of perinones (a-d) also containing the perimidine segment (a, b); mixture of perinone isomers (a-1 = Per) as the system subjected to electro-
polymerization in the discussed work.
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saturated Per solution obtained as a result of dissolving 0.2 mg of Per in 
2 mL of 0.1 M solution of tetrabutylammonium hexafluorophosphate in 
dichloromethane. To carry out electropolymerization (potentiody-
namic), software was run to set the parameters of the procedure carried 
out in cyclic voltammetry mode (in the positive potential range from 
− 0.4–1.00 V vs. Fc/Fc+ redox couple as the external reference; 50

mV/s). The stabilization process was conducted under the same condi-
tions and parameters as the polymerization process. The difference was 
that for each electrode the stabilization was carried out in 5 cycles and 
the electrolyte solution did not contain Per monomers.

Fig. 2. The CV curves of electropolymerization of Per and their stability; the PPer polymers deposited under 10 (a), 20 (b), and 30 CV cycles (c) as solid contacts for 
GCEs; electropolymerization of Per and the PPer structure obtained in the range of − 0.4–1.0 V and after stopping at − 0.4 V (vs Fc/Fc+) (d).
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2.2.2. Preparation of ion-sensitive membrane and application to the 
electrode substrate

The next step was the application of an ion-selective membrane. For 
this purpose, a membrane cocktail with the following composition (wt./ 
wt.): 64 % DOS, 32 % PVC, 3 % valinomycin and 1 % KTpClB, was 
applied to the surface of the inner electrode (3×50 μl). After solvent 
evaporation, the prepared electrodes were conditioned in 1 × 10− 3 M 
KNO3 solution for two days. Similarly, electrodes without the polymer 
interlayer were prepared. In this case, the membrane cocktail was drop- 
casted directly onto the cleaned unmodified GCE. Three electrodes of 
each type were made and tested in parallel.

3. Results and discussion

The purpose of the study was to test the possibility of using a new 
polymer from the perinone group as an intermediate layer in the design 
of ion-selective electrodes. This polymer had not been studied in this 
regard before. The subjects of the study were three types of electrodes 
differing in the thickness of the layer (the number of cycles in the 
application step) of the perinone polymer, which was the intermediate 
layer of the electrodes that were marked GCE/PPer-10c/K+-ISM (10 
cycles), GCE/PPer-20c/K+-ISM (20 cycles), GCE/PPer-30c/K+-ISM (30 
cycles), respectively, and an unmodified electrode without the PPer 
layer (GCE/K+-ISM).

3.1. Preparation of the intermediate layer of the GCE/PPer in the in situ 
electropolymerization of Per

PPer layers were deposited on the GCE by electropolymerization 
from a Per solution (Fig. 2a-c). Electropolymerization was carried out to 
obtain a specific structure of the PPer, as in Fig. 2d. The desirable state of 
the PPer was controlled in the process of potentiodynamic polymeriza-
tion, which enabled the oxidation of the Per precursor (oxidation peak at 
0.87 V) and then obtaining the appropriate oxidized state of PPer (the 
process stopped at − 0.4 V vs. Fc/Fc+). Each subsequent voltammetric 
cycle allowed for an increase in the amount of the deposited polymer. 
The electrodeposited PPer is a multi-redox polymer partially π-conju-
gated, with 3 redox states with the first one permanently charged: 0.1 V, 
0.4 V and 0.9 V – from the protonated bis-perimidine unit (radical 
cation/dication), double-bonded deprotonated bis-perimidine and 
single-bonded deprotonated ones, respectively. The PPer cannot be 
completely discharged due to the strong hydrogen interaction of the 
hydrogen atom and the oxygen of the amino group, which was, how-
ever, a favorable state due to an ISM coating in the next stage. Full 
charging of the PPer was not used to ensure a longer life of the sensors 
and greater adhesion to the GCE. The thickness of the PPer interlayer 
was controlled using three different numbers of potential sweep cycles 
(10 – Fig. 2a, 20 – Fig. 2b, Fig. 2c – 30 CVs) and was further analyzed by 
comparing the effect of this parameter on the properties of the obtained 
GCE/PPer/ISM. The PPer layers obtained directly on the GCE during the 
in-situ electropolymerization made it possible to obtain coatings very 
well attached to the GCE electrodes, which is confirmed by the sweeping 
potential of the GCE-PPer in the range of − 0.4–1.0 V in an electrolyte 
solution without Per, thus confirming again the presence of three typical 
and reversible redox states of this polymer. The current intensity 
remained at a similar level in subsequent cycles, which confirms the 
stability of the deposited PPer.

3.2. Examination of intermediate layer properties

The freshly applied PPer polymer layer is visible at the right angle to 
the naked eye. A series of further tests were conducted to verify the GCE 
surface coverage rate and the polymer layer’s structure and 
morphology. An image of the GCE electrode taken before and after 
applying the perinone polymer using an optical microscope (Figure S2, 
a-d) showed that the PPer polymer film covers the entire surface area 

constituted by the glassy carbon, which proves that the method of 
polymer electrodeposition from solution is a good one for depositing 
these types of conductive polymers.

Extremely important is the specific surface area of the electrodes – as 
it grows, the electrical capacitance of the conductor increases, which 
depends, among other things, on its size. By obtaining a developed 
surface characterized by roughness and a significantly increased surface 
area, the amount of charge that can be received and then transferred at 
the same time is increased, which translates into more efficient charge 
transfer and therefore an improvement in electrical parameters of the 
layer. The study of the geometric structure of the polymer layer was 
carried out by optic profilometry. Based on the results, the averaged 
roughness (Ra) was determined. The Ra for the unmodified electrode 
was 27.3 nm. For the surface coated with the perinone polymer in 10 
cycles, the roughness increased almost 20 times (Ra=489.14 nm), which 
indicates the increased irregularity of the surface and thus an enhanced 
specific surface area of the electrode substrate. Visually, we can see the 
transition of the uniform, flat surface, seen in Fig. 3a, into a heteroge-
neous surface, which has a rather elaborate structure forming a structure 
resembling a rock formation or mountainous terrain (Fig. 3b). In the 
case of the electrode, where the polymer film was applied at 20 cycles, 
we notice a smoothing of the surface, which is most likely due to the 
polymer chain entering deep into the highly heterogeneous surface 
(Fig. 3c). The result is a less rough surface, where the Ra parameter is 
71.5 nm. Applying the polymer to such a surface for 10 subsequent cy-
cles, we again observe the formation of an irregular layer and a signif-
icant increase in the specific surface area. Therefore, in the electrodes 
where the intermediate layer was applied in 30 cycles, we observed 
meanders and hills (Fig. 3d) that contributed to an increase in rough-
ness, which was 215.39 nm for this electrode.

The reasons for the changes in roughness over successive deposition 
cycles are the mechanism of nucleation and the growth of the PPer. This 
process is multiple and multi-stage and the final roughness of the PPer 
interfacial layer may depend on the number of voltammogram cycles. 
However, the polymer roughness does not always have to decrease with 
the number of cycles for several reasons. Firstly, the nucleation process 
depends on many factors – the quality of the electrode material, 
monomer concentration, diffusion, distribution of electric field forces on 
a clean electrode and on an electrode partially or completely coated with 
polymer, etc. Secondly, these parameters will be different and these may 
have different effects on the three key process stages – the formation of 
the first polymer grains with lots of pores (up to a. 10 cycles), obtaining 
an almost complete coverage of the electrode and a relatively smooth 
polymeric surface (up to a. 20 cycles), and again uneven polymer growth 
(up to a. 30 cycles), etc. Obviously, the division of nucleation phases 
within voltammetric cycles may vary depending on the system and 
conditions. Here, until the 10th cycle, we observe the first stage of rapid 
PPer nucleation, because the monomer concentration at the electrode 
itself is then the highest. As the process progresses, the monomer con-
centration at the electrode itself decreases and remains constant deep in 
the solution (slower monomer diffusion than the process itself). We did 
not use stirring of the solution to continuously supply the monomer to 
the electrode surface due to inefficiency and less control over the growth 
of the polymer itself. Additionally, areas containing GCE crystal defects 
are preferred for the initial nucleation. Therefore, the first stage of 
electropolymerization ensures obtaining the highest significant rough-
ness of the PPer. The second stage (up to cycle 20) is the process of 
further covering the electrode with the polymer until it is completely 
covered. An even layer is obtained at this stage due to the presence of the 
monomer trapped in the pores of the PPer, which undergoes electro-
polymerization (its concentration in the pores may be higher than on the 
polymer surface). However, it should be clearly indicated that this 
polymer layer also contains surface defects that cause uneven further 
polymer growth in the next stage. Thus, under the indicated conditions, 
this process can be divided into alternating electropolymerization on the 
"hills" or in the pores of the PPer. It is therefore important to control this 
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growth and stop it at the right stage. Upon deposition onto the GC plate, 
the PPer exhibited a thickness of 10 nm after undergoing 10 cycles of 
deposition. The next cycles of deposition resulted in a gradual increase 
in thickness and for 30 cycles of deposition we obtained a layer with a 
thickness of around 50 nm. The layer thickness depends linearly on the 
number of deposition cycles (Fig. S3, f).

3.3. Potentiometric response

To determine the characteristics of each electrode, calibration was 
performed in a solution of K+ ions (KNO3 solution), in the concentration 
range of 1 × 10− 1 – 1 × 10− 7 M from the lowest to the highest con-
centration. The measurements were repeated weekly over three months. 
An example of one calibration curve from each month is shown in Fig. 4. 
Based on the curves, the basic analytical parameters determined for each 
electrode are shown in Table 1. All of the electrodes showed a very good 
slope close to Nernst values, but it was the GCE/10c_PPer/ISM electrode 
that exhibited the highest sensitivity of 58.86 mV/dec, which remained 
stable during the three months. The presence of the PPer as well as the 
layer thickness did not significantly affect the detection limit – the LOD 
for each electrode remained at the micromolar determination value 
throughout the measurement period. Similarly, for the working range of 
the electrodes, the linearity of the modified electrodes was 5 × 10− 6 – 
1 × 10− 1 M and was stable for each measurement for the modified 
electrodes, as the linearity range shortened for the GCE/ISM. The 
presence of the PPer significantly improved the long-term stability (E0). 
The intermediate layer with the smallest thickness proved to be the best 
modification in this case, which gave the best measurement repeat-
ability. The GCE/10c_PPer/ISM had the best stability, as evidenced by 
the low value of the standard deviation determined for E0 values from all 
measurements (SD= 1.10 mV) and a potential drift equal to 0.015 mV/ 
day (both parameters were more than 50 times better than for 

unmodified electrodes). The potential drift E0 for the other electrodes 
was 1.305, 0.431, and 0.266 mV/day, respectively for GCE/ISM, GCE/ 
20c_PPer/ISM, and GCE/30c_PPer/ISM. The presence of the perinone 
polymer resulted in sensational long-term stability - the E0 value 
improved the most for the electrode with PPer applied at 10 cycles. 
Compared to the electrode GCE/10c_PPer/ISM, a slightly worse stability 
was observed for the GCE/20c_PPer/ISM and GCE/30c_PPer/ISM. 
However, the potential drift and SD values obtained for these electrodes 
were still much lower than for the electrode without the PPer layer.

3.4. Reversibility and short-term stability of the potential

To check the effectiveness of the implemented intermediate layer in 
the obtained electrodes, the short-term potential stability was deter-
mined. For this purpose, the potential of the SCISEs was measured in a 
solution of the KNO3 solution with a concentration of 1×10− 3 M for 
3 hours. The dependence of the potential on time was determined 
(Fig. 5), from which the potential drift values were then calculated 
(potential drift=ΔE/Δt; where ΔE – the difference of the initial and final 
potentials, Δt – the difference of time). The value of this parameter for 
the tested GCE/ISM, GCE/10c_PPer/ISM, GCE/20c_PPer/ISM, and GCE/ 
30c_PPer/ISM electrodes was 27.1×10− 4 mV/s, 2.7×10− 4 mV/s, 
6.5×10− 4 mV/s, and 4.1×10− 4 mV/s, respectively. All the PPer- 
modified electrodes showed significantly better stability, indicating a 
good effect of the introduced interlayer on the parameters of the SCISEs. 
The lowest potential drift was observed for the electrodes modified with 
the polymer applied at 10 cycles, which was 10 times lower than that for 
the GCE/ISM.

To check the reversibility of the potential, measurements were con-
ducted in 1×10− 4 M and 1×10− 3 M KNO3 solutions, alternately. The 
procedure for measuring potentials at different concentrations was 
repeated five times (Fig. 6). The values of standard deviations for the 5 

Fig. 3. The geometric structure of the PPer layers determined by optic profilometry - unmodified GCE surface (a), GCE/PPer-10c (b), GCE/PPer-20c (c), and GCE/ 
PPer-30c (d).
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measurements at both concentrations are shown in Table 2. The 
reversibility of the potential turned out to be significantly better for the 
electrodes modified with PPer. The GCE/10c_PPer/ISM was character-
ized by the best reversibility, as evidenced by a 26 times lower standard 
deviation value at the lower concentration and a 10 times lower value at 
the higher concentration compared to the GCE/ISM. The electrodes in 
which the polymer was applied at 20 and 30 cycles also showed 
improved reversibility relative to the unmodified electrode. In this case, 
the thickness of the intermediate layer affected the described parameter 
– the thinnest intermediate layer was the best modification option, 
which resulted in a satisfying reversibility value.

3.5. Selectivity

The next analyzed parameter was selectivity. The potentiometric 
selectivity coefficients (Kij) were determined using the separate solution 

method. All electrodes exhibited excellent selectivity behavior, but the 
electrodes with the intermediate PPer layer showed slightly better 
values of the selectivity coefficients than the GCE/ISM electrode with 
regard to almost every interfering ion. Only in the case of ammonium 
cations for the unmodified electrode were the results very similar to 
those obtained for the other sensors. The low values of the logarithmic 
selectivity coefficients confirm the good selectivity of the proposed ion- 
sensitive membrane (Table S1).

3.6. Effect of light and gases

In order to check whether changing lighting affects the potential of 
the tested electrodes GCE/ISM, GCE/10c_PPer/ISM, GCE/20c_PPer/ISM 
and GCE/30c_PPer/ISM, alternating measurements were carried out in 
the light and the dark, in 1 × 10− 3 M KNO3. The illumination intensity 
had a little effect on the potential stability of all electrodes, regardless of 

Fig. 4. Compilation of electrode calibration curves from three months of measurements.
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the presence and thickness of the PPer modifying layer.
To check whether the presence of oxygen and carbon dioxide caused 

a change in the potential stability of the SCISEs, measurements were 
carried out in 1×10− 3 M of the KNO3 solution. Measurements were 
made alternately for 3 minutes in the solution saturated with the gases 
mentioned above and the solution through which a stream of nitrogen 
was passed for 20 minutes before each measurement (Fig. 7). The 
electrodes with the conductive polymer intermediate layer had stable 
potentials in both solutions. For the GCE/ISM electrode, an unfavorable 
potential drift was observed toward higher potentials.

3.7. Water layer test

The electrodes were checked for the formation of a water layer[54]. 
Fig. 8 shows the pattern of potential changes recorded for the GCE/ISM 
and GCE/10c_PPer/ISM. In the case of GCE/ISM, after changing the 
solution from the main to the interfering ion, significant potential 
fluctuations were observed. When the interfering ion was changed to the 
main ion, the electrode potential had a different value from that in the 
same solution but before contact with the interfering ions (the difference 
was 40 mV). The electrode’s indications were also not stable over time 
since a constant negative potential drift was observed, which demon-
strates the formation of a water layer. Different results were recorded for 
the modified electrodes. The record of potential changes for the 
GCE/10c_PPer/ISM shows that no potential drift can be seen during both 
solution changes. The GCE/10c_PPer/ISM electrode, even after several 
hours of measurement in a sodium solution, gave a reproducible po-
tential for the main ion (the difference between the final potential for the 
first measurement and the initial potential for the second measurement 
was 0.408 mV), which was stable over time during the 20-hour mea-
surement (a potential drift that was 100 times smaller than that for the 
GCE/ISM). Similar results of the aqueous layer test were obtained for the 
other two electrodes modified with PPer.

3.8. Electrochemical impedance spectroscopy measurements

Electrochemical impedance spectroscopy (EIS) was used to deter-
mine the electrical parameters of the electrodes. The obtained imped-
ance spectra are shown in Fig. 9. For all electrodes with a polymer 
membrane, characteristic impedance spectra were obtained, which are 
characterized by the presence of a semicircle recorded for high fre-
quencies (this describes the resistance of the ion-selective membrane 
(Rb) and its bulk capacitance) and a branch forming a certain part of the 
second semicircle, defining the double layer capacitance and the charge 
transfer resistance between the membrane and the substrate electrode
[5,55,56]. Based on the analysis of the presented spectra, we see that in 
terms of shape, they do not differ fundamentally. At the same time, we 
can see the difference in the size of the individual parts of the spectrum, 
which is due to the different values of the electrical parameters. These 
were determined by matching the equivalent circuit shown in the insert 
of Fig. 9. The obtained data are shown in Table 3, where it can be seen 
that the lowest value of membrane resistance (Rb) was obtained for the 
GCE/10c_PPer/ISM, equal to 286 kΩ, while the values for the other 
modified electrodes were higher – 1640 and 1140 kΩ for the 
GCE/20c_PPer/ISM and GCE/30c_PPer/ISM, respectively. As can be 
seen, the resistance value of the membrane depends on the number of 
cycles of the applied PPer polymer. This is related to the deposited PPer 
layer’s surface form and the membrane’s different penetrations into the 
polymer layer. The PPer layer deposited at 10 cycles was characterized 
by the highest roughness and therefore the membrane penetrating into 
its structure reduces its resistance to the greatest extent. The growth of 
the perinone polymer layer results in a more flattened structure. In this 
case, the amount of membrane layer penetrating into the structure of the 
PPer layer is reduced and the membrane resistance is increased in 
accordance with the degree of roughness of the PPer layer [57]. How-
ever, in each case, the introduction of an intermediate layer resulted in a Ta
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decrease in the membrane resistance since the value of the Rb parameter 
obtained for the GCE/ISM electrode was 2040 kΩ. The introduced in-
termediate layer improved the process of charge transfer between the 
membrane and the substrate material, as evidenced by the significantly 

reduced charge transfer resistance for the modified electrodes compared 
to the unmodified electrode and the higher value of electrical capaci-
tance for each electrode against the unmodified electrode. This is un-
doubtedly related to the specific surface area of the tested layers - the 
larger the specific surface area, the greater the electrical capacitance. As 
we can see, there is no proportional value as regards the thickness of the 
layers – the rule the thicker the layer the better is not correct here. The 
best modification was the introduction of a polymer layer by a 10-cycle 
electrodeposition. In this case, the highest roughness was obtained, and 
thus the highest specific surface area and electrical capacitance. 
Therefore, the membrane-intermediate layer contact area increased and 
the resistance decreased. As a result, we obtained the best values of the 
electrical parameters for this modification. In terms of these parameters, 
the next electrode was the GCE/30c_PPer/ISM. The electrode in which 
the polymer was applied at 20 cycles turned out to be worse in terms of 
the resistance and electrical capacitance of the double layer. This is 
correlated precisely with the aforementioned roughness – due to the 
lower heterogeneity of the intermediate layer surface of the 

Fig. 5. The short-term stability of the potential.

Fig. 6. Reversibility of the potential of the SCISEs.

Table 2 
Results of reversibility measurements, mean potential values and standard de-
viation determined in 1×10− 3 M and 1×10− 4 M KNO3.

SCISE Mean EMF ±SD for 1×10− 3 

M 
(n=5) 
[mV]

Mean EMF ±SD for 1×10− 4 

M 
(n=5) 
[mV]

GCE/ISM 384.97 ± 12.69 335.35 ± 11.29
GCE/10c_PPer/ 

ISM
464.89 ± 0.31 403.90 ± 0.78

GCE/20c_PPer/ 
ISM

375.42 ± 1.31 321.25 ± 2.79

GCE/30c_PPer/ 
ISM

388.95 ± 1.02 330.44 ± 1.63
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GCE/20c_PPer/ISM electrode, weaker results of the electrical parame-
ters were obtained for the GCE/30c_PPer/ISM electrode.

Ru, uncompensated series resistance; Rb, bulk resistance; Rct, charge 
transfer resistance; CPE, constant phase element; Y0, initial value for the 
admittance for the CPE element; N, parameter showing to what extent 
the CPE is the ideal capacitance (if N= 1, then the CPE is the ideal 
capacitance, and when N= 0.5, it is Warburg impedance).

3.9. Chronopotentiometry measurements

The chronopotentiometry technique was used to determine the po-
tential stability under current conditions and electrical capacitance. The 
chronopotentiograms obtained for the GCE/ISM (applied current 10 nA) 

and the GCE/10c_PPer/ISM (applied current 100 nA) are shown in 
Fig. 10. By using the received data the potential drift was determined 
from the slope of the linear part of E-t curves and the electrical capac-
itance was evaluated from the dependence C=i/(dE/dt) (where: E – 
measured potential, i – value of the applied current, t-time, C - electrical 
capacitance) [57]. The values of potential drift equal to 1740, 310, 627, 
and 405 µV/s (for GCE/ISM, GCE/10c_PPer/ISM, GCE/20c_PPer/ISM, 
GCE/30c_PPer/ISM, respectively) were determined, as well as the values 
of electrical capacitance equal to 5.75, 322, 159 and 246 µF (for the 
same order of electrodes). For the PPer based electrodes the capacitance 
increases with the increase of the PPer layer roughness. Similar results 
were observed in the paper [58]. As was expected, the PPer interlayer 
electrodes exhibited higher electrical capacitance, compared to simple 

Fig. 7. The influence of gases on the potential.

Fig. 8. The results of the water layer test for the GCE/ISM and GCE/10c_PPer/ISM.
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glassy carbon disc electrodes coated only with a potassium membrane. 
As a result, the modified electrodes exhibited significantly smaller po-
tential drifts than unmodified electrodes.

3.10. Comparison of the parameters for the tested GCE/10c_PPer/ISM 
and other SCISEs modified with using single solid contact material

Table 4 presents a comparison of parameters for potassium ion- 
selective electrodes that differ in the type of used solid contact. The 
solid contact was composed of a single material, such as a conductive 
polymer. These included poly(3-octylthiophene) (POT)[59], polyaniline 
(PANI)[60,61], poly(3,4-ethylenedioxythiophene) (PEDOT)[57], poly-
pyrrole (PPy)[62], and the perinone polymer (PPer) presented in this 
study. Additionally, the table highlights the use of polypyrrole films 
doped with perfluorooctanesulfonate (PPy-PFOS)[35] as SCs. The table 
also demonstrates that conductive polymers are not the only materials 
utilized as SCs. Other examples include carbon-based materials such as 

C60[63], three-dimensionally ordered macroporous carbon (3DOM)
[64], and graphene[65,66], as well as metal oxide nanoparticles like 
MoO₂[67]. Most of the electrodes featured glassy carbon electrodes as 
the inner electrode, while platinum (Pt) was used in this role in two 
cases. The electrode developed by our research team exhibited a slope 
close to the Nernstian value, and it demonstrated higher sensitivity 
compared to other polymer-based SCs, such as PANI, PEDOT, PPy, and 
PPy-PFOS, as well as carbon-based materials. Compared to the afore-
mentioned electrodes, the GCE/10c_PPer/ISM electrode had a fairly 
wide working range. The detection limits of these electrodes were very 
close. A remarkable advantage of the GCE/10c_PPer/ISM electrode is its 
superior long-term potential stability, which is made possible by the use 
of perinone polymer as a solid contact layer, providing better 
ion-electron conductivity between the membrane and the inner elec-
trode. As a result, during three months of use the electrode did not 
become damaged and provided similar potential values, as indicated by 
the low short-term and excellent long-term stability.

4. Conclusions

This paper describes the use of a new perinone polymer (PPer) as a 
solid contact in ion-selective electrodes. The advantage of the proposed 
polymer is its amphiphilic nature, which increases adhesion both to the 
phase of the electrode substrate (aromatic segments and partial ladder) 
and to the ion-sensitive membrane (stable redox centers of the polymer 
with trapped ions). It has favorable electrical properties (a mixed nature 
of conductivity and a wide charging current in a very large potential 
range) and acts effectively as a solid contact. The PPer was deposited by 
simple potentiodynamic technique onto the surface of the electrode 
substrate in three modes differing in the number of cycles. Such modi-
fication resulted in a significant improvement in the performance of the 
tested sensors. The most promising results were obtained for the GCE/ 

Fig. 9. The impedance spectra of the tested SCISEs.

Table 3 
The determined values of the electrical parameters.

Electrode Ru 

[kΩ]
Rb 

[kΩ]
CPE1 Y0 (N), 
[pF]

Rct 

[kΩ]
CPE2 Y0 (N), 
[µF]

GCE/ISM 67.6 2040 16.0(0.92) 90000 0.38(0.74)
GCE/ 

10c_PPer/ 
ISM

56.1 286 45.3(0.84) 18900 0.54(0.62)

GCE/ 
20c_PPer/ 
ISM

45,3 1640 13.2(0.94) 65000 0.59(0.72)

GCE/ 
30c_PPer/ 
ISM

57.8 1140 20.6(0.90) 22300 0.77(0.72)
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10c_PPer/ISM electrode, in which the solid contact PPer layer was 
applied in 10 cycles. The obtained electrode exhibited the highest 
sensitivity of 58.86 mV/decade and also had the best repeatability of 
results over time.

In introducing an intermediate layer, our main goal was to improve 
the stability and reversibility of the potential of the SCISEs. The presence 
of the intermediate layer significantly improved these parameters, as 
evidenced by the significantly lower potential drift and significantly 
lower SD values for the potentials measured in both 1 × 10− 4 M and 
1 × 10− 3 M KNO3 solution for the electrodes with the PPer solid contact 
than for the unmodified electrode. In the case of selectivity, the presence 
and thickness of the intermediate layer did not significantly affect this 
parameter. After checking the resistance of the electrodes to external 
factors such as light and the presence of gases, the conclusion was 
reached that the presence of polymeric layers minimized the influence of 
the external environment on their potential, resulting in a stable po-
tential for each layer thickness. An additional advantage of the modified 
electrodes is their stable design and structure, inside which no water 
layer is formed, which would cause the stable and reversible potential to 
deteriorate during use, whereas the potential drift would become more 
troublesome, which would translate into inaccurate and unreliable re-
sults. The stability and reversibility of the potential are closely related to 
electrical parameters, i.e. the electrical capacitance of the double layer, 
the resistance of the membrane, and the resistance of the charge transfer 
between the ion-selective membrane and the inner electrode. The 
implementation of PPer in 10 cycles allowed us to obtain 6 times lower 
membrane resistance and almost 5 times lower charge transfer resis-
tance, which is clear evidence that the introduction of a layer consisting 

of PPer with a developed surface and conducting properties is a good 
modification solution in SCISEs.
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Table 4 
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Solid contact 
material

Type of Internal 
Electrode

Slope [mV/ 
decade]

Range of Linearity [M] Limit of Detection 
[M]

Potential stability Reference

Short-term [µV/ 
s]

Long-term [mV/ 
day]
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Graphene GCE 58.3 1.0 × 10− 5− 1.0 × 10− 1 1.0 × 10− 6 38.5 (i=10 nA) N/A [65]
Graphene GCE 58.4 1.6 × 10− 6− 1.0×10− 1 6.3 × 10− 7 12.8 (i=1 nA) 0.14 [66]
MoO2 GCE 55.0 1.0 × 10− 5− 1.0×10− 2 3.2 × 10− 6 11.7 (i=1 nA) Good (not data) [67]
PPy-PFOS GCE 57.0 1.0 × 10− 6− 1.0 × 10− 2 8.8 × 10− 8 0.019 

(i=0)
1.66 [35]

PPer GCE 58.9 5.0 £ 10¡6¡1.0 £ 10¡1 1.23 £ 10¡6 0.27 (i¼0) 0.015 This work

K. Morawska et al.                                                                                                                                                                                                                             Sensors and Actuators: B. Chemical 422 (2025) 136662 

11 



Patryk Janasik, Malgorzata Czichy has patent #P.441371 pending to 
Silesian University of Technology. Mieczyslaw Lapkowski, Patryk 
Janasik, Malgorzata Czichy has patent #EPO EP22460052 pending to 
Silesian University of Technology. If there are other authors, they 
declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work re-
ported in this paper.

Data availability

Data will be made available on request.

Acknowledgment

Special thanks from the author (Klaudia Morawska) to the Silesian 
University of Technology for the internship opportunity, synthesis of 
perinone precursors, and the possibility of participating in processes 
such as the electropolymerization process of the perinone polymer. This 
work is partially supported by the Polish National Science Centre and 
under the Excellence Initiative – Research University programme at the 
Silesian University of Technology in Gliwice.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.snb.2024.136662.

References

[1] Y. Lyu, S. Gan, Y. Bao, L. Zhong, J. Xu, W. Wang, Z. Liu, Y. Ma, G. Yang, L. Niu, 
Solid-contact ion-selective electrodes: response mechanisms, transducer materials 
and wearable sensors, Membranes 10 (2020) 128, https://doi.org/10.3390/ 
membranes10060128.

[2] C. Wardak, Solid contact nitrate ion-selective electrode based on ionic liquid with 
stable and reproducible potential, Electroanalysis 26 (2014) 864–872, https://doi. 
org/10.1002/elan.201300590.

[3] K. Węgrzyn, A. Michalska, K. Maksymiuk, Electrochemical properties and 
analytical advantages of potassium-selective sensor with tungsten trioxide solid 
contact, J. Electroanal. Chem. 928 (2023) 117061, https://doi.org/10.1016/j. 
jelechem.2022.117061.

[4] W. Jiang, C. Liu, Y. Zhao, G.I.N. Waterhouse, Z. Zhang, L. Yu, A solid-contact Pb2 
+-selective electrode based on a hydrophobic polyaniline microfiber film as the 
ion-to-electron transducer, Synth. Met 248 (2019) 94–101, https://doi.org/ 
10.1016/j.synthmet.2019.01.008.

[5] C. Wardak, K. Pietrzak, K. Morawska, Nanocomposite of copper oxide 
nanoparticles and multi-walled carbon nanotubes as a solid contact of a copper- 
sensitive ion-selective electrode: intermediate layer or membrane 
component–comparative studies, Appl. Nanosci. (2023), https://doi.org/10.1007/ 
s13204-023-02846-x.

[6] J. Zhu, X. Li, Y. Qin, Y. Zhang, Single-piece solid-contact ion-selective electrodes 
with polymer–carbon nanotube composites, Sens Actuators B Chem. 148 (2010) 
166–172, https://doi.org/10.1016/j.snb.2010.04.041.

[7] K.R. Choi, B.K. Troudt, P. Bühlmann, Ion-selective electrodes with sensing 
membranes covalently attached to both the inert polymer substrate and conductive 
carbon contact, Angew. Chem. 135 (2023), https://doi.org/10.1002/ 
ange.202304674.

[8] K. Pietrzak, K. Morawska, S. Malinowski, C. Wardak, Chloride ion-selective 
electrode with solid-contact based on polyaniline nanofibers and multiwalled 
carbon nanotubes nanocomposite, Membranes 12 (2022) 1150, https://doi.org/ 
10.3390/membranes12111150.

[9] J. Bobacka, Conducting polymer-based solid-state ion-selective electrodes, 
Electroanalysis 18 (2006) 7–18, https://doi.org/10.1002/elan.200503384.

[10] K. Pietrzak, C. Wardak, S. Malinowski, Application of polyaniline nanofibers for the 
construction of nitrate all-solid-state ion-selective electrodes, Appl. Nanosci. 11 
(2021) 2823–2835, https://doi.org/10.1007/s13204-021-02228-1.

[11] P. Wang, H. Liu, S. Zhou, L. Chen, S. Yu, J. Wei, A review of the carbon-based solid 
transducing layer for ion-selective electrodes, Molecules 28 (2023) 5503, https:// 
doi.org/10.3390/molecules28145503.
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[28] S. Manandhar, V. Yrjänä, I. Leito, J. Bobacka, Determination of benzoate in 
cranberry and lingonberry by using a solid-contact benzoate-selective electrode, 
Talanta 274 (2024) 125996, https://doi.org/10.1016/j.talanta.2024.125996.

[29] T. Yamada, K. Kanda, Y. Yanagida, G. Mayanagi, J. Washio, N. Takahashi, All- 
solid-state fluoride ion-selective electrode using LaF 3 single crystal with poly(3,4- 
ethylenedioxythiophene) as solid contact layer, Electroanalysis 35 (2023), https:// 
doi.org/10.1002/elan.202200103.

[30] C. Bahro, S. Goswami, S. Gernhart, D. Koley, Calibration-free solid-state ion- 
selective electrode based on a polarized PEDOT/PEDOT-S-doped copolymer as 
back contact, Anal. Chem. 94 (2022) 8302–8308, https://doi.org/10.1021/acs. 
analchem.2c00748.

[31] X. Zeng, Y. Liu, G.I.N. Waterhouse, X. Jiang, Z. Zhang, L. Yu, Porous three- 
dimensional poly(3,4-ethylenedioxythiophene)/K3Fe(CN)6 network as the solid 
contact layer in high stability Pb2+ ion-selective electrodes, Microchem. J. 177 
(2022) 107279, https://doi.org/10.1016/j.microc.2022.107279.

[32] H. Li, M.E. DeCoster, C. Ming, M. Wang, Y. Chen, P.E. Hopkins, L. Chen, H.E. Katz, 
Enhanced molecular doping for high conductivity in polymers with volume freed 
for dopants, Macromolecules 52 (2019) 9804–9812, https://doi.org/10.1021/acs. 
macromol.9b02048.

[33] W. Hayes, B.W. Greenland, Donor–Acceptor π–π Stacking Interactions: From Small 
Molecule Complexes to Healable Supramolecular Polymer Networks, in: 2015: pp. 
143–166. https://doi.org/10.1007/978-3-319-15404-6_4.

[34] R. Gracia, D. Mecerreyes, Polymers with redox properties: materials for batteries, 
biosensors and more, Polym. Chem. 4 (2013) 2206, https://doi.org/10.1039/ 
c3py21118e.
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