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Abstract 

An innovative design of planar electrodes for flow-through potentiometric sensing 

devices is presented in this thesis. A planar and concentric potassium solid-contact 

ion-selective electrode (K+-SCISE) has been designed. The K+-SCISE is com-

posed of a valinomycin-based potassium ion-selective membrane (K+-ISM), car-

bon cloth (CC) as ion-to-electron transducer, and a gold wire as electronic con-

ductor. Three K+-SCISEs have been prepared and characterized. The electrodes 

showed stabile and reproducible response with short equilibration time. The 

slopes of the K+-SCISEs, calibrated in the range log[𝐾+] = -1 to -4, were 57.3 ± 

0.6 and 56.3 ± 0.4 mV/dec (average ± SD, n = 3) without background electrolyte 

(BGE) and with 0.1 M NaCl as BGE, respectively. The slopes of three electrodes 

during five consecutive days were between 56.2 and 59.6 mV/dec in the range 

log[𝐾+] = -1 to -4, with 0.1 M NaCl as BGE. The water layer test showed that the 

ion-selective membrane/carbon cloth interface is not subject to the formation of a 

water layer. The selectivity coefficients log𝐾𝑖,𝑗 for 𝑗 = Ca(II), Li(I), Mg(II), Na(I) 

were -4.29 ± 0.14, -3.21 ± 0.09, -4.68 ± 0.05, and -3.34 ± 0.08 (average ± SD, n = 

3), respectively. The electrochemical impedance spectroscopy (EIS) study 

showed that the resistance 𝑅 of the membrane depends on its width and thickness. 

The resistance was in the order of 45-275 MΩ for several electrodes, with different 

geometries. Three different approaches of innovative planar solid-state reference 

electrodes (SS-REs) have been explored. Three SS-REs based on tetrabutylammo-

nium tetrabutylborate (TBA-TBB) were tested. The reproducibility of the poten-

tial was not satisfactory. A commercial chloride ion-selective electrode (Cl--ISE) 

was calibrated versus the novel reference electrodes. The slopes of three calibra-

tion plots were -63.1, -61.8, and -58.5 mV/dec in the range log[𝐶𝑙−] = -1 to -4. It 

was not possible to calibrate the novel K+-SCISE versus the SS-RE based on TBA-

TBB, due to the loss of performances of the K+-SCISE when in close contact with 

the reference electrode. Two SS-REs based on silver/silver chloride (Ag/AgCl) 

approach were designed, one containing a polyvinyl acetate/potassium chloride 

(PVAc/KCl) composite membrane and the other containing a polyvinyl bu-

tyral/sodium chloride (PVB/NaCl) membrane. The layer of the PVAc/KCl com-

posite membrane was too thick and irregular, and it did not meet the requirements 
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of the sensing device. The PVB/NaCl membrane was too hard, and this compli-

cated the cutting process. The two reference membranes did not ensure the isola-

tion between the sensor and the analyte solution.  

Keywords: potentiometric sensor, solid-contact ion-selective electrode, planar electrode, po-

tassium ion-selective electrode, solid-state reference electrode.
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1 Introduction 

Potassium was selected as the primary ion for this study due to its clinical importance. Potas-

sium plays a critical role in the health status of living organisms1, and monitoring its level is 

part of routine medical analysis. Indeed, potassium monitoring is part of the Chem 7 test, a 

common clinical analysis that aims to monitor the principal health markers in human body2. 

Physical exercise and sweating cause the loss of several electrolytes and biomolecules3, includ-

ing potassium. Monitoring the amount of potassium in sweat is an important practice to estimate 

the amount of electrolyte lost during physical exercise. Potentially, the amount of potassium in 

sweat can be used as an indicator to estimate the internal electrolyte environment4. The high 

importance of electrolyte monitoring in sweat has pushed the research towards miniaturized 

wearable chemical sensors5. 

Chemical sensors6 are a class of important devices that are used to convert the concentration of 

an analyte in a sample into a measurable signal such as thermal, mass, optical or electrochemical 

signal. The group of sensors based on electrochemical transduction plays a very important role 

in our everyday analysis and research environment. One type of these sensors is the potentiom-

etric sensor7,8, in which the information about the activity of an ion in the measured sample is 

transformed into a potentiometric signal, that can be measured against a reference electrode. 

Selective sensing performed using ion-selective electrodes (ISEs)9 is nowadays an important 

field of chemical analysis. The ISEs allow performing selective measurements in a multi-ionic 

matrix, giving good selectivity. ISEs are used for a wide range of applications. In principle, 

they allow selective measurements of ions in environmental samples10 (soils, natural waters, 

and leachates), food samples11, and biological samples12. 

In general, the ISE is a useful tool for personal health monitoring. Health monitoring systems 

should allow fast and reliable measurements. The amount of biological samples sometimes is 

very low, and this adds the necessity to measure low amount of samples as a requirement for 

potentiometric wearable devices. 

The research topic of ISEs is an ongoing field that has seen fast growth during the last century. 

Up to now, it is possible to find in literature ISEs for determining around 60 analytes13, although 

not all of these electrodes are commercially available. To achieve the production of easy-to-use 

reliable sensors, new technologies and new sensor geometries are required. 
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This project is focused on the development of novel geometries of electrodes for an innovative 

sensing platform. The novel design of electrodes presented in this thesis allows the flow of 

sample solution through the electrode, for fast solution replacement in continuous monitoring. 

The first part of the project is focused on the preparation and characterization of the indicator 

electrode, a planar and concentric potassium solid-contact ion-selective electrode (K+-SCISE). 

In principle, any other ion can be measured by changing the composition of the ion-selective 

membrane (ISM). The second part of the project explores the possibility of implementing the 

device with a solid-state reference electrode (SS-RE). 

The presence of SCISE and SS-RE gives high robustness to the system and opens the possibility 

for miniaturization. The volume of the measuring cell is < 10 µL, and it would allow electrolyte 

monitoring using small sample volumes. The scope of this project is to develop a novel sensing 

platform, which could be implemented to obtain a flexible and robust potentiometric sensing 

device, for monitoring the level of electrolytes in sweat.  
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2 Theoretical background 

2.1 Chemical sensing 

Sensors are devices that transform changes in the environment into measurable signals. Sensors 

are used in diverse fields of applications, and are present in our life as part of several common 

devices. 

Chemical sensing6,14 is the ability to transform changes in chemical properties of a system, such 

as the activity or the partial pressure of a chemical specie, into a measurable signal. A chemical 

sensor is composed of two functional parts: the receptor and the transducer (Figure 1). The 

receptor functions as the recognition site. In the receptor, the chemical property is transformed 

into an energy source that is measured by the transducer. The transducer is capable to transform 

such energy source into a measurable signal that is sent to an appropriate measuring device. 

The transducer does not show selectivity. The selectivity of a chemical sensor comes from the 

receptor, which should be designed to respond solely to the analyte of interest. The recognition 

process in chemical sensors may involve different mechanisms6: 

• physical receptors: no reaction occurs at the receptor. The receptor is sensitive to 

changes in physical properties such as absorbance or refractive index. 

• Chemical receptors: the receptor is the site of a chemical interaction and/or reaction. 

• Biochemical receptors: a sub-class of chemical receptors, where a biochemical process 

occurs at the receptor. Examples of biochemical receptors are those that involve anti-

body/antigen or enzymes/substrate recognition processes. 

The transducer transforms the energy source of the receptor into a readable signal or a measur-

able change of a property. Transducers belong to four separate groups (Figure 1). The four 

transduction processes are: 

• Electrochemical: a change in an electrochemical property of the material, such as the 

potential (potentiometric sensors), current, amount of charge, or resistance. 

• Mass: a change in the mass of the sensor, for example due to the adsorption of the ana-

lyte. 

• Optical: may include changes in the absorbance or reflectance of the material, or a pro-

cess that involves luminescence. 

• Thermal: a change in the temperature of the material, which can be measured for exam-

ple as a change of its electrical properties. 
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Figure 1: General scheme of chemical sensors and chemical sensing processes. 

2.2 Potentiometry 

Potentiometry8 is a non-destructive electroanalytical technique where the potential difference 

between the indicator electrode(s)15 and a reference electrode16 is measured. In this case, the 

measured potential signal is given by the following equation: 

 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑖𝑛𝑑 − 𝐸𝑟𝑒𝑓 + 𝐸𝑗  (1) 

Where: 

• 𝐸𝑐𝑒𝑙𝑙 is the measured potential 

• 𝐸𝑖𝑛𝑑 and 𝐸𝑟𝑒𝑓 are the potentials of the indicator electrode and the reference electrode, 

respectively 

• 𝐸𝑗 is the liquid-junction potential17, which is developed at the interface between two 

dissimilar solutions. 

The potential is measured with a potentiometer. Potentiometers are devices with high resistance 

so that the flowing current would be as low as possible. Potentiometric measurements are per-

formed at equilibrium, and a high flowing current would disturb the system. Utilizing low cur-

rents means that the solution will not be affected by the measurement. 
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During a potentiometric measurement, the unknown potential of an indicator electrode im-

mersed in the analyte solution is compared to the known potential of a standard reference elec-

trode. The measured potential is dependent on the concentration (or better, the activity) of the 

analyte being measured. The potential (measured in Volts) is governed by the Nernst equation: 

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑧𝑖𝐹
𝑙𝑛 𝑎𝑖(𝑎𝑞) 

(2) 

Where: 

• 𝐸 is the measured potential 

• 𝐸0 is the standard potential 

• 𝑅 is the universal gas constant given as 8.3144 
𝐽

𝑚𝑜𝑙 𝐾
 

• 𝑇 is the temperature in 𝐾 

• zi is the charge of the target ion 𝑖  

• 𝐹 is the Faraday constant given as 96485.3 
𝑠𝐴

𝑚𝑜𝑙
 

• ai is the activity of the target ion 𝑖. 

The large variety of samples that can be analyzed using potentiometry include natural waters10, 

food samples11, and biological fluids12, specimens that are naturally characterized by complex 

multi-ionic matrices. In a potentiometric measurement, the potential of one or more indicator 

electrodes is compared to the potential of a reference electrode. Using ISEs as measuring elec-

trodes is the key to obtain selectivity in a potentiometric measurement. Due to the selectivity of 

the technique, samples with complex matrices require little or no pretreatment at all. Potenti-

ometric analyses are also relatively fast and easy to perform. The instrumentation is relatively 

cheap if compared with other common analytical techniques, and it allows to perform on-site 

measurements. Figure 2 shows the scheme of the set-up used for potentiometric analysis. 
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Figure 2: The schematic illustration of a set-up for potentiometric analysis. 

2.2.1 Activity and the Debye-Hückel theory 

Equation (2) shows that the potential of the indicator electrode does not depend on the concen-

tration of the measured analyte but rather on its activity. The activity 𝑎𝑖 of an ion 𝑖 in the solu-

tion depends on the concentration of the ion, the ionic strength of the solution and the size of 

the ion. 

As shown in Equation (3) below, the activity of an ion is proportional to the concentration of 

the ion: 

 𝑎𝑖 = 𝛾𝑖𝑐𝑖 (3) 

Where: 

• 𝑐𝑖 is the concentration of the ion 𝑖 in solution 

• 𝛾𝑖 is the activity coefficient of the ion 𝑖. 

It is common practice to assume that 𝑎𝑖 = 𝑐𝑖 at low concentrations. This assumption is tolerable 

in cases where the concentration of the analyte is low, and the solution does not contain other 

ions at high concentrations. In fact, in this case the value of the activity coefficient is approxi-

mately one. When these conditions are not met or when a more accurate value is needed, activity 

should be calculated. 

The activity coefficient 𝛾𝑖 can be calculated using the Debye–Hückel equation9: 

 
𝑙𝑜𝑔𝛾𝑖 = −

𝐴𝑧𝑖
2√𝐼

1 + 𝑎𝐾𝑗𝑒𝑙𝐵√𝐼
 (4) 
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Where: 

• 𝑧𝑖 is the charge of the ion 𝑖 

• 𝑎𝐾𝑗𝑒𝑙 is the Kjelland parameter, correlated to the hydrated ion radius (Table 1) 

• 𝐼 is the ionic strength  

• 𝐴 = 0.512 and 𝐵 = 0.328 in the case of aqueous solutions at 25 °C9. 

The ionic strength (𝐼) of a solution is an indicator of the concentration of all the ions present in 

that solution and can be calculated following the equation: 

 
𝐼 =

1

2
∑(𝑐i𝑧i

2

i

) (5) 

Where: 

• 𝑐i is the concentration of each ion in the solution 

• 𝑧i is the charge of the ion. 

The values of 𝑎𝐾𝑗𝑒𝑙 for the ions studied in this work are listed in Table 1. 

Table 1: Values of the parameter 𝑎𝐾𝑗𝑒𝑙  for the studied ions9. 

Ion 𝒂𝑲𝒋𝒆𝒍 

K+, Cl- 3 

Na+ 4.5 

Li+, Ca2+ 6 

Mg2+ 8 

2.3 Ion Selective Electrodes 

An ion-selective electrode (ISE) is a tool used in the detection of an analyte. The ISE transduces 

the activity of the target ion in the solution into a measurable signal (potential) measured against 

a reference electrode. The principal characteristic of an ISE is the ability to obtain a signal 

which is selective to the ion of interest. This means that the sensor can be used to perform 

selective measurements in a multi-ionic sample. 

In potentiometric analysis, the potential of the ISE is used to determine the activity of the ana-

lyte. The first step in potentiometric analysis involves the calibration of the ISE, a procedure 

that links the activity of the analyte to the potential of the electrode. As shown in Equation (2), 
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the measured potential is not proportional to the activity of the analyte, but rather to its loga-

rithm. Linear calibration plots are obtained by plotting the potential of the electrode (y-axis) 

versus the logarithm of the activity (x-axis). 

In an ideal situation, the calibration plot follows the Nernst equation (Equation (2)). Given 

𝑙𝑛 𝑎 = 2.303 𝑙𝑜𝑔 𝑎 , at 25 °C (298.15 K) the Nernst equation can be rewritten as 

 
𝐸 = 𝐸0 +

𝑅𝑇

𝑧𝑖𝐹
𝑙𝑛 𝑎𝑖(𝑎𝑞) = 𝐸

0 +
0.05916

𝑧𝑖
𝑙𝑜𝑔 𝑎𝑖(𝑎𝑞)  

(6) 

The slope of an ideal potentiometric calibration plot equals to +
0.05916𝑉

𝑧𝑖
, with 𝑧𝑖 being the 

charge of the analyte (Figure 3). The ideal slope of the linear part in a calibration plot for an 

electrode selective to a monovalent cation is ≈ + 59.2 mV/decade, and the slope in the case of 

an electrode selective to a divalent cation is ≈ + 29.6 mV/decade. Equation (6) shows that the 

calibration plots of anions have negative slopes. Therefore, the potential of anion-selective elec-

trodes decreases when the activity of the analyte increases, in contrast to the opposite behavior 

which is seen for cation-selective electrodes. 

Slopes that follow Equation (6) are defined as Nernstian slopes. Slopes which exceed 
59.2

𝑧𝑖
 

mV/decades are called super-Nernstian slopes, while sub-Nernstian slopes are lower than the 

Nernstian value. These behaviors are rather common and depend strongly on the ion-binder 

interaction, as well as the composition of the matrix. 

 

Figure 3: Ideal calibration plots for an ISE selective to a) monovalent and b) divalent ions. The black calibra-

tion plots belong to cations Cn+ and the red calibration plots belong to anions An-. 

The cell potential measured using an ISE is mainly governed by the activity of the ion of interest 

(primary ion). However, the response of the ISE will also be influenced by a contribution from 
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other ions in the sample (interfering ions). The selectivity of an ISE can be determined from the 

selectivity coefficient 𝐾𝑖,𝑗
18. The selectivity coefficient is a numerical description of the prefer-

ential response of an ISE to the ion of interest, 𝑖, in the presences of an interfering ion, 𝑗. It is 

defined as follows: 

 
𝐾𝑖,𝑗 =

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑡𝑜 𝑖𝑜𝑛 𝑗

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑡𝑜 𝑖𝑜𝑛 𝑖
 (7) 

If the coefficient is exactly 1, it means that the sensor gives the same response to the primary 

ion 𝑖 and interfering ion 𝑗. A coefficient lower than 1 means that the electrode preferentially 

responds to the primary ion, 𝑖. Thus, the Nernst equation can be generalized to obtain the so-

called Nicolskij-Pungor-Eisenman equation, valid for ISEs19: 

 
𝐸 = 𝐸0 ±

2.303𝑅𝑇

𝑧𝑖𝐹
log (𝑎𝑖 +∑𝐾𝑖,𝑗𝑎𝑗

𝑧𝑖
𝑧𝑗) (8) 

Where: 

• 𝐾𝑖,𝑗 is the selectivity coefficient for each interfering ion 𝑗 

• 𝑎𝑖 and 𝑎𝑗 are the activities of the primary ion 𝑖 and the interfering ion 𝑗, respectively 

• 𝑧𝑖 and 𝑧𝑗 are the charges of the primary ion 𝑖 and the interfering ion 𝑗, respectively. 

One of the methods used for determining the selectivity coefficient is the Separate Solution 

Method (SSM)18,20. In this method, the measured potential (𝐸1) of an ISE in a solution of the 

ion of interest 𝑖 with certain concentration, is compared to the potential (𝐸2) of the same elec-

trode measured in a solution containing the interfering ion 𝑗 with similar concentration. The 

potentials 𝐸1 and 𝐸2 can be calculated using equations (9) and (10), respectively: 

 
𝐸1 = 𝐸

0 ±
2.303𝑅𝑇

𝑧𝑖𝐹
log(𝑎𝑖) 

(9) 

 
𝐸2 = 𝐸

0 ±
2.303𝑅𝑇

𝑧𝑖𝐹
log𝐾𝑖,𝑗𝑎𝑗

𝑧𝑖
𝑧𝑗

 
(10) 

By subtracting Equation (9) from Equation (10) and after some rearrangement we obtain: 

 

𝑙𝑜𝑔𝐾𝑖,𝑗 =
(𝐸2 − 𝐸1)𝑧𝑖𝐹

2.303𝑅𝑇
+ log

(

 
𝑎𝑖

𝑎
𝑗

𝑧𝑖
𝑧𝑗
)

  (11) 
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Where: 

• 𝐸1 is the potential measured in a solution containing the ion of interest 𝑖  

• 𝐸2 is the potential measured in a solution containing an interfering ion 𝑗  

• 𝐹 is the Faraday constant given as 96485.3 
𝑠𝐴

𝑚𝑜𝑙
 

• 𝑅 is the universal gas constant given as 8.3144
𝐽

𝑚𝑜𝑙 𝐾
 

• 𝑇 is the temperature in 𝐾 

• 𝑎𝑖 and 𝑎𝑗 are the activities of the analyte 𝑖 and the interfering ion 𝑗, respectively 

• 𝑧𝑖 and 𝑧𝑗 are the charges of the analyte  𝑖 and the interfering ion 𝑗, respectively. 

Equation (11) will be used to estimate the selectivity coefficients in this work. 

2.3.1 Conventional Ion-Selective Electrodes 

The potentiometric sensors or ion-selective electrodes (ISEs) behave differently from the com-

mon metallic electrodes. In a metallic electrode (ex. Copper (Cu) wire immersed in Cu(II) so-

lution), there is a redox process occurring at the electrode. Whereas, ISEs are composed of an 

ion-selective membrane where the potential is created by an interaction between the analyte 

and the ion recognition component in the membrane. This interaction is, ideally, completely 

selective towards the specific ion of interest. 

In conventional liquid-contact ISEs, the membrane is the contact point between the inner filling 

solution in the ISE and the sample solution. As an example, a general ionophore-based cation-

selective electrode will be used to explain the working principle of liquid-contact ISEs.  

A general liquid-contact ISE for a cation C+ is schematically presented in Figure 417. The mem-

brane is composed of a hydrophobic polymer, commonly plasticized polyvinyl chloride (PVC, 

see section 2.3.2). This membrane contains a ligand L which is able to give selective interaction 

with the ion of interest, and the ion C+ at constant activity. Electroneutrality inside the mem-

brane is ensured by a hydrophobic counterion R-, which is soluble in the membrane and insol-

uble in water. The inner filling solution of the electrode contains the ion C+ at constant activity 

and a counterion B-. The measuring solution contains the analyte C+ with unknown activity and 

a counterion A- (and, most likely, other cations and anions). The counterions A- and B- are not 

able to enter the membrane due to repulsion by R- in the membrane. This makes the membrane 

permselective for cations. 

The ion C+ in the membrane is almost entirely bound in the form of LC+. This complex is in 

equilibrium with a low amount of free ion C+, which is able to diffuse out of the membrane 



Luca Guagneli 

11 

 

towards the solution. In an ideal situation, C+ can diffuse out of the membrane, but the counter-

ion R- cannot diffuse out. As soon as some ions C+ diffuse, there will be an excess of charge in 

the membrane, which opposes the diffusion process. This creates a potential difference at the 

two sides of the membrane. This potential can be measured by two electrodes, for example an 

outer Ag/AgCl reference electrode and an inner electrode inside the ISE.  

 

Figure 4: The schematic illustration of the general structure of a liquid-contact ISE17. 

2.3.2 Polyvinyl Chloride (PVC)-based Ion-Selective Membranes 

The most common ion-selective membranes (ISMs) used in ISEs are polyvinyl chloride (PVC)-

based membranes22,23. The ionophore, i.e. the binding molecule that interacts with the analyte, 

is contained in the polymeric matrix. Other components of ISMs are plasticizers and lipophilic 

salts. A typical composition of PVC-based ISMs is 33 wt% PVC, 66 wt% plasticizer, 1 wt% 

ionophore, and small amount of a lipophilic salt24. Each component has a specific purpose in 

the membrane. 

The matrix of the ISM is high molecular weight PVC (Figure 5). 

PVC is used to give the principal structure to the membrane. Its hy-

drophobic properties prevent the leakage of other membrane com-

ponents from the membrane, and the absorption of external ions into 

the ISM. 

Pure PVC is a hard, plastic-like material at room temperature that has unsatisfactory physical 

and mechanical properties for ISMs. Therefore, a plasticizer is added in a mass ratio ≈ 2:1 

Figure 5: structure of PVC 
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(plasticizer : polymer) to enhance its flexibility. The choice of the plasticizer affects the permit-

tivity, or dielectric constant 𝜀𝑇, of the membrane24. Moreover, the plasticizer helps to facilitate 

the transport of ionophore and ion-ionophore complexes through the membrane. Two com-

monly used plasticizers are bis(2-ethylexyl)sebacate (DOS) and 2-nitrophenyl octyl ether (o-

NPOE), shown in Figure 6a and b, respectively. 

 

Figure 6: The structure of a) bis(2-ethylexyl)sebacate (DOS), and b) 2-nitrophenyl octyl ether (o-NPOE). 

The selectivity of the ISM is given mainly by the ion-binder interaction. The binder, or iono-

phore, is the chemical site that interacts with the analyte. Ideally, an ionophore can interact only 

with the analyte and this process is not affected by the presence of other interfering ions. The 

interaction between the ion and the ionophore creates the phase boundary potential, which is 

measured against a reference electrode. The ionophore may be a charged or neutral molecule. 

An example of a charged ionophore is didecyl phosphate anion (Figure 7a), used as selective 

ligand for Ca2+ ions25. Examples of neutral ionophores are crown ethers (e.g. 18-crown-6 shown 

in Figure 7b)26, and valinomycin (Figure 7c), used as ligand for K+ ion (see section 2.3.3). 
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Figure 7: Structures of a) didecyl phosphate/Ca2+ complex, b) 18-crown-6, and c) valinomycin27. 

A charged ionophore interacts solely with ions that have opposite charge. Whereas, in the case 

of an ISM based on neutral molecules, an ionic additive, i.e. lipophilic salt, is added to the 

components of the membrane to prevent the interference from counter ions. In addition, the 

ionic additive helps to decrease the membrane resistance, thus decreasing the response time. 

The molar amount of the lipophilic salt must be lower than the ionophore, since the ionic addi-

tive can function as ion exchanger. The structures of two common ionic additives are shown in 

Figure 8. 

 

Figure 8: Structure of a) potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB) and b) potassium 

tetrakis(4-chlorophenyl)borate. 
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The components of ISMs are dissolved in a volatile organic solvent, commonly tetrahydrofuran 

(THF), which helps to ensure uniform composition of the mixture. The mixture of membrane 

components dissolved in THF is defined as membrane cocktail. 

2.3.3 Potassium ion-selective electrode 

Potassium ion-selective electrodes (K+-ISEs) are a class of potentiometric sensors used for se-

lective measurement of potassium ions in a solution. Potassium selective electrodes have a long 

story behind. The first electrodes were glass-based ones. Glass-based electrodes which contain 

more than 1% in moles of Alumina are cation-sensitive28, and the sensitivity of the electrode 

towards different cations can be adjusted by changing the composition of the glass membrane. 

However, the selectivity towards potassium in comparison to sodium ion in this case is very 

low, only 5:1 or 10:129. This value is not good enough to perform everyday K+ measurements, 

since the analyzed samples (ex. biological samples) may have a high concentration of sodium 

ions. 

An innovative potassium-selective electrode based on valinomycin, as the binder for potassium 

ions, was presented in 197029. Valinomycin (Figure 7c) is an ionophore that exhibits high se-

lectivity to potassium in presence of other cations. The selectivity towards potassium in respect 

to sodium ion has been reported to be 13000:1 with the valinomycin-based electrode proposed 

by Frant et al.29. It is easy to understand how innovative this new membrane was for this re-

search field. Modern potassium selective electrodes are still based on valinomycin-potassium 

interaction. 

The potassium selective electrode follows the general Nernst equation (Equation (2)), rear-

ranged for potassium as: 

 
𝐸 = 𝐸0 +

𝑅𝑇

𝐹
ln 𝑎𝐾+ = 𝐸

0 + 0.05916 log 𝑎𝑘+  
(12) 

2.3.4 Solid Contact Ion Selective Electrodes 

In conventional liquid-contact ISEs, an ion-selective membrane is usually attached to the end 

of a tube filled with an internal filling solution containing the ion to be measured. The internal 

filling solution functions as a charge carrier between the ion-selective membrane and the inner 

reference electrode. The presence of the solution in the structure of an ISE may cause problems 

for the reasons listed below: 

• the electrode needs maintenance. 
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• The filling solution needs to be in contact with the measuring solution through the mem-

brane. This means that the electrode has to be used vertically, and moving it will cause 

the disconnection of the circuit. 

• The presence of the inner solution limits the possibilities of the electrode miniaturiza-

tion. 

• The inner solution limits the possibility of using the electrode in high pressure and tem-

perature conditions. 

The solution to these problems was the elimination of the inner filling solution and the intro-

duction of different types of all-solid-state ISEs. The first all-solid-state ISE was the so-called 

coated wire electrode (CWE) which is made by depositing an ion-selective membrane directly 

onto a metallic wire30,31. The CWEs have a relatively simple structure and are robust and easy 

to prepare and use. However, the configuration of CWE causes some crucial drawbacks and 

problems such as long-term potential drift and irreproducibility of the standard potential32. The 

structure of a CWE is illustrated in Figure 9a. 

To improve the potential stability of the CWE, solid-contact ion-selective electrodes (SCISEs, 

schematically illustrated in Figure 9b) were introduced. In this type of sensor, an intermediate 

layer (solid contact) with suitable redox and ion-exchange properties is introduced between the 

electronic conductor and the ionically conducting ISM to act as the ion-to-electron transducer. 

Different materials can act as solid contact in SCISEs7. Some examples include conducting 

polymers (CPs)33,34, carbon nanotubes (CNTs)35 and carbon cloth36,37. 

 

Figure 9: Schematic representation of a) a CWE and b) a SCISE. 
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SCISEs are robust and reliable tools that have overcome some of the drawbacks of conventional 

electrodes with inner filling solution. SCISEs and solid-state reference electrodes (section 

2.4.2) can be utilized in miniaturized systems38,39, where the geometry of the sensor can be 

easily modified40–42. In this way, we can obtain new systems and adapt the geometry and prop-

erties of the sensors to specific applications. 

2.4 Reference electrodes 

As the potential of a single electrode cannot be measured as absolute value, potentiometric 

analyses are performed by measuring the potential of the indictor electrode (ISE) versus a ref-

erence electrode (RE) with stable and known potential. The scale of potentials has an arbitrary 

zero-potential. The value 0 is given conventionally to the standard hydrogen electrode (SHE)43. 

The SHE is defined as primary reference electrode and it is not commonly used due to the 

difficulties in its preparation and use. 

The second class of reference electrodes is the secondary reference electrodes. These electrodes 

have a potential which is different from 0, but it is well-known and stable. Silver/silver chloride 

(Ag/AgCl) and the calomel reference electrodes44 belong to this class of reference electrodes. 

As the presence of calomel (Hg2Cl2) causes toxicity problems, the Ag/AgCl reference electrode 

is the most commonly used reference electrode. 

The most important characteristic of a reference electrode is a stable and reproducible potential. 

This can be achieved by using a redox system in which the activities of the species are kept 

constant. Examples of these systems are the SHE, where the pressure of H2 is kept constant and 

the solution is buffered, or using saturated solutions as in the Ag/AgCl and calomel reference 

electrodes. Other prerequisites for a reference electrode are robustness, chemical stability, inert 

behavior in the measuring solution, and easiness of manufacturing and handling. 

2.4.1 Silver/Silver Chloride reference electrode 

The silver/silver chloride (Ag/AgCl) reference electrode is probably the most widely used ref-

erence electrode in electroanalytical chemistry. Its robustness, potential stability, and low tox-

icity make it a very useful tool that became part of everyday laboratory analysis. It belongs to 

the group of secondary REs, meaning that it has a potential that is different from 0 V. 

The Ag/AgCl reference electrode can be seen as a special silver electrode. It is built by immers-

ing an Ag wire, coated with a paste of AgCl, in a solution containing Cl- at constant activity. 

AgCl has low solubility in water, and the presence of solid salt ensures that the inner filling 
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solution is saturated with AgCl. The potential of the Ag/AgCl RE follows the Nernst equation 

(Equation (2)), adapted as45: 

 
𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

0 −
𝑅𝑇

𝑧𝐹
𝑙𝑛𝑎𝐶𝑙− 

(13) 

The value of 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0  (AgCl(s) + e- ⇄ Ag(s) + Cl-) equals to + 0.222 V17 against the SHE. This 

standard potential is valid only when the electrode is immersed in a solution with 𝑎𝐶𝑙− = 1. 

This is not valid in the case of different concentrations of KCl, since the activity of Cl- ions is 

different from 1. The potential of a Ag/AgCl/sat KCl RE is reported as + 0.197 V17 against the 

SHE. 

The structure of a single-junction Ag/AgCl reference electrode is shown in Figure 10a. One of 

the drawbacks of this electrode is the presence of high concentration of KCl in the inner filling 

solution. This solution is in contact with the measuring sample through a porous frit, from which 

some KCl will leak into the sample. This should be avoided especially when measuring low 

concentrations of K+ or Cl- ions. This problem can be overcome by adding a second external 

compartment to the electrode. This compartment is in electrical contact with the measuring 

solution and the inner filling solution and contains a saline solution, different from KCl, called 

outer filling solution. This electrode is known as a double-junction (DJ) reference electrode 

(Figure 10b). The outer filling solution in a DJ reference electrode is a saline solution where 

the salt may vary depending on the measured sample. Lithium Acetate (LiOAc) solution is 

similar to KCl solution in terms of difference in the mobility of ions. During the dissociation in 

aqueous systems, the LiOAc produces Li+ and OAc- ions that have similar mobility, as shown 

in Table 2. The similar ion mobility ensures low junction potential (𝐸𝐽).  

Table 2: Values of mobility of ions in solution17.  

Ion Mobility [m2/(s∙V)] 

K+ 7.62∙10-8 

Cl- 7.91∙10-8 

Li+ 4.01∙10-8 

OAc- 4.24∙10-8 
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Figure 10: Schematic representation of a) conventional single-junction Ag/AgCl reference electrode, and b) 

double-junction reference electrode containing LiOAc as outer filling solution. 

During this project, the commercial single-junction Ag/AgCl/3M KCl and the double-junction 

Ag/AgCl/3M KCl/1M LiOAc reference electrodes were used. 

2.4.2 Solid-State Reference Electrodes 

As stated before, the most important feature of a reference electrode is a stable and reproducible 

potential from day-to-day and electrode-to-electrode. Good reference electrodes must also have 

low cost and adequate lifetime. In conventional reference electrodes, stable potentials can be 

obtained by ensuring constant activity of the ions in the inner filling solution. As in the case of 

conventional ISEs, conventional REs have some drawbacks due to the presence of the inner 

filling solution (see section 2.3.4). To solve the problems caused by the presence of inner filling 

solution, several types of solid-state reference electrodes (SS-REs) have been developed. 

The first SS-REs were based on the Ag/AgCl reference electrode approach. To obtain solid-

state electrodes, the chloride ions present in the inner filling solution of conventional Ag/AgCl 

reference electrode had to be immobilized in solid or solid-like materials. The first reference 

electrodes were prepared by immobilizing the Cl- ions in materials such as silicone46, silicone 

rubber47 or agar-based hydrogels48,49. However, such reference electrodes did not show good 

performances. This was due to the dissolution of the thin layer of AgCl and the limited amount 

of Cl- ions, that could easily diffuse out of the electrode50. 

The first promising approach was the one proposed by Diamond, Desmond et al., where the 

Ag/AgCl/KCl(aq) system was protected with a vinylester-KCl resin junction, which minimized 
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the leaking of chloride ions outside of the reference electrode51,52. Another attempt was made 

by fabricating reference electrodes based on polymer/inorganic salt composite and a silver/sil-

ver chloride reference element using the chemical polymerization53, and injection moulding54 

methods. The SS-REs proposed by Mousavi et al. maintained a stability of ± 0.5 mV for more 

than two months. 

An interesting approach to overcome the need of developing a SS-RE, is to use an ion-selective 

electrode as reference electrode. This approach was used by Kounaves et al., who built a refer-

ence electrode using a Li+-ISE55. The activity of Li+ was kept constant in the analyte solution. 

Other interesting approaches can be found in literature. Examples of reference membranes con-

taining lipophilic salts, such as quaternary ammonium and borate salts, have been presented by 

Mattinen et al.56, and will be further discussed in this thesis. 

A general scheme of the common SS-REs can be seen in Figure 1157. Figure 11a shows a con-

ventional RE. Figure 11b shows an improved version of conventional REs where the inner fill-

ing solution is substituted by a gel-like material. This material contains the salt which would be 

dissolved in the inner filling solution of conventional REs. Figure 11c shows a SS-RE where 

the inner filling solution is substituted by a block of the salt that contains the related anion. This 

can be produced by melting the salt and adding the melt in the encapsulation body of the elec-

trode. Figure 11d shows an all-solid-state RE where the Ag/AgCl substrate is substituted by an 

all-solid-state reference element. 

 

Figure 11: Schematic representation of SS-REs (e.g. Ag/AgCl RE) in comparison with conventional REs. a) con-

ventional RE, b) gel-based SS-RE, c) solid-melt SS-RE, d) all-solid-state RE. 1 metal (e.g. Ag), 2 sparingly solu-
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ble metal salt (e.g. AgCl), 3 aqueous solution containing the related anion (e.g. KCl), 4 hydrogel-trapped solu-

tion containing the related anion (e.g. KCl), 5 solid melt of the metal salt (e.g. KCl), 6 junction, 7 all-solid refer-

ence element, 8 insulating encapsulation material57. 

2.5 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is an analytical technique used to study elec-

trochemical processes in which ionic conduction dominates. EIS is used to obtain information 

about the kinetics and the mechanisms of electrochemical processes. EIS is a sub-category of 

impedance spectroscopy (IS). EIS is popular as an analytical technique for electrochemical pro-

cesses but IS can be useful in material science as well, where it is used to determine electrical 

properties of materials or electrical components. 

EIS is based on studying the response of an electrochemical system when applying an alternat-

ing sinusoidal excitation signal, 𝑒: 

 𝑒 = 𝐸𝑠𝑖𝑛(𝜔𝑡) (14) 

Where: 

• 𝐸 is the amplitude of the applied potential 

• 𝜔 = 2𝜋𝑓 is the angular frequency, given the frequency 𝑓 in Hz 

• 𝑡 is the time. 

The response signal 𝑖 is a sinusoidal alternating current, which will have a phase shift due to 

the electrochemical process: 

 𝑖 = 𝐼𝑠𝑖𝑛(𝜔𝑡 + 𝛷) (15) 

Where: 

• 𝐼 is the amplitude of the measured signal 

• 𝛷 is the phase shift between the applied potential and the resulting current. 

If we consider both the potential excitation signal and the current response signal as rotating 

vectors, the two vectors will be rotating with the same angular frequency 𝜔 and will show a 

phase shift 𝛷. The impedance 𝑍 is expressed as a complex number (Figure 12): 

 𝑍 = 𝑍′ − 𝑗𝑍′′ (16) 

Where: 

• 𝑍′ (real part) is the impedance at 𝛷 = 0 

• −𝑍′′ (imaginary part) is the impedance at 𝛷 =
𝜋

2
= 90° 
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• 𝑗 = √−1  is the imaginary number. 

 

Figure 12: A graphical representation of the EIS response. 

The impedance given by each measurement can be seen as a vector �⃗� with real and imaginary 

parts. A complete EIS measurement is done by measuring the real and imaginary parts of the 

impedance while changing the frequency 𝑓 of the excitation signal. The result can either be 

represented in a Nyquist plot where −𝑍′′ is plotted against 𝑍′, or in a Bode plot where both the 

log 𝑍 and the phase shift 𝛷 are plotted against the logarithm of frequency 𝑓. The Bode plot 

does not explicitly give information about the real and imaginary parts of the impedance, while 

the Nyquist plot does not give info about the frequency of each data point. 

Potentiometric measurements use a two-electrode cell composed of a working electrode (WE) 

and a reference electrode (RE). In this configuration, the RE works as counter electrode (CE) 

at the same time. This means that the potential difference and the flow of current are between 

the WE and RE. The problem with this configuration is that the current flowing through the RE 

may cause slight changes in the activity of the reference species. This variation brings to an 

alteration of its potential. The current flowing through a potentiometer is very low, hence the 

two-electrode layout is acceptable. Contrariwise in EIS it is preferred to use the three-electrode 

cell. In this system, the potential difference is applied between the WE and RE, while the current 

flows between the WE and CE. 
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The spectra of ISMs are usually modeled using a Randles-type of equivalent circuit58. Figure 

13 shows the Randles equivalent circuit and an ideal impedance spectrum of an ISM. The equiv-

alent circuit contains four elements: 

• 𝑅𝑠: the resistance due to the diffusion of the ions in the solution, usually negligible 

• 𝐶𝑔: the geometric capacitance established at the ISM 

• 𝑅𝑏: the bulk resistance of the ISM 

• 𝑍𝑑: the impedance associated with the ion-to-electron transduction process, with possi-

ble contributions from diffusion processes in the ISM. 

 

Figure 13: The ideal impedance spectrum of an ISM and the Randles equivalent circuit. The spectrum was ob-

tained with 𝑅𝑠 = 5 kΩ, 𝐶𝑔 = 1 pF, 𝑅𝑏 = 100 kΩ, and a Warburg coefficient for 𝑍𝑤 of 0.5. Source: adapted from 

reference58.  



Luca Guagneli 

23 

 

3 Experimental 

3.1 Chemicals and materials 

The chemicals were used as received without further purification. Polyvinyl acetate (PVAc) 

powder was obtained from Wacker (Vinnapas B60 Finely ground). Sodium chloride was pur-

chased from VWR. Magnesium chloride hexahydrate and potassium chloride were purchased 

from Merck. Calcium chloride dihydrate was purchased from Fluka Chemicals. Lithium chlo-

ride, lithium acetate (LiOAc, 98%), Iron(III) chloride hexahydrate (> 98%), potassium iono-

phore I (valinomycin), potassium tetrakis[3,5-bis(trifluoromethyl)-phenyl]borate (KTFPB), 

bis(2-ethylhexyl)sebacate (DOS, ≥97%), high molecular weight polyvinyl chloride (PVC), pol-

yvinyl butyral (PVB), vinyl acetate monomer (VAc, ≥99%), photo-initiator 2,2-dimethoxy-2-

phenylacetophenone (DMPP, 99%) and tetrahydrofuran (THF, ≥99.5%) were obtained from 

Sigma Aldrich. Deionized water (ELGA Purelab Ultra, resistivity 18.2 MΩcm) was used for 

preparing the aqueous solutions. Silver paste was purchased from Electrolube. Carbon cloth 

(Kynol® activated carbon fabric ACC-5092-20) was purchased from Kynol Europa GmbH, 

Hamburg. Gold wire (24 carats, diameter 1 mm) was purchased from City Gold, Turku (FI). 

3.2 Design of the planar solid-contact K+-ISE 

An innovative design of planar sensors was developed for this project. The novel design is a 

solid-contact (SC) planar electrode that allows the flow of analyte solution through the mem-

brane. The geometry of the system is planar and concentric. An illustration of the electrode and 

a comparison with conventional SCISEs is shown in Figure 14.  
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Figure 14: Schematic representation of the novel K+-SCISE prepared and studied in this project. a = 2.5 mm,    

b = 4 mm, c = 20 mm. 

Carbon cloth (CC), here used as solid contact, is a cloth-like material, which contains carbon 

fibers. Due to the presence of carbon-based fibers, CC shows high electrical conductivity. Car-

bon cloth is used for several applications such as supercapacitors59,60, energy storage and con-

version61,62, and fuel cells63. Due to the cloth-like structure, it is a highly flexible material, easy 

to cut and shape. The flat, flexible, and easy to cut texture of CC, together with the good elec-

trical properties and high specific surface area, were the reasons behind choosing this material 

in the preparation of the novel K+-SCISE. 

The K+ ion-selective membrane (ISM) cocktail was prepared according to the work by Mattinen 

et al.36. The composition of the cocktail used during the project is shown in Table 3. The sub-

stances were weighed in a glass vial and THF was added to obtain a cocktail with 20% dry 

mass. The cocktail was vigorously shaken for some minutes, mixed overnight, and then stored 

in the refrigerator. 

Table 3: Composition of the K+ ISM cocktail. 

Substance % w/w 

Valinomycin 1.03 

KTFPB 0.51 

DOS 65.2 

PVC 33.3 
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Three K+-SCISEs were prepared and characterized. The electrodes will be called E1, E2 and 

E3. The ISMs were applied using the drop-casting method in an innovative way (Figure 15b 

and c). First, a piece of carbon cloth with dimensions of ≈ 35x35 mm was cut. Then a round 

hole with a 4 mm diameter was cut in the middle using the hole punch tool shown in Figure 

15a. The CC piece was fixed on a clean PTFE surface using rubber bands.  

The drop-casting steps used to apply the K+-ISM are shown in Figure 16. The carbon cloth is 

made of tiny fibers that can easily detach from the cloth. If these electrically conducting fibers 

end up incorporated in the membrane, the performances of the membrane may be influenced. 

Compressed air was blown inside the hole before starting the drop-casting process to remove 

any of the loose threads. The first addition was made using 50 µL of the K+-ISM cocktail in the 

area around the hole (Figure 16a). This was done to ensure that the threads around the hole 

would stay attached to the cloth. After 45 minutes air was blown again in the middle of the hole 

to remove all the remaining loose threads. Then a sequence of additions of 4x50 µL was made 

into the hole (Figure 16b). Each addition was followed by 45 minutes of drying time. After the 

fourth addition, the membrane was left to dry for 4 hours. Subsequently, the CC piece was 

turned around and the PTFE support was cleaned. One last addition of 50 µL was made on the 

bottom side of the membrane, ensuring that the cocktail spread towards the carbon cloth (Figure 

16c). This last addition was performed to ensure that the CC fibers would stay attached to the 

material also on the bottom side. 

The membranes were left to dry overnight at room temperature under a cover to protect them 

from dust and other impurities. 

 

Figure 15: a) The hole punch tool used to cut the holes in CC and in the membranes. b) and c) pictures taken 

during the drop-casting process. 
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Figure 16: Schematic representation of the drop-casting process used to cast the K+-SCISEs. a) 50 µL addition 

around the hole, b) 50 µL additions in the middle of the hole, c) 50 µL addition on the opposite side of the mem-

brane after turning around the CC piece. 

After drying the membrane, the hole punch tool shown in Figure 15a was used to cut a hole of 

2.5 mm diameter in the membrane. The CC piece with the K+-ISM was then placed inside a 

polycarbonate (PC) support designed and made for this purpose (Figure 17). An Au wire was 

used as electrical contact. One side of the wire was flattened and inserted in the support to be 

in contact with the CC substrate, and the other side was used during the measurements to con-

nect the K+-ISE to the potentiometer. The cell was closed and sealed with screws (Figure 17). 

The sample solution was stored in a small container inserted in the upper hole. The lower hole 

was closed during the measurements using a pipette tip sealed with plastic film. The K+-SCISEs 

were stored dry when not in use. 

 

Figure 17: The final setup of the measuring cell with the K+-ISE. 

3.3 Design of the planar solid-state reference membranes 

Different approaches were considered for preparing membranes that can be used in the planar 

solid-state reference electrode of the sensing device. The aim was to design solid-state reference 

electrodes with concentric geometry, similarly to the K+-SCISE. 
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The first approach tested during this project is based on the SS-RE pro-

posed by Mattinen et al.56, where lipophilic salts were used as additives in 

the reference membrane. The salts are composed of organic quaternary 

ammonium cation, and organic quaternary borate anion. An example of 

this salt is tetrabutylammonium tetrabutylborate (TBA-TBB) shown in 

Figure 18. The electrode is schematized in Figure 19a. TBA-TBB is com-

posed of two lipophilic ions with similar behavior in terms of mobility, 

which can diffuse to a little extent from the membrane to the analyte solu-

tion. The working principle of this electrode is thought to be due to this 

diffusion. The TBA+ and TBB- ions which diffuse into the measuring so-

lution are in equilibrium with the ions present in the membrane. Since the reference electrode 

is the only source of TBA+ and TBB- ions, its potential does not depend on the composition of 

the solution50. The membrane was cast on a conducting substrate. The conducting material was 

either glassy carbon/poly(3,4-ethylenedioxythiophene) (GC/PEDOT)56, Ag/AgCl56, Au39 or 

carbon cloth36. 

Mattinen et al. showed a comparison between two different possibilities for SS-REs based on 

lipophilic salts56. One possibility is to produce a Ag/AgCl/KCl-type electrode. This can be done 

by using an approach based on two separate salts (i.e. double salt approach), where the quater-

nary ammonium is used as chloride salt and the quaternary borate is used as potassium salt. 

When the two salts are mixed in the cocktail, they will react and some KCl will be produced. 

The membrane was drop-cast on a Ag/AgCl substrate. The other possibility was based on TBA-

TBB as a single salt (i.e. single salt approach). The membrane cocktail based on TBA-TBB 

was drop-cast directly on a conducting substrate. The studies showed that the single salt ap-

proach gave the best results. 

The second approach was based on the so-called solid-state composite reference electrode  man-

ufactured and characterized earlier by a research group from the laboratory of Analytical Chem-

istry at Åbo Akademi university53,54. The electrode is schematized in Figure 19b. In this type 

of reference electrode, a polymer/inorganic salt (polyvinyl acetate/KCl) composite is used in-

stead of the filling solution in a conventional reference electrode. As reference element, a 

Ag/AgCl wire is imbedded in the polymeric matrix. This SS-RE behaves as a common 

Ag/AgCl/KCl electrode, where the activity of Cl- ions is kept constant in the Polyvinyl acetate 

/KCl composite. 

 Figure 18: The struc-

ture of TBA-TBB salt. 
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The third approach was based on the solid-state reference electrode proposed by Guinovart et 

al.64–66, and Parrilla et al.67. The electrode is schematized in Figure 19c. The reference electrode 

presented by the authors was a planar electrode, developed to be used in wearable sensors. The 

reference electrode is a Ag/AgCl/NaCl system. NaCl is incorporated into a polyvinyl butyral 

(PVB) membrane deposited onto a Ag/AgCl layer. 

  

Figure 19: Schematic illustrations of the SS-REs which inspired the REs built during this project. a) the lipo-

philic quaternary ammonium-quaternary borate-based approach, b) the Ag/AgCl/KCl SS-RE based on compo-

site membrane, and c) the Ag/AgCl/NaCl electrode based on PVB membrane. 

3.3.1 Design of the TBA-TBB-based solid-state reference electrode 

The cocktail of the reference membranes was based on tetrabutylammonium tetrabutylborate 

(TBA-TBB). The amount of the lipophilic salt was chosen according to the indications given 

by Mattinen et al56, who had optimized it in a previous study. Mattinen et al. suggested that 

12.5% w/w of the lipophilic salt in the membrane gives the best results in terms of signal sta-

bility and reproducibility56. The other components were PVC, as the membrane matrix, and 

DOS, as plasticizer. The composition of the cocktail is shown in Table 4. The components were 

weighed in a glass vial and THF was added to obtain a cocktail with 20% dry mass. 

Table 4: The composition of the cocktail used for the reference membrane based on TBA-TBB. 

Substance % w/w 

TBA-TBB 12.5 

PVC 29.6 

DOS 57.9 
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Three membranes were cast following the procedure used for preparing the K+-ISEs as shown 

in Figure 16 and explained in section 3.2. The three electrodes will be called R1, R2 and R3. 

The structure of the reference electrode is shown in Figure 20. The inner hole of the membranes 

was cut with the hole punch tool shown in Figure 15a. The electrodes were inserted in the 

polycarbonate support shown in Figure 17. 

 

Figure 20: Schematic representation of the TBA-TBB-based SS-RE. a = 2.5 mm, b = 4 mm, c = 20 mm. 

The SS-REs were stored in 0.1 M KCl solution when not in use.  

3.3.2 Design of the Ag/AgCl/KCl-composite solid-state reference electrode 

The components used to prepare the composite in wt% were 49.5% KCl, 0.5% photoinitiator 

(DMPP), 20% Polyvinyl acetate (PVAc), 30% Vinyl Acetate (VAc). The substances were 

weighed in a glass vial. The vial was covered with Aluminum foil and left mixing overnight. 

The composite was stored in the fridge and vigorously shaken before using. 

A schematic representation of the steps designed for preparing the composite SS-RE is shown 

in Figure 21 and the steps are explained below. The electrode, as it was designed, is shown in 

Figure 22. 

• Step a: the initial piece of carbon cloth (CC) 

• Step b: deposition of a 10 mm diameter layer of Ag paste. 

• Step c: addition of 1 M FeCl3 solution on top of the Ag paste layer to electrochemically 

produce AgCl on the top of Ag (Ag + FeCl3 → AgCl + FeCl2). 

• Step d: cutting a 4 mm hole in the middle of the CC piece. 
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• Step e: applying the mixture, used for preparing the composite, in the 4 mm hole and 

partially onto the Ag/AgCl substrate. The PVAc/KCl composite was prepared by chem-

ical polymerization using a UV lamp. 

• Step f: cutting a 2.5 mm inner hole. 

• Step g: inserting the electrode in the support and connecting the Au wire. 

 

Figure 21: Schematic representation of the procedure designed for preparing the Ag/AgCl/KCl-composite refer-

ence electrode. 

 

Figure 22: Schematic representation of the Ag/AgCl/KCl-composite SS-RE. 
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3.3.3 Design of the Ag/AgCl/NaCl-PVB solid-state reference electrode 

This electrode was built with a polymeric membrane in contact with the Ag/AgCl substrate. 

The polymeric membrane is based on PVB and contains NaCl as source of Cl- ions. The mem-

brane is produced by drop casting. 

The steps used for preparing the Ag/AgCl/NaCl-PVB solid-state reference electrode are ex-

plained below. The only difference between the building procedures of the Ag/AgCl/KCl-com-

posite SS-REs and the Ag/AgCl/NaCl-PVB electrodes is the absence of photopolymerization 

in the latter (step e). 

• Step a: the initial piece of carbon cloth (CC). 

• Step b: deposition of a layer of Ag paste. 

• Step c: addition of FeCl3 1 M to produce electrochemically a layer of AgCl on the top 

of the layer of Ag (Ag + FeCl3 → AgCl + FeCl2). 

• Step d: cutting of the outer hole of the electrode. 

• Step e: drop-casting of the PVB-based membrane containing NaCl.  

• Step f: cutting of the inner hole of the electrode 

• Step g: insertion of the electrode in the support and connection of the Au wire. 

The cocktail used to cast the membranes was composed of 10% w/w PVB in methanol. NaCl 

was added in excess to obtain a saturated solution (solubility = 0.238 mol/kg at 298.15 K68). 

The cocktail was vigorously shaken and left in an ultrasonic bath for 45 minutes (VWR Ultra-

sonic Cleaner, 80W) and then stored in the fridge. The cocktail remains stable up to 2 weeks64. 

The membranes were cast following an innovative procedure (Figure 23). Firstly, 7 additions 

of 30 µL were made in the center, waiting 45 minutes between each addition. Secondly, 5 fur-

ther additions of 20 µL were made in the center, until an appropriate thickness was obtained. 

The membranes were left to dry overnight and the following day 30 µL of cocktail was added 

on the bottom side of the membranes, ensuring that the cocktail spread towards the carbon cloth. 

The inner hole was then cut, and the electrode was inserted in the polycarbonate support shown 

in Figure 17. Figure 24 shows pictures of the preparation steps. 
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Figure 23: Schematic representation of the drop-casting process used to cast the Ag/AgCl/NaCl-PVB SS-REs. a) 

30 µL additions in the hole, b) 20 µL additions in the hole, c) 30 µL addition on the opposite side of the mem-

brane after turning around the CC piece. 

 

Figure 24: Manufacturing of the Ag/AgCl/NaCl-PVB SS-RE. From left to right: Ag layer, AgCl layer, PVB/NaCl 

membrane, final view in the PC device. 

3.4 Design of the full potentiometric system 

The K+-SCISE and the reference electrode were assembled to form the full potentiometric sys-

tem (Figure 25a). The two electrodes were inserted in a double-cell polycarbonate (PC) support, 

designed and made for this purpose similarly to the single-cell support. The new device had an 

interlayer between the K+-SCISE and the reference membrane composed of a PVC disc, with a 

thickness of 1 mm. The PVC disc had the function of insulating the two membranes. In the 

PVC disc there is an inner hole to allow the flow of solution, and a little hole for the Au wire 

coming from the lower membrane (the K+-SCISE). Figure 25b shows a picture of the whole 

potentiometric device and the three different layers of the device are shown in Figure 26. As 

shown in the pictures, the upper membrane (i.e. the reference membrane) has an external hole 

positioned around the Au wire connected to the K+-SCISE. This hole was made to avoid the 

electrical connection (short circuit) between the two electrodes. 
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Figure 25: a) Schematic view of the full potentiometric system. 1 K+-SCISE, 2 PVC insulator disc used as sepa-

rator, 3 reference membrane, 4 Au wire connected to the reference, 5 Au wire connected to the K+-SCISE, 6 Pol-

ycarbonate (PC) support. b) a picture of the double-cell system. 

 

Figure 26: The three layers used for constructing the device. From left to right: K+-SCISE, separator, and SS-

RE. 

3.5 Experimental setup 

3.5.1 Potentiometric measurements 

Potentiometric measurements were performed using a 16-channel millivoltmeter (Lawson Labs 

EMF16 Interface system) with high input impedance of 1015 Ω and L-EMF DAQ 3.0 software. 

In the calibration test carried out using different concentrations, the measurement was per-

formed for ≈ 5 minutes in each concentration, or until a stable potential was reached. The value 

used to build the calibration lines was obtained by averaging the last 5 values of the measure-

ment.  

Unless otherwise specified, the potentiometric measurements were conducted using a commer-

cial Double Junction Ag/AgCl Reference Electrode from Metrohm. The inner filling solution 

was 3 M KCl and the outer filling solution was 1 M LiOAc.  
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A commercial 9417BN Solid State Half-Cell Chloride-ISE from Orion Thermo Scientific was 

used to test the SS-REs by recording calibration lines for the electrode in KCl solutions. 

3.5.1.1 Water layer test 

A typical SCISE is not supposed to have any liquid in its structure. However, some water may 

diffuse between the ISM and the Solid Contact (SC) during the lifetime of the electrode69. This 

may create a thin layer of water between the ISM and the SC. This inner water layer can be 

seen as a low-volume inner solution that functions as electrical contact. A SCISE containing an 

inner liquid layer cannot be considered as a true SC electrode. Indeed it will behave similarly 

to a liquid-contact ISE (see section 2.3.1), which needs an inner reference electrode. The inner 

reference electrode of a liquid-contact ISE needs to have definite potential. Hence, in this situ-

ation, a mere solid-contact conducting material is not enough to ensure a stable potential 

readout70. Furthermore, changes in the composition of the liquid layer solution may occur and 

this will create further instability in the potential readout70. It has been shown elsewhere71 that 

the presence of the water layer in a SCISE causes instability of the potentiometric response. In 

particular, it can cause a drifting in the potential signal and extend the time needed to reach a 

stable potential. 

The water layer test is a potentiometric test proposed by Fibbioli et al.71 which aims to check 

the formation of the water layer between the ISM and the SC. The test is performed after com-

plete conditioning of the ISM in a solution of the primary ion. The potential is registered for 

some time after complete conditioning. Then the electrode is immersed in a solution containing 

a different salt for a certain amount of time and the potential is monitored. Finally, the electrode 

is immersed again in the solution of the ion of interest and the potential is measured. The ab-

sence of the inner water layer does not cause any significant drift in the signal readout. The 

presence of an inner water layer will cause a drifting signal which, for cation-selective elec-

trodes, will be: 

• from low potentials to high potentials when the electrode is immersed in the solution 

which does not contain the ion of interest 

• from high potentials to low potentials when the electrode is immersed again in the so-

lution which contains the ion of interest. 

The test was performed using the same potentiometric setup as for other tests. The potential of 

the K+-ISM was measured against the Ag/AgCl/KCl/LiOAc reference electrode, both placed in 
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a Faraday Cage to minimize external interferences. The ISM was conditioned in 0.1 M KCl for 

24h before starting the test. The potential was measured as follows: 0.1 M KCl for 1.5 h, 0.1 M 

NaCl for 2 h, 0.1 M KCl for 4h. 

3.5.1.2 Selectivity coefficients 𝑲𝒊,𝒋 

The selectivity coefficients were measured for the K+-ISEs in presence of some common inter-

fering ions. The K+-SCISE is intended for sweat monitoring and the most relevant interfering 

ion for this application is Na(I), followed by Ca(II) and Mg(II)72,73. The selectivity coefficients 

were measured in the presence of Ca(II), Mg(II), Na(I), and also Li(I) ions. All the interfering 

cations were used as chloride salts. 

The selectivity coefficients were measured using the separate solution method (SSM, see sec-

tion 2.3). The test was performed by measuring the potential of the K+-SCISEs in 0.01 M KCl 

solution and then in a 0.01 M solution of each of the four interfering cations. The selectivity 

coefficients 𝐾𝑖,𝑗 were calculated using Equation (11). The activities of the ions were calculated 

following the Debye-Hückel theory (see section 2.2.1). The test was conducted on the three K+-

SCISEs E1, E2, and E3. 

The test was performed using the same potentiometric setup used for other tests and the 

Metrohm double junction Ag/AgCl/3 M KCl/1 M LiOAc was used as reference electrode. 

3.5.2 EIS 

EIS measurements were performed using the Autolab General Purpose Electrochemical System 

(AUT20.FRA2-Autolab, Eco Chemie, B.V., The Netherlands) and the Autolab Frequency Re-

sponse Analyzer (FRA) software. 

The EIS measurements were performed under the following conditions: 

• Electrolyte solution: 0.1 M KCl. 

• Counter electrode: Glassy carbon (GC) rod. 

• Reference electrode: Metrohm single junction Ag/AgCl/3 M KCl. 

• Initial conditioning: 60 s at open circuit potential (OCP). The OCP was + 0.34 V for the 

K+-SCISEs. 

• EIS parameters: dc potential = OCP, ac amplitude = 100 mV, frequency range 100 kHz 

- 0.01 Hz. 

Before each measurement, nitrogen gas was bubbled in the electrolyte solution for 10 minutes 

to remove the dissolved oxygen. The results were plotted in a Nyquist plot.  
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4 Results and discussion 

4.1 Characterization of the planar K+-SCISE 

4.1.1 Determination of the linear range and performance 

The performance of the novel K+-SCISEs was evaluated. As a preliminary test, the potential of 

the cell, consisting of K+-SCISE as indicator electrode and the Metrohm double junction refer-

ence electrode, was measured in 1 M to 10-8 M KCl solutions. The test was performed without 

background electrolyte (BGE) and with 0.1 M NaCl as constant BGE. The results are shown in 

Figure 27, for the test performed without BGE, and Figure 28, for the test with the BGE. The 

potentiometric response against time is given as Appendix A. 

 

Figure 27: a) the potential signal recorded in 1 M to 10-8 M KCl solutions and b) the calibration line obtained 

plotting the points which showed a linear response. 

 

Figure 28: a) the potential signal recorded in 1 M to 10-8 M KCl solutions with 0.1 M NaCl as constant BGE and 

b) the calibration line obtained plotting the points which showed a linear response . 
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As the results show, the device gives a linear response over wide KCl concentration range (1 

M - 10-5 M KCl). 

A second conclusion coming from the test is that the electrode is selective to K+ in the presence 

of Na+ ions, showing that 0.1 M Na+ as BGE did not cause significant interferences. The effect 

of Na+ ions can be seen from the fact that the slope of the second set of data is lower (54.9 vs 

58.4 mV/dec). The reason for this is that the ISM is not an ideal membrane. The electrode gives 

a weak signal due to the high amount of Na+. This signal is not negligible when the concentra-

tion of K+ is low. We can consider 10-5 M KCl, where the same solution contains [Na+] = 104 

⨯ [K+]. In this situation, a fraction of the potential coming from the ion K+ is in effect given by 

the high amount of Na+. The high concentration of sodium causes the rising of the tail of the 

calibration line, which brings to a lower slope. The selectivity coefficient 𝐾𝐾,𝑁𝑎 (see section 

2.3) will be given in section 4.1.3. 

The test showed that the linear response of the K+-SCISE is in the range 1 M to 10-5 M. How-

ever, such wide range is not needed, considering the intended applications of this device. The 

concentration of potassium in sweat is generally in the order of 2-8 mmol/L73,74 (10-3 - 10-2 M). 

Therefore, the range of concentrations chosen for the characterization is 10-1 M to 10-4 M. 

The three K+-SCISEs E1, E2, and E3 were calibrated using the chosen range of concentrations 

to estimate the slopes of the device. The calibration was performed with and without 0.1 M 

NaCl as BGE. The calibration plots of E1 are shown in Figure 29. The plots of E2 and E3 are 

given as Appendix B.  
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Figure 29: Comparison between calibration lines obtained in KCl solutions without (black set) and with (red 

set) BGE.  

The average of slopes for the three K+-SCISEs were 57.3 ± 0.6 and 56.3 ± 0.4 mV/dec (average 

± SD, n = 3) without and with 0.1 M NaCl as BGE, respectively. The slopes were close to the 

expected Nernstian slope (see Equation (6)). 

The performances of the novel K+-SCISE are comparable to those used in sweat-monitoring 

instruments. Pirovano et al. presented a wearable system based on a conducting polymer (CP) 

as an ion-to-electron transducer to measure the amount of K+ in sweat72. The authors reported 

slopes of 45.7 ± 7.4 mV/decade and 54.3 ± 1.5 mV/decade, using Poly(3,4-ethylenedioxythio-

phene) (PEDOT) in the linear range log(a) = -4.0 to -0.5, and using Poly(3-octylthio-

phene) (POT) in the linear range log(a) = -4.0 to -1.0, respectively. Alizadeh et al. presented a 

wearable patch used to measure the amount of K+ in sweat75. The authors reported a sensitivity 

of ∼53.9 mV/dec for K+. Parrilla et al. presented a textile-based stretchable wearable sensor for 

monitoring the amount of K+ ions in sweat67, which showed a linear response in the range log(a) 

= -5.0 to -1.0 with a slope of 59.9 mV/dec. In another study, Parilla et al. presented a second 

sensor for monitoring K+ in sweat using a Polyurethane (PU) substrate which showed slope of 

56.8 ± 2.5 mV/dec for K+ in the range log(a) = -5.0 to -1.076. All the electrodes contained 

valinomycin as ionophore for K+. The linearity of the novel K+-SCISE is thus well in accord-

ance with other electrodes intended for the same scope. 
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Further tests were conducted on the sensing device. One test was conducted by measuring the 

electrode potential in KCl solutions starting from low to high concentration and then back to 

low concentration (Figure 30a). A second test was conducted by measuring the potential of the 

electrode in KCl solutions with 3-decades different concentration (Figure 30b).  

 

Figure 30: The response obtained by measuring the potential of the electrode in KCl solutions a) from low to 

high concentration and then back to low concentration and b) with 3-decades different concentrations. The cali-

bration plots are given as Appendix C. 

The potentiometric response of the device is reproducible. The test shows that the electrode has 

high signal stability over a timeframe of minutes. The equilibration time is 1-2 minutes. In some 

cases, no equilibration time is needed before obtaining a relatively stable signal. The long-time 

stability of the potentiometric signal will be discussed in a different section (see section 4.1.2). 

Although the response of the electrode is stable, Figure 30 shows some noise in the potential 

which may be due to the measurement instrument. In particular, it may depend on the structure 

of the prototype used to test the electrode. Figure 17 shows that the gold wire used to connect 

the electrode to the potentiometer is free in the air. This wire is sensitive to any electrical per-

turbation that may come from the environment. Examples of the perturbations noticed during 

the tests are the electrostatic charge of the gloves used by the operator, and the movement of 

air. Figure 31 shows that these interferences can be easily minimized by performing the meas-

urements in a Faraday cage. However, the Faraday cage was not used during the tests, since it 

was possible to read the true signal even in presence of the interferences. 
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Figure 31: The signal obtained by carrying out the measurement in a Faraday cage, in KCl solutions from 10-4 

M (low potential) to 10-1 M (high potential). The signal registered in 0.01 M KCl is magnified to show the stabil-

ity of the potential over a 5-minute timeframe. 

4.1.2 Water layer test 

The results of the water layer test are presented in Figure 32, for electrode E1, and in Appendix 

D, for the electrodes E2 and E3. 

 

Figure 32: a) Results from the water layer test performed using the K+-SCISE E1, and b) magnification of the 

resulted response. The measurements were done first in 0.1 M KCl, then in 0.1 M NaCl and finally in 0.1 M KCl 

solutions. 

The potentiometric responses of the electrodes were used to draw conclusions regarding the 

presence of the water layer. The signal of the K+-SCISE in 0.1 M KCl is stable and reproducible. 
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When the measuring solution is 0.1 M NaCl, it is possible to notice an initial drifting towards 

high potential for E1. In principle, this may be a sign of the presence of the water layer (see 

section 3.5.1.1). Examples of water layer tests can be found elsewhere39,70,71,77. The behavior 

of an ISE which contains the inner water layer is clearly defined by a drifting trend. The poten-

tial jump is usually around 50-100 mV. The potential obtained with the electrode E1 shows a 

rising trend followed by a decreasing curve, after which the signal starts to increase again. This 

is within a range of 10-15 mV. This would be uncommon if compared to the examples that can 

be found in literature and does not confirm the presence of the inner water layer. The responses 

of the electrodes E2 and E3 (Appendix D) show a higher potential jump. The behavior of these 

electrodes is more similar to the one of electrodes which contain the water layer. 

The second indicator of the presence of the water layer is the decreasing signal that the electrode 

shows when the ISM is immersed again in the solution containing the ion of interest. The ex-

amples that can be found in the literature show a clear decreasing trend followed by a stable 

readout. The jump is usually around 50-100 mV. The potential responses of the K+-SCISEs do 

not show such a decreasing trend. Instead, for E1, it is possible to see a slight rise of the poten-

tial, similarly to the initial response at t = 0, within a 5-mV jump. Here, there is no signal 

distortion. It is clear that the electrode does not have the typical response given by SCISEs with 

an inner water layer. The responses of electrodes E2 and E3 do not show the presence of the 

inner water layer either. Hence it is possible to state that the ISM-CC solid contact (SC) does 

not contain the water layer. A change in the composition of the analyte solution does not cause 

distortions in the potential. 

At the same time, Figure 32 shows that the potential obtained with the K+-SCISE is highly 

stable on a timeframe of hours. 

4.1.3 Selectivity coefficients 𝑲𝒊,𝒋 

The selectivity test was conducted using the three K+-SCISEs E1, E2, and E3. The potentiom-

etric results of E1 are shown in Figure 33. The results of E2 and E3 are given as Appendix E. 
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Figure 33: The potentiometric response of E1. The measurements were done in 0.01 M KCl, CaCl2, LiCl, MgCl2, 

NaCl, and again in KCl solutions. 

Figure 33 shows that the electrode had a stable and reproducible response in 0.01 M KCl. When 

the measuring solution was one of the interfering ions, the response was less stable. Some of 

the interfering ions gave a drifting signal. Several fluctuations are present in the potential re-

sponses of the interfering ions. 

Results from the selectivity coefficients, 𝐾𝑖,𝑗 for E1, E2, and E3 are given in Table 5 as the 

average of the three values (n=3) of 𝑙𝑜𝑔𝐾𝑖,𝑗 ± the standard deviation (SD). 

Table 5: Results of the tests performed using 3 electrodes.  

𝒍𝒐𝒈𝑲𝒊,𝒋 Ca(II) Li(I) Mg(II) Na(I) 

Average ± SD (n=3) -4.29 ± 0.14 -3.21 ± 0.09 -4.68 ± 0.05 -3.34 ±0.08 

 

 

Table 6 shows a comparison of the selectivity coefficient values obtained in this study with the 

coefficients of K+-SCISEs presented in the literature. 
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Table 6: Comparison of selectivity coefficients with literature values that were measured using a = Separate So-

lution Method (SSM) or b = Fixed Interference Method (FIM). 

 1, a 276, a 378, b 465, b 579, b 672, b 780, a 

𝑙𝑜𝑔 𝐾𝐾,𝐶𝑎 -4.29 ± 0.14 -3.7 ± 0.1 -3.9 ± 0.1 -4,6 -4.7 ± 0.1 - ≈ -2 

𝑙𝑜𝑔 𝐾𝐾,𝐿𝑖 -3.21 ± 0.09 -3.5 ± 0.0 -2.7 ± 0.1 -4.4 -4.4 ± 0.1 - - 

𝑙𝑜𝑔 𝐾𝐾,𝑀𝑔 -4.68 ± 0.05 -3.9 ± 0.0 -4.1 ± 0.1 - -4.9 ± 0.2 - ≈ -7 

𝑙𝑜𝑔 𝐾𝐾,𝑁𝑎 -3.34 ± 0.08 -3.7 ± 0.0 -2.8 ± 0.1 -3.6 -3.2 ± 0.2 -2.1 ± 0.1 -4.36 

 

1 this study, 2 polyurethane (PU) based K+-SCISE using multiwalled carbon nanotubes (MWCNTs) as conducting 

material76, 3 paper-based K+-SCISE using CNTs as conducting material78, 4 cotton-yarn based K+-SCISE using 

CNTs as conducting material65, 5 Au-based K+-SCISE using MWCNTs as conducting material79, 6 wearable sys-

tem using conducting polymer (CP) as conducting material72, 7 K+-SCISE using polyaniline (PANI) as conducting 

material80. All the electrodes contained valinomycin as ionophore for K+. 

The novel K+-SCISE presented in this project has selectivity coefficients that are in line with 

other K+-selective electrodes presented in the literature. 

4.1.4 Inter-day calibration 

The intended applications of the novel ISE would benefit from a reproducible and stable elec-

trode potential, as well as a stable calibration in a timeframe of a few days. For this reason, the 

potentiometric performance of the three identical K+-SCISEs was measured during 5 consecu-

tive days (D1 to D5). The test was performed by calibrating E1, E2 and E3 in 10-1 M to 10-4 M 

KCl solutions with 0.1 M NaCl as background electrolyte. The results are shown in Figure 34. 

 

 

Figure 34: Slopes (a), and  standard potential values (b) obtained from the calibration lines recorded for elec-

trodes E1, E2 and E3 during D1 to D5. 
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During the five days, the change in the slopes of E1, E2, and E3 was within ranges of 0.8, 2.6, 

and 2.8 mV/dec, respectively, and for the standard potential values was within a range of 5 mV 

for the three electrodes. 

Electrodes E2 and E3 seem to follow a similar behavior. The calibration plots obtained in D1 

with E2 and E3 had the highest slope, which diminished significantly on D2 to reach a more 

stable value after D3 with a slightly rising trend. The behavior of E2 and E3 is similar also in 

the trend of standard potential values, which became quite stable after D3. The electrode E1 

showed the highest stability of slope and standard potential values. The fluctuations can be 

attributed to random errors and there was no significant trend during the five days. 

4.1.5 Impedance study of the K+-SCISE 

Impedance measurements were done to study the effect of the inner and outer diameters of the 

K+-ISM. These diameters correspond to the dimensions a and b shown in Figure 14. A prelim-

inary test was conducted at the first stage of the project to optimize the geometry of the elec-

trode. In particular, the dimensions a and b were optimized. The dimensions of the first trial 

electrode were a = 3 mm, b = 5 mm. Two of the EIS spectra recorded for K+-SCISE with this 

geometry are shown as an example in Figure 35. 

The spectra of the K+-SCISE is comparable to the spectra of an ideal SCISE. The high-fre-

quency semicircle, in this case, is attributed to the PVC-based K+-ISM (see section 2.5). The 

value of 𝑍’ at the point where the semicircle meets the x-axis corresponds to the bulk resistance 

of the ISM. The low-frequency impedance curve is due to the ion-to-electron transduction pro-

cess. This impedance is highly dependent on the type of solid contact (SC) of the electrode, and 

is hard to model. 

The spectra show that the resistance of the PVC-based membrane is the main source of imped-

ance. Commonly, the resistance of ISMs is 1 - 10 MΩ77,81–84. The resistance of the K+-ISM with 

the current geometry was higher. It laid in the range 100 - 275 MΩ (Figure 35 a and b, respec-

tively) during repeated experiments. 

The higher resistance can be attributed to the area and thickness of the ISM. The ISMs in com-

mon ISEs are produced with lower amounts of cocktail, and their thickness is lower if compared 

to the ISM contained in the K+-SCISE studied in this work. In general, an ISM with high re-

sistance is related to a higher noise level. Although the resistance of the membranes was high, 

the potentiometric response of the cell was highly satisfactory. 
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Figure 35: Examples of EIS spectra of the first trial K+-SCISE (a = 3 mm, b = 5 mm). 

 

As part of the preliminary optimization process, the diameters a and b were changed to a = 4 

mm, b = 5 mm. This was done to try to reduce the resistance of the K+-ISM. 

As can be seen from the impedance spectrum in Figure 36, increasing the inner diameter from 

3 mm to 4 mm caused a decrease in resistance. Indeed the resistance decreased from 275 MΩ 

(the highest value observed) to around 45 MΩ. The low-frequency impedance branch did not 

change. This means that the impedance given from the ion-to-electron transduction process is 

the same. It confirms that the impedance in the low-frequency side of the spectra depends on 

the solid contact (SC). 

 

Figure 36: EIS spectrum of the second trial K+-SCISE (a = 4 mm, b = 5 mm). 
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The EIS spectra recorded during the preliminary phase of the project confirmed that the re-

sistance of the ISM depends on its width (i.e. the diameter b minus the diameter a) and thick-

ness. The test showed also that the ISM is the main source of impedance, and that the ion-to-

electron transduction process does not depend on the width of the membrane but solely on the 

SC. 

The K+-SCISE with a = 4 mm and b = 5 mm caused problems during the potentiometric meas-

urements as shown in Appendix F. Since the inner diameter of the ISM was slightly bigger than 

the hole in the PC support, a small empty cavity could form in the flow channel. This space was 

filled with a small volume of analyte solution that could not be rinsed easily. For this reason 

the inner diameter a was changed to 2.5 mm and the outer diameter b to 4 mm. The diameter a 

was now the same as the hole of the PC support, and the diameter b was chosen so that the 

width of the membrane was not too big. This is the geometry shown in Figure 14 that was used 

for the rest of the project. 

EIS spectra were recorded using the three K+-SCISEs (E1, E2, and E3) prepared with the above-

mentioned geometry. The spectra for E1 and E3 are shown in Figure 37, and for E2 in Appendix 

G. 

Electrodes E1 and E2 have impedance spectra with similar shape. The spectra are similar to 

those obtained previously. They show again that the PVC-based ISM is the main source of 

impedance in respect to the ion-to-electron transduction process. The resistances of the ISMs 

of E1 and E2 are around 100 and 80 MΩ, respectively. 

The K+-SCISE E3 has a different impedance spectrum. The resistance of the ISM of E3 is lower, 

around 50 MΩ. As can be seen in Figure 37, there is a second semicircle with slightly higher 

impedance in the spectrum of this electrode. This could be obtained in a situation where the 

membrane has an electrical disconnection, or two distinct areas with different characteristics 

(thickness, width). The second semicircle could be modeled with a second parallel resistor-

capacitor (RC) element in series with the first RC element. An ISM which presents two distinct 

areas, could be modeled with two RC elements in series, and it would give an EIS spectrum 

with two adjacent semicircles. 
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Figure 37: EIS spectra and pictures of the ISMs in E1 and E3. 

The three membranes were successfully calibrated during the potentiometric tests. Hence the 

differences in impedance between the membranes do not prevent their usage in the novel sens-

ing device. Nevertheless, the difference in impedance is due to differences in the structure of 

the electrodes. These differences can be attributed to the drop-casting process. The membranes 

were cast using micropipettes. Although the casting process was followed step by step in the 

same way for all the membranes, there may be some differences since it is a manual procedure. 

A solution for this would be automatizing the process. Pirovano et al. presented K+-SCISEs 

which were prepared by drop-casting. The process was performed by a robotic arm, and this 

helped to minimize the differences between the membranes72. 

Other discrepancies between ISMs could be due to the position of the inner hole. If the inner 

hole is not perfectly centered, the paths that connect the analyte solution to the ISM are not 

uniform in all directions. This may lead to preferred paths, hence a non-uniform liquid transport 

and liquid contact to the ISM. The process of cutting the inner hole should be automatized as 

well to minimize the differences between ISMs.   
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4.2 TBA-TBB-based solid-state reference electrode 

Three reference membranes R1, R2, and R3 were cast as explained in section 3.3.1. The mem-

branes were left conditioning in 0.1 M KCl solution. The potentiometric data were registered 

connecting the Au wire of the TBA-TBB reference electrode to the reference channel in the 

voltmeter. The Metrohm double junction reference electrode was used as the indicator elec-

trode. 

The potentiometric response recorded during the conditioning process is shown in Figure 38. It 

should be noted, that the conditioning of the three electrodes was not done at the same time. 

The results are presented in a single graph for comparison purpose. The reproducibility of the 

potential of the three reference membranes, obtained with the configuration explained above 

and shown in Figure 38, was poor. The potentials of electrodes R1 and R3 were quite stable, 

while the potential of electrode R2 was noisy and did not reach a stable value within the time 

during which the potential was monitored. At the end of the measurement, the potential obtained 

with the configuration above mentioned was around + 530 mV, + 370 mV and + 470 mV for 

R1, R2, and R3, respectively, i.e. in a range of around 160 mV. It is important to remember that 

good repeatability is one of the requirements of a reliable reference electrode. 

 

Figure 38: The potential of the Metrohm double junction electrode versus the TBA-TBB-based solid-state refer-

ence electrodes R1, R2, and R3 during conditioning in KCl 0.1 M. 

The first step for testing the novel SS-REs was the calibration of an external ISE. For this pur-

pose, a commercial Cl--ISE from Orion Thermo Scientific was used as the indicator electrode. 
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The Cl--ISE was calibrated in 10-1 M to 10-4 M KCl solutions using R1, R2, or R3 as the refer-

ence electrode. The results are shown in Figure 39, for the case where R1 was used as the 

reference electrode. Calibration curves recorded using R2, and R3 as reference electrode are 

given as Appendix H. 

The resulted calibration plots show that the novel TBA-TBB-based electrode was successfully 

used as a reference electrode with acceptable performance. However, the potential signal 

showed a drifting behavior with all three SS-REs.  

 

Figure 39: The calibration of a commercial Cl--ISE against the TBA-TBB reference electrode R1 in KCl solu-

tions. a) potentiometric signal vs time, b) calibration plot. 

The second step was to test the K+-SCISE prepared in this work versus the novel SS-REs. The 

electrodes were inserted in the double-cell polycarbonate (PC) support as shown in Figure 25. 

The measured solutions were 10-1 M to 10-4 M KCl with 0.1 M NaCl as BGE. The results are 

shown in Figure 40, for the electrode R1, and in Appendix I, for the electrodes R2 and R3. 

The results show that the potential of the device increased, with increasing activity of K+ ions, 

and decreased, with decreasing activity of K+ ions, as expected. The change in the potential of 

K+-ISE should be constantly around + 59.2 mV/dec. The potential difference between decades 

of activity was not constant for the sensing device. The signal was unstable and not reproduci-

ble. It was not possible to plot a calibration line with the data obtained. 

The Metrohm double junction reference electrode was added as a second indicator electrode 

during the test conducted with the reference electrode R1 (red line in Figure 40), and further 

used with the electrodes R2 and R3. This set of data represents the signal of a stable electrode 

against the TBA-TBB reference, hence showing the stability of the RE of the sensor. With the 
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aid of the signal coming from the Metrohm double junction electrode it is possible to state the 

following: 

• the signal of the SS-RE is not stable. The behavior of the SS-RE does not show any 

correlation with the composition of the analyte solution and is unpredictable. The signal 

of the K+-SCISE follows the drift coming from the RE, hence the presence of the novel 

SS-RE causes signal instability in the system. 

• When the potential of the RE is stable, the potential of the K+-SCISE shows strong 

drifts. Therefore the presence of the TBA-TBB-based RE also causes a deterioration of 

the performance of the K+-SCISE. 

 

Figure 40: Potentiometric response of the K+-SCISE (black line) and the Metrohm double junction reference 

electrode (red line) against the TBA-TBB-based solid-state reference electrode R1. 

One reason for the observed problems may be the presence of TBA+ and TBB- ions. As previ-

ously stated, TBA-TBB is thought to diffuse towards the analyte solution and establish an equi-

librium with the ions in the PVC-based reference membrane. These ions may diffuse into the 

PVC-based K+-ISM and permanently deteriorate it. Appendix J shows that the K+-SCISE was 

working after the test, thus the diffusion of TBA-TBB to the ISM did not cause any permanent 

damage to the ISM. However, the K+-ISM and the TBA-TBB-based membrane are close to 

each other. The volume of the measuring cell is small, < 10 μL. Interactions between TBA+ and 
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TBB- ions at the surface of the K+-ISM may be the cause of the loss of performances of the K+-

SCISE.  

It was not possible to obtain a good calibration plot using the signal of the novel K+-SCISE 

against the three TBA-TBB based SS-REs tested. However, the results obtained during the time 

available for this project do not exclude the possibility of using the TBA-TBB based SS-RE in 

the flow-through sensing device. It has been proven that the electrode can be used as RE and 

satisfying calibration plots were obtained for an external ISE. However, the signal showed drifts 

during the calibration of the external ISE, and the low reproducibility between the three elec-

trodes was not acceptable. More research and more tests are needed to optimize the SS-RE for 

the flow-through potentiometric sensor. 

4.3 Ag/AgCl/KCl-composite solid-state reference electrode 

The first step in the production of the Ag/AgCl/KCl-composite solid-state reference electrode 

was the optimization of the chemical polymerization process for preparing the PVAc/KCl com-

posite. 

During this optimization process, two design problems were noticed. The first problem is re-

lated to the thickness of the composite layer. The composite membrane is the part of the elec-

trode that seals the device and ensures isolation between the analyte solution and the carbon 

cloth (CC). This is achieved, if the membrane spreads on both sides of the CC electrode. To 

ensure that the material will harden under UV light, the layer of composite should have a certain 

thickness. Figure 41a shows schematically that a thick layer of composite creates problems 

when such electrode is inserted in the support. The support does not close properly, and the Au 

wire is not pressed against the CC. Figure 41b and c show the obtained PVAc/KCl composite 

layer. 

The second problem is related to the surface of the membrane. Each imperfection on its surface 

creates a tiny channel. The analyte solution flows through these channels, and reaches the CC. 

It should be noted that if isolation is not ensured and the CC piece gets in contact with the 

sample solution, the device does not work properly.  
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Figure 41: a) Schematic lateral view of the composite-based SS-RE inside the polycarbonate (PC) support. 1 Au 

wire, 2 PC support, 3 carbon cloth, 4 PVAc/KCl composite membrane, 5 analyte solution, 6 empty space. b) and 

c) pictures of the composite membrane. 

The design of the Ag/AgCl/KCl-composite SS-RE was not suitable for the flow-through sens-

ing device. The composite layer should be flawless and thin enough to ensure, at the same time, 

good solution isolation and good contact between the CC and the Au wire. 

4.4 Ag/AgCl/NaCl-PVB solid-state reference electrode 

The reference membrane in the Ag/AgCl/NaCl-PVB solid-state reference electrode is deposited 

by drop-casting. This step helps to obtain a neat smooth surface, which helps to eliminate the 

problems encountered with the previous composite-based membrane. Moreover, the thickness 

of the membrane can be adjusted by modifying the sequence of additions.  

Guinovart et al., who presented the PVB/NaCl membrane as SS-RE, suggested that the mem-

brane should be conditioned in 3 M KCl for 12 hours66. The membrane was left conditioning 

in 3 M KCl, and the potential was measured for 24 h. The results are shown in Figure 42. The 

Ag/AgCl/NaCl-PVB SS-RE was used as indicator electrode and the potential was measured 

against the Metrohm double junction reference electrode. The device was put inside a Faraday 

cage, to avoid external interferences. 
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Figure 42: The potential of the SS-RE against the Metrohm double junction reference electrode during the con-

ditioning process. 

The results show an initial increase in the potential during the first hours. The potential reaches 

a maximum at + 22.5 mV, and then starts to decrease. After 5.5 h the signal of the SS-RE 

reaches a rather stable potential value which is maintained until the end of the test. The final 

potential, after 24 h, is + 1.4 mV versus the Metrohm double junction electrode, which is fully 

acceptable. Here, a potential close to 0 is, in principle, a good sign since it indicates that the 

potential of the RE and the indicator electrode are similar. The DJ RE is based on the 

Ag/AgCl/Cl- configuration, as well as the tested SS-RE. The potential depends on the activity 

of the chloride ion in the inner solution, for the DJ RE, and in the membrane, for the SS-RE. 

The presence of the outer filling solution of the DJ RE (i.e. LiOAc 1 M) can add some millivolts 

of difference in the potential. Interestingly, the potential difference between the two electrodes 

was only 1.4 mV. 

After the conditioning process, while removing the electrode from the Faraday cage, the solu-

tion spread to the CC disk. The electrode was soaking in the solution (Figure 43).  

The same problem was noticed during repeated test. For other identical reference electrodes, 

the solution diffused to the carbon cloth almost immediately after loading the solution in the 

device. 
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Figure 43: The device containing the soaked electrode. 

One possible reason may be that the membrane thickness is affected by the cutting process. 

PVB is a resin-like polymer, and without plasticizer it is a hard material. The drop-casting pro-

cess produces a membrane that is thick enough to ensure proper insulation. However, when the 

inner hole of the membrane was cut, the remaining part of the PVB-based membrane appeared 

compressed around the cutting point. Perhaps, this has influenced the thickness of the mem-

brane and had an impact on the insulation. 
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5 Conclusions 

The scope of this project was designing and testing a new solid-state sensing device with planar 

concentric geometry. Studies performed with such geometry are not available in literature, and 

this makes this project a starting point for the development of an innovative device. The device 

allows the flow of sample solution through a small inner hole, while still providing a large 

contact area between the ion-selective membrane (ISM) and the solid contact. This means that 

the sample volume can be kept small while still having a large solid contact, providing good 

potential stability. Furthermore, this approach allows a large volume of ISM to be used, which 

is beneficial for the electrode lifetime. The sensor produces reliable results with short equili-

bration time and small sample volumes. Its scope is intended for wearable applications. It can 

be implemented to develop a wearable sensor that can measure the activity of ions in sweat, for 

example. 

The system has been built and assembled, and preliminary tests have been performed to start 

the characterization of its performance. This project was performed using a K+-selective elec-

trode, but in principle, the measuring system could be extended to other solid-state ion-selective 

electrodes, by changing the composition of the ISM. The indicator electrode is composed of a 

K+-ISM drop-cast in a hole of a piece of carbon cloth (CC). The electrode is inserted in a poly-

carbonate body and connected to an Au wire. The electrode has a diameter of 20 mm. The loop-

shaped ISM lays in the center of the electrode. It has an outer diameter of 4 mm and an inner 

diameter of 2.5 mm. 

Overall, the preliminary results of the indicator electrode were highly promising. The potential 

response of the potassium solid-contact ion-selective electrode (K+-SCISE) had high stability 

and reproducibility, with a low equilibration time. The slopes of three K+-SCISEs, calibrated in 

the range log[𝐾+] = -1 to -4, were 57.3 ± 0.6 and 56.3 ± 0.4 mV/dec (average ± SD, n = 3) 

without BGE and with 0.1 M NaCl as BGE, respectively. The slopes of three electrodes, meas-

ured every day for five consecutive days, were between 56.2 and 59.6 mV/dec in the range 

log[𝐾+] = -1 to -4, with [Na+] = 0.1 M as BGE. The water layer test, performed on solid-contact 

ISEs to inspect the presence of a water layer between the ISM and the solid contact, showed 

that the novel K+-SCISE is not subject to water layer formation. The selectivity coefficients 

(log 𝐾𝑖,𝑗) were -4.29 ± 0.14, -3.21 ± 0.09, -4.68 ± 0.05, and -3.34 ± 0.08 (average ± SD, n = 3) 

for 𝑗 = Ca(II), Li(I), Mg(II), and Na(I), respectively. 
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The electrochemical impedance spectroscopy (EIS) study showed that the resistance 𝑅 of the 

membrane depends on its width and thickness. The highest source of impedance is the re-

sistance of the ISM, while the ion-to-electron transduction process gives a small contribution 

to the total impedance. The resistance was in the order of 45-275 MΩ. This value is higher if 

compared to EIS results found in literature, due to the planar concentric geometry used here. 

High membrane resistance is usually associated with a noisy signal. However, all the K+-

SCISEs were successfully calibrated during potentiometric tests without strong interferences. 

The membranes were produced by drop-casting. This manual process causes some differences 

between the membranes. Ideally, the electrodes of a fully-developed and commercialized sens-

ing device should be produced by an automated processes, for example drop-casting performed 

with a dispenser on a robotic arm. 

The second step of the project dealt with the reference electrode (RE) of the system. The aim 

was to develop a solid-state reference electrode (SS-RE) using the same planar, flow-through 

geometry. For this purpose, three different approaches were explored. 

The first approach was based on a plasticized PVC membrane containing tetrabutylammonium 

tetrabutylborate as the electrolyte. The design of the electrode was the same as for the K+-

SCISE. Three membranes were drop cast following the same procedure as for the K+-ISM. The 

membranes were conditioned in 0.1 M KCl overnight. The potential of the three membranes 

differed by ca 160 mV after the conditioning process. A commercial chloride ion-selective elec-

trode (Cl--ISE) was successfully calibrated versus the solid-state reference electrodes. The 

slopes were -63.1, -61.8, and -58.5 mV/dec in the range log[𝐶𝑙−] = -1 to -4 using the three 

electrodes. The novel SS-RE and the novel K+-SCISE were inserted in a double-cell polycar-

bonate support, where the volume of the measuring cell was < 10 µL. The signal of the K+-

SCISE versus the novel SS-RE followed the difference of 𝑎𝐾+ , but the response was not linear. 

When the electrodes were in close contact, the K+-SCISE lost its performance. The results did 

not exclude the possibility of using the TBA-TBB-based SS-RE in the flow-through sensing 

device, but further tests and optimization are needed. 

The second approach was based on silver/silver chloride (Ag/AgCl) reference electrodes. The 

substrate of the SS-RE contained a layer of AgCl deposited onto a layer of Ag, in turn deposited 

on carbon cloth. The reference membrane was a polyvinyl acetate/potassium chloride  
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(PVAc/KCl) composite. The resulted membrane was too thick and irregular. There was no iso-

lation between the interior of the sensor and the analyte solution. 

The third approach was based on the same Ag/AgCl configuration. The design of the substrate 

was the same as in the previous approach. A polyvinyl butyral (PVB)-based membrane was 

drop-cast in the hole made in the substrate. The PVB-based membrane contained NaCl. The 

membrane was conditioned in 3 M KCl. After 5.5 h the potential was rather stable. After 24 h, 

the potential of one membrane, measured against a commercial double junction reference elec-

trode, was +1.4 mV. However, the membrane did not insulate the carbon cloth from the solu-

tion, and the electrode was wet after the test. The soaking problem was observed in repeated 

tests. 

The results obtained in this work are very promising and open the possibility for further devel-

opment. The K+-SCISE showed good performance, when compared with other electrodes in-

tended for the same scope. The novel geometry of ISEs presented in this thesis has the potential 

to be tested in flow-through potentiometric wearable sensors. However, the research for a suit-

able reference electrode should continue. The reference membrane should have appropriate me-

chanical properties. A plasticized polymer should be used as matrix for the reference mem-

brane. The membrane should be produced via drop-casting to ensure a neat surface. In this way 

the membrane is easy to cut, neat and its thickness can be easily adjusted and controlled. More-

over, the membranes should be produced with an automatic and reproducible process, to mini-

mize the differences in their structure. 

Once the reference membrane is optimized, the sensing device should undergo a preliminary 

testing procedure. The sensor can be implemented with as many ISMs as the analytes to moni-

tor. 
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7 Appendixes 

 

Appendix A: Potentiometric response of the novel K+-SCISE in KCl solutions with [K+] ranging from 1 M (high-

est potential) to 10-8 M a) without BGE, and b) with 0.1 M NaCl as BGE. 

 

Appendix B: Calibration plots of the two K+-SCISEs a) E2 and b) E3. From low to high potentials: 10-4 to 10-1 M 

KCl, without background electrolyte (black plots) and with background electrolyte (red plots). 
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Appendix C: Calibration lines from the data in Figure 30. 

 

Appendix D: Results from the water layer test of electrodes a) E2 and b) E3. The measurement was carried out 

in 0.1 M KCl, then 0.1 M NaCl, and finally 0.1 M KCl solutions. 

 

Appendix E: Potentiometric response of a) E2 and b) E3 in 0.01 M KCl, CaCl2, LiCl, MgCl2, and NaCl solu-

tions. 
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Appendix F: Potentiometric response of the K+-SCISE with diameters a = 4 mm, b = 5 mm in KCl solutions. 

 
Appendix G: EIS spectrum and picture of the electrode E2. 
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Appendix H: Calibration of a commercial Cl--ISE against the TBA-TBB-based solid-state reference electrodes a) 

R2 and b) R3. The measurements were done in  10-4 M (highest potential) to 10-1 M (lowest potential) KCl solu-

tion. 

 

Appendix I: Calibration of the novel K+-SCISE against the TBA-TBB-based solid-state reference electrodes a) 

R2 and b) R3. The solutions measured were KCl in concentrations from 10-4 to 10-1 M, from left to right, respec-

tively. The red line represents the signal of the double-junction reference electrode (DJ-RE) against the solid-

state reference electrode. 
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Appendix J: Results of the potentiometric response of the K+-SCISE after the test with the TBA-TBB solid state 

reference electrode. The ISE was calibrated against the Metrohm double-junction reference electrode. 

 

 


